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ABSTRACT
Understanding the geological, ecological, and microevolutionary processes that shape range size in alpine organisms is key to 
explaining the high rates of local endemism that characterise mountain ecosystems. Here, we investigate the geography of speci-
ation in Oropodisma, a radiation of alpine grasshoppers from the Balkan Peninsula that includes several narrow-endemic species 
distributed along a latitudinal gradient of > 600 km. Phylogenomic-based species delimitation clarified taxonomic uncertainties 
and revealed striking variation in range size, with the northernmost species occupying an area nearly as large as all other con-
generic taxa combined. Phylogenetic network analyses and divergence dating indicate a Pleistocene origin for the group, with 
recent speciation events (< 0.2 Ma) and limited post-divergence gene flow, suggesting rapid evolution of reproductive isolation 
and short speciation times. Distributional shifts inferred from environmental niche modelling show that all taxa underwent 
severe range contractions during interglacial periods, leading to population fragmentation and demographic declines. Despite 
the ubiquity of these processes across taxa, both demographic stability and genetic connectivity among conspecific populations 
decreased at lower latitudes relative to the genus' distribution. This suggests that greater genetic connectivity at higher relative 
latitudes, likely driven by regional range shifts and a more continuous availability of suitable habitats through time, has limited 
opportunities for microgeographic speciation and maintained genetic cohesiveness among populations across broader distri-
butional ranges. Collectively, our findings support a model of interglacial speciation and illustrate how latitudinal variation in 
the balance between lineage formation and fusion—shaped by Pleistocene climatic oscillations—determines the rates at which 
alpine microendemic species emerge and accumulate in temperate mountain regions.

1   |   Introduction

Mountain ecosystems harbour a disproportionately high num-
ber of species compared to other regions on Earth, and their 
alpine habitats often include numerous narrow endemics with 
ranges restricted to one or a few mountain tops (Steinbauer 
et  al.  2016; Rahbek et  al.  2019; e.g., Noroozi et  al.  2018). 
Yet, our understanding of the evolutionary, ecological, and 

geological processes underlying the origin of these micro-
endemic alpine species remains limited (Antonelli et  al.  2018; 
Rahbek et al. 2019; Perrigo et al. 2020; e.g., Pallarés et al. 2024; 
Moreyra et al. 2025). In their landmark paper on the controls of 
speciation, Dynesius and Jansson (2014) argued that the rate at 
which new species arise depends not only on the frequency of 
initiation of within-species lineages (i.e., rate of splitting) and 
the time required for the completion of reproductive isolation 
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(i.e., speciation duration), but also on the persistence of diverg-
ing lineages before they became fully separated into distinct 
species. Deciphering the proximate processes determining these 
microevolutionary controls of speciation is thus essential to un-
derstanding the drivers of alpine diversity and the origins of the 
many microendemic species that characterise high mountain 
habitats. Despite this well-established theoretical framework 
and its potential for understanding range size variation and the 
uneven accumulation of narrow endemic species across regions, 
empirical tests assessing how geographic context modulates 
splitting rates, lineage persistence, and the completion of specia-
tion remain scarce (Dynesius and Jansson 2000). Adopting such 
a process-based inference framework is also key for assessing 
the relative role of mountains as “cradles” and/or “museums” 
of biodiversity (Vasconcelos et  al.  2022), metaphors that have 
been frequently invoked to distinguish regions of high species 
richness according to whether diversity results mainly from 
high rates of speciation (i.e., cradles of young, recently derived 
species) or from low rates of extinction (i.e., museums accumu-
lating old, early-divergent species) (e.g., Li et  al.  2021; Sonne 
et al. 2022).

In mountain ecosystems, high topographic complexity and bar-
riers to dispersal provide favourable conditions for the initiation 
of divergence during periods of range contraction and population 
isolation (Perrigo et al. 2020). This is reflected in the pronounced 
genetic structure documented in many montane and alpine 
taxa, resulting from disruption of gene flow among isolated or 
partially isolated populations (i.e., high rates of lineage forma-
tion) (e.g., Ægisdóttir et al. 2009; Noguerales et al. 2016; Osborne 
et al. 2019; Tonzo et al. 2019; Hartley et al. 2023). Mountains are 
also expected to foster lineage persistence through steep ecolog-
ical gradients that allow species to track suitable habitats via el-
evational shifts during environmental change, thereby reducing 
extinction risk (Sandel et al. 2011; Steinbauer et al. 2013, 2016). 
These favourable conditions for divergence and persistence, 
however, were likely counterbalanced by Pleistocene glacial–in-
terglacial cycles, which are thought to have exerted antagonis-
tic effects on speciation. On the one hand, climatic oscillations 
undermined lineage persistence when secondary contact during 
range expansions led to lineage fusion and speciation reversal 
(Jansson and Dynesius  2002; Garrick et  al.  2019; e.g., Maier 
et al. 2019); on the other hand, they promoted lineage formation 
during periods of range contraction and population isolation 
in glacial or interglacial refugia (Carstens and Knowles  2007; 
Nevado et al. 2018; Ortego and Knowles 2022). Speciation du-
ration can ultimately tip the balance between these antagonistic 
processes, determining whether new lineages achieve complete 
or partial reproductive isolation rapidly enough to prevent spe-
ciation reversal during periods of secondary contact (Dynesius 
and Jansson 2014). Several studies have indeed reported short 
speciation times in montane and alpine organisms, suggesting 
that rapid evolution of reproductive isolation is crucial to pre-
vent lineage fusion during range expansions, which in turn 
may explain the extraordinary diversity of some alpine biotas 
(e.g., Ortego et  al.  2024; Wei et  al.  2022; Voisin et  al.  2025). 
Paradoxically, while rapid speciation may help explain why 
mountain regions are global biodiversity hotspots, it also poses 
a major challenge, as most alpine radiations involve young allo-
patric lineages that typically combine strong genetic divergence 
with only subtle phenotypic differentiation (Voisin et al. 2025; 

Moreyra et al. 2025; García-Navas et al. 2025). Thus, integrating 
speciation-based taxonomic delimitation, demographic infer-
ence, and modelling of distributional shifts and genetic connec-
tivity across the landscape offers a comprehensive framework 
to assess the true diversity of mountain ecosystems, accurately 
delineate species ranges, and elucidate the processes underlying 
their origin and persistence through evolutionary time.

Considering the geographical dimension of speciation across 
latitudinal gradients provides a powerful framework for testing 
general predictions about how isolation, connectivity, and demo-
graphic stability shape splitting rates, lineage persistence, and, 
ultimately, range size variation and the formation of narrow en-
demic species. In low-latitude ranges, long-term population frag-
mentation may have enhanced opportunities for divergence but 
also increased extinction risk when suitable habitats contracted 
below viability thresholds during interglacial periods (Stewart 
et al. 2010). By contrast, higher-latitude mountains likely offered 
greater continuity of suitable habitats, contributing to increased 
population connectivity through time and long-term persistence 
but limiting opportunities for diversification. This reduced po-
tential for microgeographic speciation is also likely exacerbated 
by faster climatic velocity at higher latitudes, which is expected 
to promote gene pool homogenisation through repeated range 
shifts driven by glacial–interglacial cycles (Dynesius and Jansson 
2000). Under this framework, latitudinal gradients are likely to 
reflect predictable variation in the balance between lineage for-
mation and lineage fusion. Thus, biodiversity of alpine systems 
from temperate regions is expected to mirror the contrasting 
demographic and evolutionary dynamics shaped by the hetero-
geneous impacts of climatic oscillations across latitudes. Lying 
at the transition between northern temperate regions heavily 
impacted by Pleistocene glaciations and lower-latitude areas 
where these effects were far more limited, the Mediterranean 
mountains provide an exceptional biogeographical setting to in-
vestigate the processes driving the formation of narrow endemic 
alpine species and to address the ongoing debate on whether 
Pleistocene glacial cycles acted primarily as ignitors or inhibi-
tors of speciation (Klicka and Zink 1997; Dynesius and Jansson 
2000; Jansson and Dynesius 2002).

In this study, we employ an integrative, process-based frame-
work to investigate how Pleistocene climatic oscillations, 
demographic dynamics, and microevolutionary processes col-
lectively shape diversification in alpine systems (Tzedakis 2009; 
Feliner 2014; Arroyo et al. 2022). To this end, we focus on the 
genus Oropodisma Uvarov, 1942, a radiation of alpine grass-
hoppers from the Balkans distributed across a broad latitudinal 
gradient (> 600 km), extending from the Sharr Mountains in 
North Macedonia and Kosovo to Mount Taygetus at the south-
ernmost tip of continental Greece (Cigliano et  al.  2025; Trillo 
and Ortego 2025). The genus currently comprises 12 valid spe-
cies, which are morphologically very similar and were primar-
ily described based on subtle differences in the shape of the 
male internal genitalia and furculae (Trillo and Ortego  2025 
and references therein). All putative species are allopatric and 
restricted to the same elevational belt of open alpine and sub-
alpine habitats (generally above 1800 m), with most taxa con-
fined to a single mountain or a few adjacent ranges. Remarkably, 
the taxonomic status of some populations remains uncertain 
(Willemse and Willemse  2008; Trillo and Ortego  2025). The 
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broad latitudinal gradient over which the genus is distributed 
makes it an ideal case study to test the context-dependent role of 
Pleistocene glaciations in promoting or constraining speciation, 
and to investigate the mechanisms driving diversification in al-
pine ecosystems. Specifically, we first (i) applied a speciation-
based species delimitation framework to resolve taxonomic 
uncertainties, assign lineages to species, and delineate their re-
spective distributions. Second, (ii) we tested for historical events 
of genetic introgression and estimated divergence times, provid-
ing critical insights into the pace of speciation and the extent to 
which extant lineages—likely recurrently brought into second-
ary contact during glacial expansions—have achieved partial or 
complete reproductive isolation. Then, (iii) we quantified popu-
lation genetic structure and reconstructed demographic trajecto-
ries within each delimited species, integrating these inferences 
with expectations of past range dynamics derived from envi-
ronmental niche modelling at fine temporal resolution. Finally, 
(iv) we tested the general hypothesis that microendemic species 
originate and accumulate more frequently at lower latitudes. 
We predict that populations at lower latitudes have experienced 
stronger demographic fluctuations and long-term fragmenta-
tion during interglacials, thereby fuelling lineage diversification 
and microgeographic speciation. In contrast, the greater long-
term availability of suitable habitats and the more pronounced 
impacts of Pleistocene glaciations at higher latitudes likely en-
hanced connectivity and promoted more extensive range shifts, 
resulting in genetic homogenisation that ultimately constrained 
speciation and maintained genetic cohesiveness across broader 
distributional ranges (Jansson and Dynesius 2002).

2   |   Materials and Methods

2.1   |   Taxonomic and Population Sampling

During summers of 2021 and 2023, we sampled 34 populations 
that cover the entire distribution range of the genus Oropodisma 
Uvarov, 1942 (Cigliano et al. 2025; Table 1). Our sampling in-
cluded most known populations from every described species 
and several populations with an uncertain taxonomic status 
(Willemse and Willemse  2008; Trillo and Ortego  2025). We 
aimed to collect five adult males and five adult females per pop-
ulation. However, the southernmost populations of the genus 
have experienced marked population declines in recent decades 
(Ortego  2025), and despite intensive prospecting during two 
sampling campaigns, we were only able to collect 2–5 individu-
als from some populations of O. chelmosi (MAEN, PARN) and O. 
parnassica (ELIK) (Table 1). Five specimens of Podisma pedes-
tris (Linnaeus, 1758) were used as an outgroup in phylogenomic 
analyses. Whole specimens were preserved at −20°C in 1500 μL 
of 100% ethanol until needed for genomic and morphometric 
analyses. Further details on sampled taxa and populations are 
presented in Table 1.

2.2   |   Genomic Library Preparation and Genomic 
Data Processing

We extracted and purified DNA from each specimen using 
NucleoSpin Tissue kits (Macherey-Nagel, Düren, Germany). 
We processed DNA into different genomic libraries using 

the double-digestion restriction-fragment-based procedure 
(ddRAD-seq) described in Peterson et  al.  (2012) and detailed 
in Methods S1. Raw sequences were demultiplexed and pre-
processed using stacks v. 2.66 (Rochette et  al.  2019) and as-
sembled using ipyrad v. 0.9.93 (Eaton and Overcast  2020). 
Methods S2 provides all details on sequence data filtering and 
assembling.

2.3   |   Phylogenomic Inference

First, we reconstructed the phylogenetic relationships among 
populations using three independent analytical approaches: the 
maximum-likelihood (ML) method implemented in raxml v. 
8.2.12 (Stamatakis  2014) and the coalescent-based approaches 
implemented in svdquartets (Chifman and Kubatko  2014) 
and A01 analyses in bpp v. 4.7.0 (Flouri et al. 2018). Second, we 
used phylonetworks (Solís-Lemus et al. 2017) to assess the 
potential presence and direction of post-divergence gene flow, 
which might distort tree topology and/or result in unresolved 
phylogenetic relationships. Finally, the phylogenetic tree in-
ferred using phylonetworks was fitted as the fixed topology 
in A00 analyses in bpp to estimate the posterior distribution of 
divergence times (τ; Flouri et al. 2018; Rannala and Yang 2003) 
among species defined according to species delimitation anal-
yses in delineate (see Section 2.4). Five individuals of P. pe-
destris were used as an outgroup in raxml, svdquartets, 
and phylonetworks analyses. To reduce computational de-
mands, we only considered a single representative individual 
per population—the one with the lowest proportion of missing 
data—to perform phylogenomic analyses. Methods S3 provides 
all details on the specific settings used to perform phylogenomic 
analyses.

2.4   |   Species Delimitation Analyses

We performed the constrained partitioned species delimita-
tion analyses implemented in the programme delineate v. 
1.2.3 (Sukumaran et  al.  2021). Based on a population-level 
ultrametric phylogeny and prior knowledge of species as-
signment for a subset of populations in the dataset, delin-
eate estimates whether the remaining populations belong 
to an already described species or a new species (Sukumaran 
et  al.  2021). We ran independent delineate analyses con-
sidering the slightly different topologies obtained using 
raxml, svdquartets, and bpp analyses (see Section  2.3 
and Section  3.2). These topologies were fitted as fixed trees 
in independent A00 analyses in bpp to estimate the posterior 
distribution of divergence times and obtain ultrametric trees 
(Flouri et  al.  2018). For details on analyses A00 in bpp, see 
Section  2.3 and Methods S3. For delineate analyses, we 
used as input these ultrametric trees and a species assign-
ment reference file indicating whether each population be-
longs to a known nominal species (status = 1) or is assigned 
to an unknown species identity (status = 0). We made status 
assignments considering available taxonomic understanding 
of the system in conjunction with the evolutionary relation-
ships between population lineages shown in the phylogeny 
(Sukumaran et al. 2021). Specifically, we assigned populations 
to a known or unknown nominal species status according to 
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TABLE 1    |    Geographical location of studied populations for the different species within the genus Oropodisma, including their taxonomic status 
before (putative) and after (assigned) species delimitation analyses (see Section 3.3).

Species 
(assigned)

Species 
(putative) Population Code Latitude Longitude

Elevation 
(m)

n 
(gen.)

n 
(morp.)

O. macedonica O. macedonica Mt. Ljuboten (1) LJUB 42.19138 21.12681 1850 7 5

O. macedonica Popova Shapkaa (2) POPO 42.02277 20.87085 1990 8 5

O. macedonica Mavrovo 
National Park

(3) MAVR 41.79432 20.59325 2020 8 5

O. macedonica Galičica 
National Park

(4) GALI 40.94465 20.82640 1820 8 5

O. macedonica Mt. Valamara (5) VALA 40.78335 20.49159 1850 8 5

O. macedonica Mt. Grammos (6) GRAM 40.36023 20.80858 2030 7 5

O. macedonica Mt. Smolikas (7) SMOL 40.08986 20.91012 2160 8 5

O. macedonica Mt. Vasilitsa (8) VASI 40.04334 21.09396 1860 8 5

O. macedonica Mt. Mavrovouni (9) MAVV 39.85602 21.15113 1960 8 5

O. macedonica Mt. Tymfi (10) TYMF 39.97829 20.76881 1910 8 5

O. tzoumerkae O. sp. Mt. Kakarditsa (11) KAKA 39.54484 21.18709 1860 8 5

O. sp. Mt. Tzoumerkaa (12) TZOU 39.40307 21.16325 1830 8 5

O. karavica O. sp. Mt. Avgo (13) AVGO 39.48840 21.37764 1870 8 5

O. karavica Mt. Karavaa (14) KARA 39.32798 21.57219 1700 8 5

O. karavica Mt. Kazarma (15) KAZA 39.30448 21.62246 1730 8 4

O. sp. Mt. Gavrogo (16) GAVR 39.21393 21.28027 1730 8 5

O. agrafae O. sp. Mt. Agrafaa (17) AGRA 39.14467 21.69589 1780 8 5

O. lagrecai O. lagrecai Mt. Triandafilliaa (18) TRIA 38.70310 21.68661 1770 8 5

O. tymphrestosi O. tymphrestosi Mt. Tymphristosa (19) TYMP 38.93898 21.80771 1840 8 5

O. willemsei O. sp. Mt. Kaliakouda (20) KALI 38.79402 21.76632 1740 8 5

O. sp. Mt. Oxia (21) OXIA 38.78581 21.94144 1810 8 5

O. tymphrestosi Mt. Vardhousia (22) VARD 38.68268 22.12990 2030 8 5

O. tymphrestosi Mt. Oiti (23) OITI 38.81023 22.23648 1800 8 5

O. willemsei Mt. 
Giona–Koromiliaa

(24) KORO 38.64453 22.32941 1790 8 1

O. willemsei Mt. 
Giona–Pirghakiaa

(25) PIRG 38.59874 22.27364 2120 8 5

O. parnassica O. parnassica Mt. Parnassosa (26) PARS 38.53077 22.61966 2280 8 1

O. parnassica Mt. Elikonasa (27) ELIK 38.30000 22.88112 1710 4 5

O. erymanthosi O. erymanthosi Mt. Erymanthosa (28) ERYM 37.95160 21.79381 1990 10 5

O. kyllinii O. kyllinii Mt. Kyllinia (29) KYLL 37.93906 22.39612 2350 10 5

O. chelmosi O. chelmosi Mt. Panachaiko (30) PANA 38.20706 21.86869 1730 10 5

O. chelmosi Mt. Chelmosa (31) CHEL 37.97551 22.20285 2260 10 5

O. chelmosi Mt. Maenalon (32) MAEN 37.64427 22.27626 1840 2 2

O. chelmosi Mt. Parnon (33) PARN 37.27892 22.61227 1890 4 —

O. taygetosi O. taygetosi Mt. Taygetusa (34) TAYG 36.95920 22.35185 2260 7 2

Note: Latitude and longitude are given in decimal degrees, and elevation is reported in meters above sea level.
Abbreviations: n (gen.), number of genotyped individuals; n (morp.), number of individuals used for geometric morphometric analyses.
aType localities.
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the literature and information on species distributions avail-
able at Orthoptera Species File (https://​ortho​ptera.​speci​esfile.​
org/​; Cigliano et al. 2025; see Table S1). Two populations orig-
inally assigned to the taxon O. tymphrestosi (OITI and VARD) 
were considered to have an unknown species identity, as they 
clustered in a clade including the type locality of O. willemsei 
(KORO and PIRG from Mt. Giona) and two other populations 
with an uncertain taxonomic status (KALI and OXIA) (see 
Table 1). We also assigned an unknown species identity to the 
two recently described species O. tzoumerkae and O. agrafae 
(Trillo and Ortego 2025).

2.5   |   Population Genetic Structure

We used the Bayesian Markov chain Monte Carlo clustering 
method implemented in the programme structure v. 2.3.3 
(Pritchard et al. 2000) to quantify genetic structure and admixture 
across populations within each species identified in species delim-
itation analyses (see Section 3.3). These analyses were restricted 
to taxa including two or more genotyped populations (Table  1). 
Complementary to structure analyses, we performed princi-
pal component analyses (PCA) as implemented in the r v. 4.4.2 (R 
Core Team 2025) package ‘adegenet’ (Jombart 2008). We also esti-
mated genetic differentiation between populations calculating the 
Weir & Cockerham weighted fixation index (FST) as implemented 
in arlequin v. 3.5 (Excoffier and Lischer 2010). Methods S4 pro-
vides further details on the analyses of genetic structure.

2.6   |   Past Demographic History

We reconstructed the demographic history of each popula-
tion using the programme stairway plot v. 2.1.2 (Liu and 
Fu 2020). Only populations with seven or more genotyped in-
dividuals were considered for these analyses (Table 1). To maxi-
mise the number of retained SNPs for the calculation of the SFS, 
we ran step 7 from ipyrad separately for each specific popula-
tion and retained loci that were represented in at least 50% of the 
individuals of the focal population (min_samples_locus = 50% of 
samples in the focal dataset). To remove all missing data for the 
calculation of the SFS and minimise errors in allele frequency 
estimates, each population was projected down to n-2 diploids 
for each dataset of n genotyped individuals using the easySFS.py 
script (I. Overcast, https://​github.​com/​isaac​overc​ast/​easySFS; 
accessed at 30/10/2024). We ran stairway plot considering 
one generation per year, assuming the mutation rate of 2.8 × 10−9 
per site per generation estimated for Drosophila melanogaster 
(Keightley et al. 2014; see Methods S3 for details on the mutation 
rates employed), and performed 200 bootstrap replicates to esti-
mate 95% confidence intervals.

2.7   |   Environmental Niche Modelling

We built environmental niche models (ENM) to reconstruct 
the geographic distribution of climatically suitable habitats 
for Oropodisma from the last glacial maximum (LGM; ca. 
22 ka) to present. Specifically, we built an environmental 
niche model for the whole genus and species-specific mod-
els for the three taxa—O. macedonica, O. willemsei, and O. 

chelmosi—for which a sufficient number of occurrence re-
cords were available for modelling their respective distribu-
tions. We used this information to infer distributional shifts 
experienced by the genus or each focal species in response 
to Quaternary climatic oscillations and determine across 
different time-periods patterns of population fragmentation 
resulted from the spatial configuration of hypothetical barri-
ers to dispersal (see Section 2.8). To build the ENM, we used 
the maximum entropy algorithm implemented in maxent v. 
3.4.1 (Phillips et al. 2006; Phillips and Dudik 2008), available 
occurrence records, and the 19 bioclimatic layers (30-arcsec 
resolution) from the CHELSA database (http://​chels​a-​clima​te.​
org/​biocl​im/​; Karger et al. 2017). To estimate environmental 
suitability from the LGM to present, we projected ENMs to 
bioclimatic conditions during the last 22,000 years at 100-year 
time intervals (i.e., from 1990 CE to the LGM, for a total of 220 
snapshots) using bioclimatic layers available at a high resolu-
tion (30-arcsec) from the CHELSA-TraCE21k v. 1.0 database 
(https://​chels​a-​clima​te.​org/​; Karger et  al.  2023). Further de-
tails on ENM are presented in Methods S5.

2.8   |   Landscape Genetic Analyses

We applied a landscape genetic approach to analyse a compre-
hensive set of factors that could explain genetic differentiation 
(FST) among populations of O. macedonica, the only taxon with 
a wide distribution and a sufficient number of populations to 
perform robust statistical analyses (n = 10; Table 1). Pairwise FST 
values were calculated as detailed in Section 2.5. We tested the 
following explanatory variables: (i) geographical distance (GD); 
(ii) weighted topographic distance (WTD; Wang 2020); and (iii) 
isolation-by-resistance distances (IBR; McRae 2006; McRae and 
Beier  2007) based on a ‘flat landscape’ (IBRFLAT; i.e., all cells 
have equal resistance value = 1) and the configuration of envi-
ronmentally suitable areas as inferred from projections of the 
ENM (see Section  2.7) to present-day bioclimatic conditions 
(IBRCURRENT) and a layer of climatic suitability stability from the 
LGM to present (IBRSTABILITY). We used multiple matrix regres-
sions with randomisation (MMRR; Wang 2013) to test the ma-
trix of population genetic differentiation (FST) against GD, WTD 
and IBR matrices. Further details on landscape genetic analyses 
are presented in Methods S6.

2.9   |   Phenotypic Evolution Analyses

We used a geometric morphometric approach to quantify differ-
ences among populations and species in the shape of the phal-
lus apex and furculae of males, two traits of taxonomic value 
in Oropodisma and likely involved in reproductive isolation (see 
Trillo and Ortego 2025 and references therein). See Methods S7 
for further details on geometric morphometric analyses. Then, 
we used the backbone tree obtained with phylonetworks 
to estimate the phylogenetic signal in the first two principal 
components summarising landmarks and semilandmarks coor-
dinates for each trait (phallus apex: PC1p and PC2p; furculae: 
PC1f and PC2f; see Methods S7), using Pagel's lambda (λ), as 
measured with the phylosig function of the ‘phytools’ package 
(Revell 2024) in r. Pagel's λ quantifies the magnitude of phylo-
genetic signal of a continuous trait assumed to be evolving under 

https://orthoptera.speciesfile.org/
https://orthoptera.speciesfile.org/
https://github.com/isaacovercast/easySFS
http://chelsa-climate.org/bioclim/
http://chelsa-climate.org/bioclim/
https://chelsa-climate.org/
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Brownian motion (Pagel 1999), where 0 indicates data with no 
phylogenetic signal (random noise), and 1 indicates strong fit to 
the Brownian Motion model. Next, we projected the phylogeny 
onto the shape space of the principal components to obtain a 
phylomorphospace (Sidlauskas  2008). Lastly, we determined 
the absolute fit of a Brownian Motion (BM) model to our mor-
phological data as well as alternative models of trait evolution 
that allowed for evolutionary constraints (Ornstein-Uhlenbeck 
[OU] model of bounded evolution), rate variability through 
time (“delta” model), and different degree of phylogenetic sig-
nal (“lambda” model) (Hernández et al. 2013). The delta model 
examines whether species traits evolution has accelerate or 
slowed down over time (δ = 1 indicate gradual evolution; δ < 1 
indicate temporally early trait evolution or ‘early burst’, indic-
ative of adaptive radiation; δ > 1 indicate temporally latter trait 
evolution, indicative of species-specific adaptation), whereas 
the lambda model evaluates the extent to which the phylog-
eny correctly predicts patterns of trait similarity (λ = 1 indicate 
that phylogenetic relationship predict effectively the patterns of 
similarity between species traits; λ = 0 indicate that patterns of 
trait similarity among species are independent of phylogeny). 
Evolutionary models were fitted using the R package ‘geiger’ 
(Pennell et al. 2014). Models were compared based on their cor-
rected Akaike information criteria (AICc) weights.

2.10   |   Determinants of Geographic Range Size

We first examined whether demographic instability and the extent 
of genetic differentiation among conspecific populations are asso-
ciated with the latitudinal distribution of species. Then, we tested 
how these three variables explain differences in contemporary 
range size across taxa. The latitudinal distribution of each species 
was calculated as the geographic centroid of latitude values across 
its respective populations. Global genetic differentiation (FST) 
among conspecific populations was estimated using the R pack-
age ‘hierfstat’. Demographic instability was calculated as the coef-
ficient of variation of effective population size (Ne) estimated over 
time for each population using stairway plot (see Section 2.6). 
When more than one population was available per species, values 
were averaged across all conspecific populations.

Contemporary range sizes were estimated from the ENM built 
for the genus Oropodisma (see Section  2.7), by counting the 
number of grid cells classified as suitable habitat within the 
known distribution range of each species. Suitability was de-
fined as areas where the probability of Oropodisma occurrence 
exceeded the maximum training sensitivity plus specificity 
(MTSS) logistic threshold in maxent (Liu et al. 2005; for de-
tails, see Methods S5).

To assess the effects of explanatory variables on response vari-
ables while accounting for phylogenetic non-independence, we 
used univariate phylogenetic generalised least squares (PGLS) 
models implemented in the R package ‘ape’ (with ‘nlme’) 
using the gls function. We performed PGLS analyses under a 
Brownian motion model of trait evolution (λ = 1) to avoid errors 
in estimating λ from a small phylogeny, especially for models 
involving global genetic differentiation, which can only be es-
timated for species represented by at least two populations 
(n = 6; Table  1). Analyses based on genetic summary statistics 

(i.e., gene differentiation and demographic stability) included a 
variance weighting term inversely proportional to the number of 
populations analysed for each species.

3   |   Results

3.1   |   Genomic Datasets

After the different quality filtering steps, the average 
number of reads retained per individual was 3,528,844 
(range = 529,081–5,761,027). Attributes of the different genomic 
datasets used for all downstream analyses are presented in 
Table S2. All datasets have been deposited in Figshare (https://​
doi.​org/​10.​6084/​m9.​figsh​are.​29233733).

3.2   |   Phylogenomic Inference

Phylogenetic reconstructions with raxml, svdquartets and 
bpp yielded similar topological relationships, with only small 
differences involving some recently diverged populations within 
O. macedonica and O. willemsei (Figure 1; Figures S1 and S2). 
Phylogenetic trees showed the presence of two main clades, one 
including the taxa from the Peloponnese Peninsula (hereafter, 
the Peloponnese clade) and another including the taxa distrib-
uted north of the Corinthian Gulf (hereafter, the Pindus-North 
Macedonian clade). The Peloponnese clade included a highly di-
vergent lineage corresponding to the southernmost distributed 
taxon O. taygetosi, which was sister to a subclade including the 
species O. erymanthosi, O. chelmosi, and O. kyllinii. The second 
main clade encompassed two sister subclades, one including the 
taxa from the southern Pindus range in Central Greece (O. la-
grecae, O. tymphrestosi, O. willemsei, and O. parnassica) and an-
other including the taxa distributed across the northern Pindus 
range in Greece, Valamara massif in Albania, and Galičica 
and Shar Mountains in North Macedonia (O. macedonica, O. 
tzoumerkae, O. karavica, and O. agrafae). Some populations 
originally assigned to O. tymphrestosi (OITI, VARD) were placed 
in a subclade that was sister to the type population (KORO and 
PIRG from Mt. Giona) of O. willemsei. All phylogenetic analy-
ses supported the monophyly of the rest of species. Some pop-
ulations with an uncertain taxonomic status clustered together 
with O. tzoumerkae (KAKA), O. karavica (AVGO, GAVR), and 
O. willemsei (KALI, OXIA). Node support was generally lower 
in svdquartets than in raxml and bpp analyses (Figure 1; 
Figures S1 and S2). Most internal nodes showed high support 
in both raxml and bpp analyses, except the node separating 
O. parnassica from its sister subclade including O. lagrecae, O. 
tymphrestosi, and O. willemsei in both raxml and bpp analyses, 
and the node separating O. chelmosi from O. kyllinii in bpp anal-
yses (Figure 1; Figures S1 and S2). Nodes separating the recently 
diverged populations of O. macedonica were poorly supported 
(Figure 1; Figures S1 and S2).

phylonetworks analyses based on species delimited by 
delineate (see Section  3.3) revealed that models involving 
reticulation events (h > 0) fit our data better than models con-
sidering a strictly bifurcating tree (h = 0) (Figure S3). Negative 
pseudo-likelihood scores decreased sharply from h = 0 to h = 1, 
with small improvements from h = 1 to h = 5, indicating that the 

https://doi.org/10.6084/m9.figshare.29233733
https://doi.org/10.6084/m9.figshare.29233733
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best-fitting phylogenetic model includes one introgression event 
(Figure S3). Phylogenetic relationships among taxa inferred by 
phylonetworks were similar to those obtained with raxml, 
svdquartets and bpp. The only exception was O. agrafae, 
which was inferred to be sister to the subclade including O. 
karavica, O. macedonica, and O. tzoumerkae in raxml, svd-
quartets, and bpp analyses but placed as a sister species of O. 
karavica by phylonetworks (Figure  2). phylonetworks 
analyses for h = 1 identified an introgression event (γ) from a 
ghost lineage sister to O. agrafae to the ancestor of O. lagrecae, 
O. tymphrestosi, and O. willemsei (Figure 2), with ~31% of gene 
copies in the ancestor of this subclade traced to the ghost lineage 
(Figure 2).

Estimation of divergence times in bpp (analysis A00), based 
on the most supported phylogenetic network, revealed that 
the Peloponnese clade and the Pindos-North Macedonian 
clade diverged at the onset of the Pleistocene, approximately 
2.35 million years ago (Ma; 95% highest posterior density 
[HPD]: 2.18–2.44 Ma) (Figure 2). The highly divergent taxon 
O. taygetosi split from the remaining species within the 
Peloponnese clade around 2.22 Ma (95% HPD: 2.00–2.32 Ma), 
whereas the divergence between the two main subclades 
within the Pindos–North Macedonian clade occurred at 

1.62 Ma (95% HPD: 1.56–1.67 Ma) (Figure  2). The introgres-
sion event (ϕ) from a ghost lineage sister to O. agrafae into 
the ancestor of O. lagrecai, O. tymphrestosi, and O. willemsei 
was estimated to have taken place around 0.79 Ma (95% HPD: 
0.73–0.90 Ma), with approximately 80% of the gene copies 
in the ancestor of this subclade traced to the ghost lineage 
(Figure 2). The divergence of the remaining lineages and sub-
clades occurred between 1.16 and 0.11 Ma, with the most re-
cent event corresponding to the split between O. tymphrestosi 
and O. willemsei (Figure 2).

3.3   |   Species Delimitation Analyses

Species delimitation analyses in delineate identified the re-
cently described taxa O. tzoumerkae and O. agrafae as new 
species and assigned the rest of the taxonomically uncertain 
populations to the different delineated species: KAKA was as-
signed to O. tzoumerkae, AVGO and GAVR to O. karavica, and 
KALI, OXIA, VARD and OITI to O. willemsei (Table 1; Figure 1; 
Figures S1 and S2). Inferences from species delimitation were 
consistent considering the slightly different topological relation-
ships among populations obtained using raxml, svdquar-
tets and bpp (Figure 1; Figures S1 and S2).

FIGURE 1    |    Phylogenetic tree inferred with bpp (analysis A01) and divergence times estimated using bpp (analysis A00) for the analysed popula-
tions of Oropodisma. Bayesian posterior probabilities estimated with bpp are indicated on the nodes (* > 0.95). Node support for the separation of O. 
macedonica populations is generally low and not shown on the tree. 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 geo-
logical divisions of the Quaternary. The taxonomic status of populations before (? = unknown) and after species delimitation analyses in delineate 
is indicated. Population codes as described in Table 1, with crosses denoting type localities. Inset images show a male (top) and female (bottom) of 
O. chelmosi (illustrations by Marina Trillo).
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3.4   |   Population Genetic Structure

structure analyses revealed pronounced genetic structure 
in all multi-population species (Figure  3; Figures  S4–S10), 
with most populations forming distinct genetic clusters and 
only a few cases of admixture or shared ancestry involving 
nearby populations of O. karavica, O. willemsei, and especially 
the more widely distributed O. macedonica (Figures S5–S10). 
Despite small sample sizes in three populations (PARN and 
MAEN in O. chelmosi, and ELIK in O. parnassica; Table  1), 
structure recovered them as distinct clusters, indicating 
robust genetic structure, though results should be interpreted 
with caution. Further details of the results for structure 
analyses are provided in Results S1. Principal component 
analyses (PCA) of genetic variation showed a genetic clus-
tering of populations similar to that inferred by structure 
analyses at the different hierarchical levels for each species 
(Figures S5–S10). Estimates of genetic differentiation (FST) be-
tween populations of each species are presented in Table S3. 
Except the nearby populations VASI and GRAM from O. mace-
donica, all other pairwise FST values were statistically sig-
nificantly different from zero (Table S3). Pairwise FST values 
ranged between 0.041 for the nearby populations VASI-MAVV 
of O. macedonica and 0.738 for the populations PANA-PARN 
of O. chelmosi (Table S3).

3.5   |   Past Demographic History

stairway plot analyses showed that most populations 
of Oropodisma have experienced parallel demographic 

trajectories, undergoing severe declines of Ne generally start-
ing at the onset of the Holocene preceded, in most cases, 
by demographic expansions during the last glacial period 
(Figure 4). The only exceptions are populations KAKA from 
O. tzoumerkae, KYLL from O. kyllinii, and PANA from O. chel-
mosi, which have experienced demographic stasis through 
time (KAKA) or expansions around the last glacial maximum 
(LGM) followed by demographic stability until the present day 
(KYLL and PANA) (Figure 4).

3.6   |   Environmental Niche Modelling

Climatically suitable areas predicted by the ENM are highly 
congruent with the present-day observed distribution of the 
genus Oropodisma, which currently forms small and se-
verely fragmented populations on mountain tops (Figure 5b). 
Projections of the ENM onto bioclimatic conditions from the 
LGM to the present at 100-year intervals revealed that the ex-
tent and connectivity of suitable areas, as identified using the 
maximum training sensitivity plus specificity threshold for 
species presence (Liu et al. 2005), peaked at the end of the last 
glacial period (ca. 17 ka) and gradually declined from then on 
(Figure  5). Our reconstructions since the LGM showed that 
distributional shifts were mostly limited to elevational dis-
placements, alternating periods of population fragmentation 
and connectivity at local/regional scales, but with the presence 
of at least some refugial populations persisting in all moun-
tain ranges where Oropodisma is distributed today (Figure 5). 
Note that only tiny areas—barely visible in Figure  5c,f—
were predicted to be suitable across most time periods in the 

FIGURE 2    |    Species tree inferred with phylonetworks and divergence times and introgression probability (ϕ) 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.
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northernmost portion of the contemporary distribution of the 
genus (i.e., present-day populations of the taxon O. macedon-
ica), suggesting the long-term persistence of populations in 
small local refugia or frequent extinction-recolonisation dy-
namics. Remarkably, suitable habitats from the Peloponnese 
Peninsula have remained continuously disconnected from 
the rest of the Balkans at least since the LGM, supporting its 
long-term isolation (Figure 5). Temporal dynamics in the ex-
tent and connectivity of climatically suitable habitats inferred 
for species-specific models of O. macedonica (Figure S11), O. 
willemsei (Figure  S12), and O. chelmosi (Figure  S13) yielded 
qualitatively similar results than the genus-based predictions. 
For details on the performance and parameters of ENMs, see 
Table S4.

3.7   |   Landscape Genetic Analyses

Univariate matrix regressions with randomisation showed 
that genetic differentiation between populations of O. mace-
donica is significantly correlated with geographical distance 
(GD), weighted topographic distances (WTD), and resistance 
distances defined by a flat landscape (IBRFLAT) and habitat 
suitability stability from the LGM to present (IBRSTABILITY) 
(all p-values < 0.01; Table  S5), but not with resistance dis-
tances defined by the contemporary distribution of environ-
mentally suitable habitats (IBRCURRENT; p = 0.192; Table  S5). 
However, IBRSTABILITY was the best fit to our data (R2 = 0.353) 
and the only predictor retained in the final multivariate model 
(Table 2; Figure 6).

FIGURE 3    |    Geographic location of studied populations for each taxon within the genus Oropodisma and results of genetic assignments based on 
the Bayesian clustering method implemented in the programme structure. (A, B) Pie charts on maps and (C–H) barplots show the genetic assign-
ments for populations of (C) O. macedonica, (D) O. tzoumerkae, (E) O. karavica, (F) O. willemsei, (G) O. parnassica, and (H) O. chelmosi. In barplots, 
each individual is represented by a vertical bar partitioned into K coloured segments showing the individual's probability of belonging to the cluster 
with that colour; thin vertical black lines separate individuals from different populations. Results of structure for each taxon are shown for the val-
ue of K at which the log probability of the data (LnPr(X|K)) reached a plateau (see Figure S4). Results for other K values are presented in Figures S5–
S10. Population codes as described in Table 1. Maps display a digital elevation model (DEM) at 90-m resolution derived from NASA's Shuttle Radar 
Topography Mission (SRTM) (https://​portal.​opent​opogr​aphy.​org/​).

https://portal.opentopography.org/
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3.8   |   Geometric Morphometric Analyses

Population pairwise Euclidean distances between least-squares 
means for shape variation of the phallus apex (Table  S6; 
Figure S14a) and the furculae (Table S7; Figure S14b) of males 
revealed non-significant differences among conspecific pop-
ulations, indicating morphological cohesiveness within taxa. 
Species pairwise Euclidean distances for genitalia (Table  S8) 
and the furculae (Table S9) of males showed that most taxa were 
significantly differentiated in one or both traits. Aside from com-
parisons involving O. taygetosi—which were limited by small 
sample size (n = 2; Table 1)—the only non-significant differences 
were observed among certain taxa within the Pindos–North 
Macedonian clade (O. tzoumerkae-O. karavica-O. lagrecai, O. 
karavica-O. tymphrestosi, O. tymphrestosi-O. willemsei, and O. 
tymphrestosi-O. parnassica) and within the Peloponnese clade 
(O. erymanthosi-O. kyllinii) (Tables S8 and S9).

3.9   |   Phenotypic Evolution Analyses

All phenotypic traits showed a moderately low and non-
significant phylogenetic signal (PC1p: � ∼0, p = 1; PC2p: � 
= 0.61, p = 0.06; PC1f: � = 0.57, p = 0.11; PC2f: � = 0.28, p = 0.66) 
(Figures  S15 and S16). The phymorphospace for genitalia 
shape showed that O. agrafae occupies a distinctive position 
in relation to the remaining lineages, whereas O. kyllinii, O. 
erymanthosi, and O. chelmosi tend to cluster together in both 

genitalia and furculae morphospaces (Figures  S15 and S16). 
For PC1p and PC1f, the trait evolution model receiving the 
strongest support was the lambda model (Table 3), although 
for PC1f, the Brownian motion (BM) model was equally fa-
voured. The unequivocal support for the lambda model with 
λ≈0 in PC1p indicates phylogenetic independence (i.e., no 
concordance between phylogeny and trait values; Table 3). A 
single-rate BM model, in which traits evolve via a random-
walk process at a constant rate (σ2), provided the best fit for 
PC2p and PC2f, though in the former, the lambda model 
was equally supported (Table 3). In the case of PC2f, the low 
phylogenetic signal (λ≈0.28) suggests that phylogenetic rela-
tionships may influence trait evolution, but not in a manner 
strictly proportional to divergence time, as assumed by BM. 
Nonetheless, BM was preferred due to its lower complexity.

3.10   |   Determinants of Geographic Range Size

Both genetic differentiation (β = −0.106 ± 0.032, t = −3.29, 
p = 0.030) and demographic instability (β = −9.00 ± 3.01, 
t = −2.99, p = 0.014) were negatively associated with latitude 
(Figure  7). In turn, range size was positively associated with 
latitude (β = 582.86 ± 224.97, t = 2.59, p = 0.027) and negatively 
associated with genetic differentiation (β = −4818.33 ± 1620.72, 
t = −2.97, p = 0.041), whereas no significant association was 
found with demographic instability (β = −23.86 ± 16.63, 
t = −1.43, p = 0.182) (Figure 7).

FIGURE 4    |    Demographic history of the studied populations for each taxon within the genus Oropodisma inferred using stairway plot. Only 
populations with n ≥ 7 genotyped individuals were analysed. Panels show the median of effective population size (Ne) through time, estimated as-
suming a mutation rate of 2.8 × 10−9 and one generation per year (both axes on a logarithmic scale). Vertical dashed line indicates the Last Glacial 
Maximum (LGM; ~21,000 years ago). The number of polymorphic SNPs used to calculate the site frequency spectrum (SFS) for each population is 
indicated in parentheses. Population codes as described in Table 1.
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4   |   Discussion

Alpine ecosystems provide unique natural laboratories to study 
the processes that promote the formation of new species in a con-
text of shifting distributions and ephemeral geographical isolation. 

In this scenario, secondary contact and recurrent gene flow are 
expected to hinder the completion of speciation, whereas small 
population sizes and habitat instability jeopardise the long-term 
persistence of newly formed lineages (Rahbek et al. 2019). High 
rates of lineage formation triggered by geographical isolation (i.e., 

FIGURE 5    |    Extent of climatically suitable habitats for the genus Oropodisma as inferred from projections of the environmental niche model 
(ENM) to bioclimatic conditions during the last 22,000 years (i.e., from 1990 CE to the last glacial maximum, LGM) at 100-year time intervals. (A) 
The availability of suitable habitats at each time interval was calculated as the number of cells where the probability of presence of Oropodisma is 
higher than the maximum training sensitivity plus specificity (MTSS) logistic threshold. (B–F) Maps show the distribution of climatically suitable 
habitats for the genus at five temporal snapshots (red dots in panel A), including (B) the present (0 ka; crosses show occurrence points used for ENM), 
(D) Holocene Climate Optimum (ca. 10 ka) and (F) LGM (ca. 22 ka).

TABLE 2    |    Multiple matrix regression with randomisation for genetic 
differentiation (FST) between populations of Oropodisma macedonica in 
relation to (i) geographical distance, (ii) weighted topographic distance, 
and resistance distances defined by (iii) a flat landscape (IBRFLAT; i.e., 
all cells have equal resistance value = 1), (iv) contemporary habitat 
suitability (IBRCURRENT), and (v) habitat suitability stability from the 
last glacial maximum (LGM) to present (IBRSTABILITY).

Variable β t p

Explanatory terms

Constant 0.109

IBRSTABILITY 0.545 4.84 < 0.001

Rejected terms

Geographical distance 0.47 0.402

Weighted topographic 
distance

−0.67 0.659

IBRFLAT 0.27 0.441

IBRCURRENT −5.33 0.998

Abbreviations: p, significance level; t, t-statistic; β, regression coefficient.

FIGURE 6    |    Relationship between genetic differentiation (FST) be-
tween populations of Oropodisma macedonica and resistance distances 
defined by habitat suitability stability from the last glacial maximum 
(LGM) to present (IBRSTABILITY). Regression line is shown.
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frequent splitting), the presence of climate refugia that prevent ex-
tinction (i.e., local persistence), and the rapid evolution of repro-
ductive isolation that impedes incipiently diverging lineages from 
merging (i.e., short speciation times) are likely key processes driv-
ing the extraordinary levels of local microendemism that charac-
terise alpine and montane biotas at mid to low latitudes (Dynesius 
and Jansson 2014; e.g., Tzedakis 2009; Feliner 2014). Our study, 
which integrates phylogenomic-based species delimitation anal-
yses, inference of demographic dynamics, and spatial modelling, 
provides fundamental insights into the rates at which new lin-
eages arise and how they persist through evolutionary time until 
the formation of full-fledged species. Multiple lines of evidence 
suggest that the balance between rates of lineage formation and 
the extent of gene flow resulted from the interplay between hab-
itat connectivity-fragmentation and shifting distributions driven 
by Pleistocene climatic oscillations is critical to explaining rates 
of species formation and why most of them accumulate at lower 
latitudes.

4.1   |   Species Delimitation and Range Size 
Delineation

Species delimitation analyses identified twelve evolutionarily 
independent lineages, including populations with previously 
uncertain taxonomic status that were assigned either to the 
ten traditionally recognised species (Cigliano et al. 2025) or to 
two recently described taxa (Trillo and Ortego 2025) (Table 1; 
Figure 1; Figures S1 and S2). Although populations assigned to 
the same taxon by delineate were phenotypically cohesive, 

several closely related species pairs within major clades did not 
exhibit clear diagnostic differences in the traits examined. This 
highlights the inherent challenges of taxonomic delimitation 

TABLE 3    |    Relative support for alternative evolutionary models for shape variation of the phallus apex (PC1p, PC2p) and the furculae (PC1f and 
PC2f) of males in Oropodisma.

Trait Model AICc � AICc wtAICc �
2 delta lambda

PC1p BM 19.20 6.08 0.04 27.60

OU 22.87 9.75 0.01

Delta 17.84 4.72 0.08 11.44 3.99

Lambda 13.12 0 0.86 27.60 0

PC2p BM −6.30 0 0.36 3.29

OU −2.76 3.54 0.06

Delta −5.20 1.10 0.21 1.67 2.99

Lambda −6.29 0.01 0.36 3.29 0.61

PC1f BM −19.69 0.01 0.37 0.47

OU −16.14 3.56 0.06

Delta −18.53 1.17 0.20 0.55 2.99

Lambda −19.70 0 0.37 0.47 0.57

PC2f BM −29.65 0 0.49 1.07

OU −26.07 3.58 0.08

Delta −28.28 1.37 0.25 0.24 2.99

Lambda −27.68 1.97 0.18 1.07 0.28

Abbreviations: AICc, Corrected Akaike Information Criterion; BM, Pure Brownian motion; Delta (δ), gradual vs. non-gradual evolution; Delta, Pagel's delta; Lambda 
(λ), phylogenetic signal; Lambda, Pagel's lambda; OU, Ornstein-Uhlenbeck model; wtAICc, Akaike weights; �2, evolutionary rate.

FIGURE 7    |    Schematic representation of phylogenetic generalised 
least squares (PGLS) analyses testing the correlations between lati-
tude, demographic instability, genetic differentiation, and range size 
across species of the genus Oropodisma. Arrows link explanatory (top) 
to response (bottom) variables and circles indicate the sign of the cor-
relation. Analyses assume a Brownian motion model (λ = 1) and those 
based on genetic summary statistics (i.e., genetic differentiation and de-
mographic instability) incorporate a variance weighting term inversely 
proportional to the sample size available for each species (i.e., number 
of genotyped populations; Table 1). Analyses of genetic differentiation 
are based on the subset of species with two or more sampled populations 
(Table 1). p = significance level; R2 = coefficient of determination.
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in recent radiations, where cryptic or quasi-cryptic species are 
common and morphological divergence may lag behind lineage 
divergence (e.g., Huang et al. 2020; Ortego et al. 2024). The re-
sulting taxonomic assignments enabled a refined delineation of 
species distributions and revealed pronounced heterogeneity 
in range size among taxa, with the northernmost distributed 
species occupying an area nearly as large as that of all other 
congeneric species combined (Figure 3). In contrast, most spe-
cies exhibited extreme microendemism, with very small areas 
of occupancy (< 100 km2) restricted to one or a few nearby 
mountaintops. These results illustrate the value of speciation-
based species delimitation approaches for resolving taxonomic 
uncertainties and accurately mapping species distributions 
(Sukumaran et  al.  2021). By improving taxonomic resolution, 
such approaches help prevent the misidentification of popula-
tions from obscuring conservation priorities and biasing down-
stream ecological and evolutionary inferences (Hey et al. 2003; 
Isaac et al. 2004; Bickford et al. 2007).

4.2   |   A Prime Geographic Dimension of Speciation

Phylogenomic reconstructions revealed a predominant geo-
graphic dimension of speciation, with two major clades esti-
mated to have diverged around the onset of the Pleistocene (ca. 
2.6 Ma; Figures 1 and 2). These clades correspond to taxa distrib-
uted north of the Corinthian Gulf and within the Peloponnese 
Peninsula (Figure 2). This pattern is consistent with allopatric 
divergence documented in multiple organismal groups across 
the Corinthian Gulf (see Kiourtsoglou et  al.  2021, and refer-
ences therein), a long-standing biogeographic barrier associated 
with the isolation of the Peloponnese Peninsula from the rest of 
the Balkans since the Pliocene (Collier and Dart 1991). Within 
the Peloponnese clade, a deep split (> 2 Ma) isolates a narrowly 
endemic lineage restricted to Mount Taygetos, highlighting 
this mountain system as a significant centre of phylogenetic 
endemism (see also Pires et  al.  2024). Phylogenetic network 
analyses further revealed a reticulation event, with a ghost lin-
eage contributing to the ancestry of a subclade distributed in 
the Pindus Range. Such a ghost lineage may represent either 
an extinct species or an unsampled taxon yet to be discovered 
(Ottenburghs 2020; Tricou et al. 2022). Although sampling was 
extensive and encompassed nearly all known populations, envi-
ronmental niche modelling indicates that additional suitable but 
unsurveyed areas remain, particularly in isolated high-elevation 
massifs of the central Pindus range. Given the pronounced mi-
croendemism characteristic of this and other alpine radiations, 
these regions represent promising targets for future surveys and 
the potential discovery of previously unrecognised evolutionary 
diversity within the focal complex.

4.3   |   Drivers of Range Size and Formation 
of Microendemic Species

Inferred patterns of genetic differentiation, demographic re-
constructions, and spatially explicit landscape genetic anal-
yses provide valuable insights into the proximate processes 
driving microgeographic diversification in alpine organisms 
from temperate regions (e.g., Ortego and Knowles 2022; Ortego 
et al. 2024). Environmental niche modelling indicates that taxa 

experienced severe range contractions during interglacial pe-
riods, leading to population fragmentation and marked reduc-
tions in effective population size (Ne) (Figure 4). Consistent with 
this, populations show strong genetic structure (Figure 3), a pat-
tern widely reported in alpine organisms with limited dispersal 
ability (e.g., Slatyer et  al.  2014; Ortego et  al.  2021; Martínez-
Sañudo et  al.  2022; Ortego and Knowles  2022). Such genetic 
fragmentation is expected to contribute to high rates of lineage 
formation (i.e., frequent splitting; Dynesius and Jansson 2014), 
triggering allopatric speciation during periods of isolation in in-
terglacial refugia (Bennett and Provan 2008; e.g., DeChaine and 
Martin 2005; Ortego and Knowles 2022). Despite this pervasive 
fragmentation, demographic trajectories and levels of genetic 
differentiation vary markedly among taxa (Figure 3). Both ge-
netic differentiation and the magnitude of demographic fluctu-
ations decrease with latitude relative to the geographic range of 
the focal complex, suggesting greater opportunities for lineage 
formation at lower latitudes, where populations tend to be more 
isolated and experience stronger temporal fluctuations in Ne 
(Figure 7). Given nearly identical life-history traits and ecologi-
cal requirements across taxa, reduced genetic differentiation at 
higher relative latitudes is best explained by greater long-term 
habitat availability and connectivity, combined with more ex-
tensive range shifts driven by Pleistocene climatic oscillations. 
Larger and more connected habitat networks, together with 
higher climatic instability at more northern latitudes within the 
range of the complex, are expected to enhance gene flow and ho-
mogenise gene pools at timescales shorter than those required 
for reproductive barriers to evolve (see Section 3.4). This, in turn, 
may reduce the likelihood of microgeographic speciation and fa-
vour the persistence of wider distributional ranges (Jansson and 
Dynesius 2002; Morueta-Holme et al. 2013). Accordingly, range 
size is negatively associated with genetic differentiation and pos-
itively correlated with latitude, providing a mechanistic expla-
nation for the higher incidence of local microendemism toward 
the southern limits of the complex distribution (Figure 7). These 
findings illustrate how the interplay between climatic history, 
geographic context, and habitat connectivity can generate con-
trasting outcomes in genetic structure, demographic stability, 
and diversification across latitudinal gradients in alpine systems 
from temperate regions.

4.4   |   Rapid Evolution of Reproductive Isolation

In systems characterised by recurrent range shifts and ep-
isodes of secondary contact, the rapid evolution of complete 
or partial reproductive isolation is likely critical for the per-
sistence of recently formed lineages and the completion of 
speciation. Divergence times inferred here indicate that some 
species originated within the last few hundred thousand years 
(Figure 2), a timescale comparable to that reported for other 
insect taxa that are demonstrably reproductively isolated 
(Coyne and Orr 1989; Coyne and Orr 2004; Ortego et al. 2021, 
2024). Despite adjacent distributions and likely secondary 
contact during glacial range expansions (Figure  5), phylo-
genetic network analyses detected very limited evidence of 
historical hybridisation, supporting the existence of effective 
reproductive barriers among taxa. Given the broad similarity 
in ecological requirements across taxa, reproductive isolation 
during early stages of divergence is most plausibly driven by 
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genetic drift and the accumulation of mutations in small, 
geographically isolated populations during interglacial peri-
ods. These processes are expected to facilitate the evolution 
of both prezygotic (e.g., divergence in mating signals or be-
haviours; Panhuis et al.  2001; Ritchie 2007) and postzygotic 
barriers (e.g., Dobzhansky-Muller genetic incompatibilities 
or chromosomal rearrangements; Orr  1995; Rieseberg  2001; 
Presgraves  2010), with secondary contact potentially rein-
forcing isolation when hybrid fitness is reduced (Servedio and 
Noor 2003; Pfennig 2016). The lack of consistent differentia-
tion in genital morphology among closely related taxa suggests 
that these traits have not acted as primary drivers of repro-
ductive isolation. Instead, speciation may have been promoted 
by the rapid accumulation of cryptic genetic incompatibilities 
(e.g., Barton  1980; Hagberg et  al. 2022; Castillo et  al.  2017; 
Boman et al. 2025). The generally low phylogenetic signal in 
the traits examined further indicates that their evolution is 
shaped by a combination of stochastic and context-dependent 
selective processes, rather than being strictly constrained by 
shared ancestry.

5   |   Conclusions

Our results indicate that range shifts and increased connectivity 
among populations at comparatively northern latitudes cause in-
cipient lineages formed during periods of isolation to merge at rates 
that exceed the time required for speciation to complete (Jansson 
and Dynesius 2002; e.g., Maier et al. 2019). These processes main-
tain the genetic and phenotypic cohesion across broad geographic 
areas, thereby constraining opportunities for microgeographic 
speciation at higher latitudes. Consequently, the formation of mi-
croendemic versus wide-ranging species appears to be governed 
by an unstable equilibrium between lineage splitting and fusion, 
shaped by the heterogeneous latitudinal impacts of Pleistocene 
climatic oscillations on population demographic and range dy-
namics (Jansson and Dynesius  2002). Our findings support the 
notion that this context-dependent balance determines whether 
glacial–interglacial cycles promote or interrupt speciation along 
latitudinal gradients in temperate mountain regions. Collectively, 
this framework helps reconcile the long-standing debate on the 
evolutionary consequences of Quaternary climatic fluctuations 
and their potential role as either drivers or inhibitors of speciation 
(Klicka and Zink 1997; Dynesius and Jansson 2000; Jansson and 
Dynesius 2002; e.g., Maier et al. 2019; Ortego and Knowles 2022; 
Marques et al. 2024).

Author Contributions

J.O. conceived the study. J.O., M.T., V.G.-N. designed the research. J.O. 
and J.G.-R. collected the samples. M.T. prepared the genomic libraries 
and obtained phenotypic data. J.O., M.T. and V.G.-N. analysed the data. 
J.O. led the writing with inputs from all the authors.

Acknowledgements

We thank Ioannis Anastasiou (National and Kapodistrian University 
of Athens, Greece) and Angela Taseska (Galičica National Park, North 
Macedonia) for their help with our research permit applications, 
Anna Papadopoulou for her continuous support during our fieldwork 
in Greece, Francesco Forte for advice on genitalia extraction and 

geometric morphometric analyses, and Naturalis Biodiversity Center 
from Leiden (NNM, Leiden, Netherlands), as well as the Orthoptera 
collection manager Charlotte Hartong, for the loan of specimens of O. 
taygetosi. We also thank two anonymous referees for their construc-
tive and valuable comments on an earlier version of the manuscript. 
Sampling permits were granted by the Ministry of the Environment and 
Energy from Greece (permit no. YPEN/DDD/34736/1134 and YPEN/
DDD/32363/1054) and the Ministry of Environment and Physical 
Planning from North Macedonia (permit no. 03-403/2). Logistic support 
was provided by Unidad de Análisis de Imagen y Microscopía (IMIC-
EBD) and Laboratorio de Ecología Molecular (LEM-EBD) from Estación 
Biológica de Doñana (CSIC). We also thank Centro de Supercomputación 
de Galicia (CESGA) and Doñana's Singular Scientific-Technical 
Infrastructure (ICTS-RBD) for access to computer resources. This 
work was supported by grant TED2021-129328B-I00 funded by MCIN/
AEI/10.13039/501100011033 and European Union NextGenerationEU/
PRTR and grants PID2021-123298NB-I00 and PID2025-168840NB-I00 
funded by MICIU/AEI/10.13039/501100011033/FEDER, UE.

Funding

This work was supported by Ministerio de Ciencia, Innovación y 
Universidades, PID2021-123298NB-I00, TED2021-129328B-I00, 
PID2025-168840NB-I00. European Social Fund, PID2021-
123298NB-I00, PID2025-168840NB-I00. NextGenerationEU, 
TED2021-129328B-I00.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

Raw Illumina reads have been deposited at the NCBI Sequence Read 
Archive (SRA) under BioProject PRJNA1390705. Input files for all anal-
yses are available for download on Figshare (https://​doi.​org/​10.​6084/​
m9.​figsh​are.​29233733).

References

Ægisdóttir, H. H., P. Kuss, and J. Stöcklin. 2009. “Isolated Populations 
of a Rare Alpine Plant Show High Genetic Diversity and Considerable 
Population Differentiation.” Annals of Botany 104, no. 7: 1313–1322. 
https://​doi.​org/​10.​1093/​aob/​mcp242.

Antonelli, A., W. D. Kissling, S. G. A. Flantua, et al. 2018. “Geological 
and Climatic Influences on Mountain Biodiversity.” Nature Geoscience 
11: 718–725. https://​doi.​org/​10.​1038/​s4156​1-​018-​0236-​z.

Arroyo, J., P. Abellán, M. Arista, et  al. 2022. “Sierra Nevada, a 
Mediterranean Biodiversity Super Hotspot.” In The Landscape of the 
Sierra Nevada: A Unique Laboratory of Global Processes in Spain, 
edited by R. Zamora and M. Oliva, 11–30. Springer International 
Publishing.

Barton, N. H. 1980. “The Fitness of Hybrids Between Two Chromosomal 
Races of the Grasshopper Podisma pedestris.” Heredity 45: 47–59. https://​
doi.​org/​10.​1038/​hdy.​1980.​49.

Bennett, K. D., and J. Provan. 2008. “What Do We Mean by Refugia?” 
Quaternary Science Reviews 27, no. 27–28: 2449–2455. https://​doi.​org/​
10.​1016/j.​quasc​irev.​2008.​08.​019.

Bickford, D., D. J. Lohman, N. S. Sodhi, et al. 2007. “Cryptic Species 
as a Window on Diversity and Conservation.” Trends in Ecology & 
Evolution 22, no. 3: 148–155. https://​doi.​org/​10.​1016/j.​tree.​2006.​11.​004.

Boman, J., K. Naesvall, R. Vila, C. Wiklund, and N. Backström. 
2025. “Evolution of Hybrid Inviability Associated With Chromosome 
Fusions.” Molecular Ecology 34, no. 24: e17672. https://​doi.​org/​10.​1111/​
mec.​17672​.

https://doi.org/10.13039/501100011033
https://doi.org/10.13039/501100011033/FEDER
https://doi.org/10.6084/m9.figshare.29233733
https://doi.org/10.6084/m9.figshare.29233733
https://doi.org/10.1093/aob/mcp242
https://doi.org/10.1038/s41561-018-0236-z
https://doi.org/10.1038/hdy.1980.49
https://doi.org/10.1038/hdy.1980.49
https://doi.org/10.1016/j.quascirev.2008.08.019
https://doi.org/10.1016/j.quascirev.2008.08.019
https://doi.org/10.1016/j.tree.2006.11.004
https://doi.org/10.1111/mec.17672
https://doi.org/10.1111/mec.17672


15 of 18Molecular Ecology, 2026

Carstens, B. C., and L. L. Knowles. 2007. “Estimating Species 
Phylogeny From Gene-Tree Probabilities Despite Incomplete Lineage 
Sorting: An Example From Melanoplus Grasshoppers.” Systematic 
Biology 56, no. 3: 400–411. https://​doi.​org/​10.​1080/​10635​15070​
1405560.

Castillo, E. R. D., A. Taffarel, M. M. Maronna, et al. 2017. “Phylogeny 
and Chromosomal Diversification in the Dichroplus elongatus Species 
Group (Orthoptera, Melanoplinae).” PLoS One 12, no. 2: e0172352. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​0172352.

Chifman, J., and L. Kubatko. 2014. “Quartet Inference From SNP Data 
Under the Coalescent Model.” Bioinformatics 30, no. 23: 3317–3324. 
https://​doi.​org/​10.​1093/​bioin​forma​tics/​btu530.

Cigliano, M. M., H. Braun, D. C. Eades, and D. Otte. 2025. “Orthoptera 
Species File (OSF).” http://​ortho​ptera.​speci​esfile.​org.

Collier, R. E. L., and C. J. Dart. 1991. “Neogene to Quaternary Rifting, 
Sedimentation and Uplift in the Corinth Basin, Greece.” Journal of 
the Geological Society 148: 1049–1065. https://​doi.​org/​10.​1144/​gsjgs.​
148.6.​1049.

Coyne, J. A., and H. A. Orr. 1989. “Patterns of Speciation in Drosophila.” 
Evolution 43, no. 2: 362–381. https://​doi.​org/​10.​1111/j.​1558-​5646.​1989.​
tb042​33.​x.

Coyne, J. A., and H. A. Orr. 2004. Speciation. Sinauer Associates.

DeChaine, E. G., and A. P. Martin. 2005. “Historical Biogeography 
of Two Alpine Butterflies in the Rocky Mountains: Broad-Scale 
Concordance and Local-Scale Discordance.” Journal of Biogeography 
32, no. 11: 1943–1956. https://​doi.​org/​10.​1111/j.​1365-​2699.​2005.​
01356.​x.

Dynesius, M., and R. Jansson. 2000. “Evolutionary Consequences of 
Changes in Species' Geographical Distributions Driven by Milankovitch 
Climate Oscillations.” Proceedings of the National Academy of Sciences 
of the United States of America 97, no. 16: 9115–9120. https://​doi.​org/​10.​
1073/​pnas.​97.​16.​9115.

Dynesius, M., and R. Jansson. 2014. “Persistence of Within-Species 
Lineages: A Neglected Control of Speciation Rates.” Evolution 68, no. 4: 
923–934. https://​doi.​org/​10.​1111/​evo.​12316​.

Eaton, D. A. R., and I. Overcast. 2020. “Ipyrad: Interactive Assembly 
and Analysis of RADseq Datasets.” Bioinformatics 36, no. 8: 2592–2594. 
https://​doi.​org/​10.​1093/​bioin​forma​tics/​btz966.

Excoffier, L., and H. E. L. Lischer. 2010. “Arlequin Suite Ver 3.5: A New 
Series of Programs to Perform Population Genetics Analyses Under 
Linux and Windows.” Molecular Ecology Resources 10, no. 3: 564–567. 
https://​doi.​org/​10.​1111/j.​1755-​0998.​2010.​02847.​x.

Feliner, G. N. 2014. “Patterns and Processes in Plant Phylogeography 
in the Mediterranean Basin. A Review.” Perspectives in Plant Ecology, 
Evolution and Systematics 16, no. 5: 265–278. https://​doi.​org/​10.​1016/j.​
ppees.​2014.​07.​002.

Flouri, T., X. Y. Jiao, B. Rannala, and Z. H. Yang. 2018. “Species Tree 
Inference With bpp Using Genomic Sequences and the Multispecies 
Coalescent.” Molecular Biology and Evolution 35, no. 10: 2585–2593. 
https://​doi.​org/​10.​1093/​molbev/​msy147.

García-Navas, V., A. M. del Campo, M. Rodríguez-Rey, and P. Laiolo. 
2025. “Syntopy Promotes Song Divergence in a Neotropical Avian 
Radiation.” Evolution 79, no. 5: 791–799. https://​doi.​org/​10.​1093/​evolut/​
qpaf027.

Garrick, R. C., J. D. Banusiewicz, S. Burgess, C. Hyseni, and R. E. 
Symula. 2019. “Extending Phylogeography to Account for Lineage 
Fusion.” Journal of Biogeography 46, no. 2: 268–278. https://​doi.​org/​10.​
1111/​jbi.​13503​.

Hagberg, L., E. Celemin, I. Irisarri, et al. 2022. “Extensive Introgression 
at Late Stages of Species Formation: Insights From Grasshopper Hybrid 
Zones.” Molecular Ecology 31, no. 8: 2384–2399. https://​doi.​org/​10.​1111/​
mec.​16406​.

Hartley, R., N. Clemann, Z. Atkins, B. C. Scheele, D. B. Lindernmayer, 
and M. D. Amor. 2023. “Isolated on Sky Islands: Genetic Diversity 
and Population Structure of an Endangered Mountain Lizard.” 
Conservation Genetics 24: 219–233. https://​doi.​org/​10.​1007/​s1059​2-​
022-​01495​-​x.

Hernández, C. E., E. Rodríguez-Serrano, J. Avaria-Llautureo, et  al. 
2013. “Using Phylogenetic Information and the Comparative Method 
to Evaluate Hypotheses in Macroecology.” Methods in Ecology and 
Evolution 4, no. 5: 401–415. https://​doi.​org/​10.​1111/​2041-​210x.​12033​.

Hey, J., R. S. Waples, M. L. Arnold, R. K. Butlin, and R. G. Harrison. 
2003. “Understanding and Confronting Species Uncertainty in Biology 
and Conservation.” Trends in Ecology & Evolution 18, no. 11: 597–603. 
https://​doi.​org/​10.​1016/j.​tree.​2003.​08.​014.

Huang, J. P., J. G. Hill, J. Ortego, and L. L. Knowles. 2020. “Paraphyletic 
Species no More–Genomic Data Resolve a Pleistocene Radiation and 
Validate Morphological Species of the Melanoplus scudderi Complex 
(Insecta: Orthoptera).” Systematic Entomology 45, no. 3: 594–605. 
https://​doi.​org/​10.​1111/​syen.​12415​.

Isaac, N. J. B., J. Mallet, and G. M. Mace. 2004. “Taxonomic Inflation: 
Its Influence on Macroecology and Conservation.” Trends in Ecology & 
Evolution 19, no. 9: 464–469. https://​doi.​org/​10.​1016/j.​tree.​2004.​06.​004.

Jansson, R., and M. Dynesius. 2002. “The Fate of Clades in a World of 
Recurrent Climatic Change: Milankovitch Oscillations and Evolution.” 
Annual Review of Ecology and Systematics 33: 741–777. https://​doi.​org/​
10.​1146/​annur​ev.​ecols​ys.​33.​010802.​150520.

Jombart, T. 2008. “Adegenet: A R Package for the Multivariate Analysis 
of Genetic Markers.” Bioinformatics 24, no. 11: 1403–1405. https://​doi.​
org/​10.​1093/​bioin​forma​tics/​btn129.

Karger, D. N., O. Conrad, J. Bohner, et al. 2017. “Climatologies at High 
Resolution for the Earth's Land Surface Areas.” Scientific Data 4: 
170122. https://​doi.​org/​10.​1038/​sdata.​2017.​122.

Karger, D. N., M. P. Nobis, S. Normand, C. H. Graham, and N. E. 
Zimmermann. 2023. “CHELSA-TraCE21k–High-Resolution (1 Km) 
Downscaled Transient Temperature and Precipitation Data Since the 
Last Glacial Maximum.” Climate of the Past 19, no. 2: 439–456. https://​
doi.​org/​10.​5194/​cp-​19-​439-​2023.

Keightley, P. D., R. W. Ness, D. L. Halligan, and P. R. Haddrill. 2014. 
“Estimation of the Spontaneous Mutation Rate Per Nucleotide Site in a 
Drosophila melanogaster Full-Sib Family.” Genetics 196, no. 1: 313–320. 
https://​doi.​org/​10.​1534/​genet​ics.​113.​158758.

Kiourtsoglou, A., A. Kaliontzopoulou, D. Poursanidis, D. Jablonski, P. 
Lymberakis, and N. Poulakakis. 2021. “Evidence of Cryptic Diversity in 
Podarcis Peloponnesiacus and Re-Evaluation of Its Current Taxonomy; 
Insights From Genetic, Morphological, and Ecological Data.” Journal of 
Zoological Systematics and Evolutionary Research 59, no. 8: 2350–2370. 
https://​doi.​org/​10.​1111/​jzs.​12540​.

Klicka, J., and R. M. Zink. 1997. “The Importance of Recent Ice Ages 
in Speciation: A Failed Paradigm.” Science 277, no. 5332: 1666–1669. 
https://​doi.​org/​10.​1126/​scien​ce.​277.​5332.​1666.

Li, J. J., Q. Li, Y. X. Wu, et al. 2021. “Mountains Act as Museums and 
Cradles for Hemipteran Insects in China: Evidence From Patterns of 
Richness and Phylogenetic Structure.” Global Ecology and Biogeography 
30, no. 5: 1070–1085. https://​doi.​org/​10.​1111/​geb.​13276​.

Liu, C. R., P. M. Berry, T. P. Dawson, and R. G. Pearson. 2005. “Selecting 
Thresholds of Occurrence in the Prediction of Species Distributions.” 
Ecography 28, no. 3: 385–393. https://​doi.​org/​10.​1111/j.​0906-​7590.​2005.​
03957.​x.

Liu, X. M., and Y. X. Fu. 2020. “Stairway Plot 2: Demographic History 
Inference With Folded SNP Frequency Spectra.” Genome Biology 21, no. 
1: 280. https://​doi.​org/​10.​1186/​s1305​9-​020-​02196​-​9.

Maier, P. A., A. G. Vandergast, S. M. Ostoja, A. Aguilar, and A. J. Bohonak. 
2019. “Pleistocene Glacial Cycles Drove Lineage Diversification and 

https://doi.org/10.1080/10635150701405560
https://doi.org/10.1080/10635150701405560
https://doi.org/10.1371/journal.pone.0172352
https://doi.org/10.1093/bioinformatics/btu530
http://orthoptera.speciesfile.org
https://doi.org/10.1144/gsjgs.148.6.1049
https://doi.org/10.1144/gsjgs.148.6.1049
https://doi.org/10.1111/j.1558-5646.1989.tb04233.x
https://doi.org/10.1111/j.1558-5646.1989.tb04233.x
https://doi.org/10.1111/j.1365-2699.2005.01356.x
https://doi.org/10.1111/j.1365-2699.2005.01356.x
https://doi.org/10.1073/pnas.97.16.9115
https://doi.org/10.1073/pnas.97.16.9115
https://doi.org/10.1111/evo.12316
https://doi.org/10.1093/bioinformatics/btz966
https://doi.org/10.1111/j.1755-0998.2010.02847.x
https://doi.org/10.1016/j.ppees.2014.07.002
https://doi.org/10.1016/j.ppees.2014.07.002
https://doi.org/10.1093/molbev/msy147
https://doi.org/10.1093/evolut/qpaf027
https://doi.org/10.1093/evolut/qpaf027
https://doi.org/10.1111/jbi.13503
https://doi.org/10.1111/jbi.13503
https://doi.org/10.1111/mec.16406
https://doi.org/10.1111/mec.16406
https://doi.org/10.1007/s10592-022-01495-x
https://doi.org/10.1007/s10592-022-01495-x
https://doi.org/10.1111/2041-210x.12033
https://doi.org/10.1016/j.tree.2003.08.014
https://doi.org/10.1111/syen.12415
https://doi.org/10.1016/j.tree.2004.06.004
https://doi.org/10.1146/annurev.ecolsys.33.010802.150520
https://doi.org/10.1146/annurev.ecolsys.33.010802.150520
https://doi.org/10.1093/bioinformatics/btn129
https://doi.org/10.1093/bioinformatics/btn129
https://doi.org/10.1038/sdata.2017.122
https://doi.org/10.5194/cp-19-439-2023
https://doi.org/10.5194/cp-19-439-2023
https://doi.org/10.1534/genetics.113.158758
https://doi.org/10.1111/jzs.12540
https://doi.org/10.1126/science.277.5332.1666
https://doi.org/10.1111/geb.13276
https://doi.org/10.1111/j.0906-7590.2005.03957.x
https://doi.org/10.1111/j.0906-7590.2005.03957.x
https://doi.org/10.1186/s13059-020-02196-9


16 of 18 Molecular Ecology, 2026

Fusion in the Yosemite Toad (Anaxyrus canorus).” Evolution 73, no. 12: 
2476–2496. https://​doi.​org/​10.​1111/​evo.​13868​.

Marques, V., J. C. Hinojosa, L. Dapporto, et  al. 2024. “The Opposed 
Forces of Differentiation and Admixture Across Glacial Cycles in the 
Butterfly Aglais urticae.” Molecular Ecology 33, no. 7: e17304. https://​
doi.​org/​10.​1111/​mec.​17304​.

Martínez-Sañudo, I., A. Basso, G. Ortis, F. Marangoni, G. Stancher, 
and L. Mazzon. 2022. “Strong Genetic Differentiation Between 
Fragmented Alpine Bush-Cricket Populations Demands Preservation of 
Evolutionary Significant Units.” Insect Conservation and Diversity 15, 
no. 6: 752–762. https://​doi.​org/​10.​1111/​icad.​12601​.

McRae, B. H. 2006. “Isolation by Resistance.” Evolution 60, no. 8: 1551–
1561. https://​doi.​org/​10.​1111/j.​0014-​3820.​2006.​tb005​00.​x.

McRae, B. H., and P. Beier. 2007. “Circuit Theory Predicts Gene Flow 
in Plant and Animal Populations.” Proceedings of the National Academy 
of Sciences of the United States of America 104, no. 50: 19885–19890. 
https://​doi.​org/​10.​1073/​pnas.​07065​68104​.

Moreyra, L. D., C. Roquet, A. Susanna, et al. 2025. “From Pleistocene 
Corridors to Isolated Peaks and Back: Biogeography of Afrocarduus 
(Compositae) in the Afromontane Archipelago.” Journal of Biogeography 
55, no. 11: e70045. https://​doi.​org/​10.​1111/​jbi.​70045​.

Morueta-Holme, N., B. J. Enquist, B. J. McGill, et  al. 2013. “Habitat 
Area and Climate Stability Determine Geographical Variation in Plant 
Species Range Sizes.” Ecology Letters 16, no. 12: 1446–1454. https://​doi.​
org/​10.​1111/​ele.​12184​.

Nevado, B., N. Contreras-Ortiz, C. Hughes, and D. A. Filatov. 2018. 
“Pleistocene Glacial Cycles Drive Isolation, Gene Flow and Speciation 
in the High-Elevation Andes.” New Phytologist 219, no. 2: 779–793. 
https://​doi.​org/​10.​1111/​nph.​15243​.

Noguerales, V., V. García-Navas, P. J. Cordero, and J. Ortego. 2016. “The 
Role of Environment and Core-Margin Effects on Range-Wide Phenotypic 
Variation in a Montane Grasshopper.” Journal of Evolutionary Biology 29, 
no. 11: 2129–2142. https://​doi.​org/​10.​1111/​jeb.​12915​.

Noroozi, J., A. Talebi, M. Doostmohammadi, S. B. Rumpf, H. P. Linder, 
and G. M. Schneeweiss. 2018. “Hotspots Within a Global Biodiversity 
Hotspot–Areas of Endemism Are Associated With High Mountain 
Ranges.” Scientific Reports 8: 10345. https://​doi.​org/​10.​1038/​s4159​8-​
018-​28504​-​9.

Orr, H. A. 1995. “The Population Genetics of Speciation: The Evolution 
of Hybrid Incompatibilities.” Genetics 139, no. 4: 1805–1813.

Ortego, J. 2025. “Alpine Grasshoppers of the Mediterranean: Isolated 
Refuges Shrinking From Global Warming.” In Grasshoppers, Locusts, 
and Crickets of the World, edited by M. Husemann and O. Hawlitschek, 
258–262. Princeton University Press.

Ortego, J., J. Gutiérrez-Rodríguez, and V. Noguerales. 2021. 
“Demographic Consequences of Dispersal-Related Trait Shift in Two 
Recently Diverged Taxa of Montane Grasshoppers.” Evolution 75, no. 8: 
1998–2013. https://​doi.​org/​10.​1111/​evo.​14205​.

Ortego, J., S. Kaya, B. Çiplak, and L. L. Knowles. 2024. 
“Microgeographic Speciation in a Complex of Anatolian Bush 
Crickets Facilitated by Fast Evolution of Reproductive Isolation.” 
Journal of Evolutionary Biology 37, no. 1: 14–27. https://​doi.​org/​10.​
1093/​jeb/​voad008.

Ortego, J., and L. L. Knowles. 2022. “Geographical Isolation Versus 
Dispersal: Relictual Alpine Grasshoppers Support a Model of Interglacial 
Diversification With Limited Hybridization.” Molecular Ecology 31, no. 
1: 296–312. https://​doi.​org/​10.​1111/​mec.​16225​.

Osborne, M. J., S. J. Cordova, A. C. Cameron, and T. F. Turner. 2019. 
“Isolation by Elevation: Mitochondrial Divergence Among Sky Island 
Populations of Sacramento Mountain Salamander (Aneides hardii).” 
Conservation Genetics 20: 545–556. https://​doi.​org/​10.​1007/​s1059​2-​019-​
01155​-​7.

Ottenburghs, J. 2020. “Ghost Introgression: Spooky Gene Flow in the 
Distant Past.” BioEssays 42, no. 6: 2000012. https://​doi.​org/​10.​1002/​
bies.​20200​0012.

Pagel, M. 1999. “Inferring the Historical Patterns of Biological 
Evolution.” Nature 401, no. 6756: 877–884. https://​doi.​org/​10.​1038/​
44766​.

Pallarés, S., J. Ortego, J. A. Carbonell, et  al. 2024. “Genomic, 
Morphological and Physiological Data Support Fast Ecotypic 
Differentiation and Incipient Speciation in an Alpine Diving Beetle.” 
Molecular Ecology 33, no. 17: e17487. https://​doi.​org/​10.​1111/​mec.​
17487​.

Panhuis, T. M., R. Butlin, M. Zuk, and T. Tregenza. 2001. “Sexual 
Selection and Speciation.” Trends in Ecology & Evolution 16, no. 7: 364–
371. https://​doi.​org/​10.​1016/​S0169​-​5347(01)​02160​-​7.

Pennell, M. W., J. M. Eastman, G. J. Slater, et al. 2014. “‘Geiger’ v2.0: 
An Expanded Suite of Methods for Fitting Macroevolutionary Models to 
Phylogenetic Trees.” Bioinformatics 30, no. 15: 2216–2218. https://​doi.​
org/​10.​1093/​bioin​forma​tics/​btu181.

Perrigo, A., C. Hoorn, and A. Antonelli. 2020. “Why Mountains Matter 
for Biodiversity.” Journal of Biogeography 47, no. 2: 315–325. https://​doi.​
org/​10.​1111/​jbi.​13731​.

Peterson, B. K., J. N. Weber, E. H. Kay, H. S. Fisher, and H. E. Hoekstra. 
2012. “Double Digest RADseq: An Inexpensive Method for De Novo SNP 
Discovery and Genotyping in Model and Non-Model Species.” PLoS One 
7, no. 5: e37135. https://​doi.​org/​10.​1371/​journ​al.​pone.​0037135.

Pfennig, K. S. 2016. “Reinforcement as an Initiator of Population 
Divergence and Speciation.” Current Zoology 62, no. 2: 145–154. https://​
doi.​org/​10.​1093/​cz/​zow033.

Phillips, S. J., R. P. Anderson, and R. E. Schapire. 2006. “Maximum 
Entropy Modeling of Species Geographic Distributions.” Ecological 
Modelling 190, no. 3–4: 231–259. https://​doi.​org/​10.​1016/j.​ecolm​odel.​
2005.​03.​026.

Phillips, S. J., and M. Dudik. 2008. “Modeling of Species Distributions 
With Maxent: New Extensions and a Comprehensive Evaluation.” 
Ecography 31, no. 2: 161–175. https://​doi.​org/​10.​1111/j.​0906-​7590.​2008.​
5203.​x.

Pires, M. B., K. Kougioumoutzis, S. Norder, P. Dimopoulos, A. 
Strid, and M. Panitsa. 2024. “The Future of Plant Diversity Within a 
Mediterranean Endemism Centre: Modelling the Synergistic Effects of 
Climate and Land-Use Change in Peloponnese, Greece.” Science of the 
Total Environment 947: 174622. https://​doi.​org/​10.​1016/j.​scito​tenv.​2024.​
174622.

Presgraves, D. C. 2010. “The Molecular Evolutionary Basis of Species 
Formation.” Nature Reviews Genetics 11, no. 3: 175–180. https://​doi.​org/​
10.​1038/​nrg2718.

Pritchard, J. K., M. Stephens, and P. Donnelly. 2000. “Inference of 
Population Structure Using Multilocus Genotype Data.” Genetics 155, 
no. 2: 945–959.

R Core Team. 2025. “R: A Language and Environment for Statistical 
Computing.” Vienna, Austria: R Foundation for Statistical Computing. 
https://​www.​R-​proje​ct.​org/​.

Rahbek, C., M. K. Borregaard, A. Antonelli, et  al. 2019. “Building 
Mountain Biodiversity: Geological and Evolutionary Processes.” Science 
365, no. 6458: 1114–1119. https://​doi.​org/​10.​1126/​scien​ce.​aax0151.

Rannala, B., and Z. H. Yang. 2003. “Bayes Estimation of Species 
Divergence Times and Ancestral Population Sizes Using DNA 
Sequences From Multiple Loci.” Genetics 164, no. 4: 1645–1656. https://​
doi.​org/​10.​1093/​genet​ics/​164.4.​1645.

Revell, L. J. 2024. “Phytools 2.0: An Updated r Ecosystem for 
Phylogenetic Comparative Methods (And Other Things).” PeerJ 12: 
e16505. https://​doi.​org/​10.​7717/​peerj.​16505​.

https://doi.org/10.1111/evo.13868
https://doi.org/10.1111/mec.17304
https://doi.org/10.1111/mec.17304
https://doi.org/10.1111/icad.12601
https://doi.org/10.1111/j.0014-3820.2006.tb00500.x
https://doi.org/10.1073/pnas.0706568104
https://doi.org/10.1111/jbi.70045
https://doi.org/10.1111/ele.12184
https://doi.org/10.1111/ele.12184
https://doi.org/10.1111/nph.15243
https://doi.org/10.1111/jeb.12915
https://doi.org/10.1038/s41598-018-28504-9
https://doi.org/10.1038/s41598-018-28504-9
https://doi.org/10.1111/evo.14205
https://doi.org/10.1093/jeb/voad008
https://doi.org/10.1093/jeb/voad008
https://doi.org/10.1111/mec.16225
https://doi.org/10.1007/s10592-019-01155-7
https://doi.org/10.1007/s10592-019-01155-7
https://doi.org/10.1002/bies.202000012
https://doi.org/10.1002/bies.202000012
https://doi.org/10.1038/44766
https://doi.org/10.1038/44766
https://doi.org/10.1111/mec.17487
https://doi.org/10.1111/mec.17487
https://doi.org/10.1016/S0169-5347(01)02160-7
https://doi.org/10.1093/bioinformatics/btu181
https://doi.org/10.1093/bioinformatics/btu181
https://doi.org/10.1111/jbi.13731
https://doi.org/10.1111/jbi.13731
https://doi.org/10.1371/journal.pone.0037135
https://doi.org/10.1093/cz/zow033
https://doi.org/10.1093/cz/zow033
https://doi.org/10.1016/j.ecolmodel.2005.03.026
https://doi.org/10.1016/j.ecolmodel.2005.03.026
https://doi.org/10.1111/j.0906-7590.2008.5203.x
https://doi.org/10.1111/j.0906-7590.2008.5203.x
https://doi.org/10.1016/j.scitotenv.2024.174622
https://doi.org/10.1016/j.scitotenv.2024.174622
https://doi.org/10.1038/nrg2718
https://doi.org/10.1038/nrg2718
https://www.r-project.org/
https://doi.org/10.1126/science.aax0151
https://doi.org/10.1093/genetics/164.4.1645
https://doi.org/10.1093/genetics/164.4.1645
https://doi.org/10.7717/peerj.16505


17 of 18Molecular Ecology, 2026

Rieseberg, L. H. 2001. “Chromosomal Rearrangements and Speciation.” 
Trends in Ecology & Evolution 16, no. 7: 351–358. https://​doi.​org/​10.​
1016/​S0169​-​5347(01)​02187​-​5.

Ritchie, M. G. 2007. “Sexual Selection and Speciation.” Annual Review 
of Ecology, Evolution, and Systematics 38: 79–102.

Rochette, N. C., A. G. Rivera-Colon, and J. M. Catchen. 2019. “Stacks 
2: Analytical Methods for Paired-End Sequencing Improve RADseq-
Based Population Genomics.” Molecular Ecology 28, no. 21: 4737–4754. 
https://​doi.​org/​10.​1111/​mec.​15253​.

Sandel, B., L. Arge, B. Dalsgaard, et  al. 2011. “The Influence of Late 
Quaternary Climate-Change Velocity on Species Endemism.” Science 
334, no. 6056: 660–664. https://​doi.​org/​10.​1126/​scien​ce.​1210173.

Servedio, M. R., and M. A. F. Noor. 2003. “The Role of Reinforcement 
in Speciation: Theory and Data.” Annual Review of Ecology, Evolution, 
and Systematics 34: 339–364. https://​doi.​org/​10.​1146/​annur​ev.​ecols​ys.​
34.​011802.​132412.

Sidlauskas, B. 2008. “Continuous and Arrested Morphological 
Diversification in Sister Clades of Characiform Fishes: A 
Phylomorphospace Approach.” Evolution 62, no. 12: 3135–3156. https://​
doi.​org/​10.​1111/j.​1558-​5646.​2008.​00519.​x.

Slatyer, R. A., M. A. Nash, A. D. Miller, Y. Endo, K. D. Umbers, and A. A. 
Hoffmann. 2014. “Strong Genetic Structure Corresponds to Small-Scale 
Geographic Breaks in the Australian Alpine Grasshopper Kosciuscola 
tristis.” BMC Evolutionary Biology 14: 204. https://​doi.​org/​10.​1186/​
s1286​2-​014-​0204-​1.

Solís-Lemus, C., P. Bastide, and C. Ane. 2017. “Phylonetworks: A 
Package for Phylogenetic Networks.” Molecular Biology and Evolution 
34, no. 12: 3292–3298. https://​doi.​org/​10.​1093/​molbev/​msx235.

Sonne, J., B. Dalsgaard, M. K. Borregaard, J. Kennedy, J. Fjeldsa, and C. 
Rahbek. 2022. “Biodiversity Cradles and Museums Segregating Within 
Hotspots of Endemism.” Proceedings of the Royal Society B-Biological 
Sciences 289, no. 1981: 20221102.

Stamatakis, A. 2014. “Raxml Version 8: A Tool for Phylogenetic Analysis 
and Post-Analysis of Large Phylogenies.” Bioinformatics 30, no. 9: 1312–
1313. https://​doi.​org/​10.​1093/​bioin​forma​tics/​btu033.

Steinbauer, M. J., R. Field, J. A. Grytnes, et  al. 2016. “Topography-
Driven Isolation, Speciation and a Global Increase of Endemism With 
Elevation.” Global Ecology and Biogeography 25, no. 9: 1097–1107. 
https://​doi.​org/​10.​1111/​geb.​12469​.

Steinbauer, M. J., S. D. H. Irl, and C. Beierkuhnlein. 2013. “Elevation-
Driven Ecological Isolation Promotes-Diversification on Mediterranean 
Islands.” Acta Oecologica-International Journal of Ecology 47: 52–56. 
https://​doi.​org/​10.​1016/j.​actao.​2012.​11.​004.

Stewart, J. R., A. M. Lister, I. Barnes, and L. Dalen. 2010. “Refugia 
Revisited: Individualistic Responses of Species in Space and Time.” 
Proceedings of the Royal Society B-Biological Sciences 277, no. 1682: 661–
671. https://​doi.​org/​10.​1098/​rspb.​2009.​1272.

Sukumaran, J., M. T. Holder, and L. L. Knowles. 2021. “Incorporating 
the Speciation Process Into Species Delimitation.” PLoS Computational 
Biology 17, no. 5: e1008924. https://​doi.​org/​10.​1371/​journ​al.​pcbi.​
1008924.

Tonzo, V., A. Papadopoulou, and J. Ortego. 2019. “Genomic Data 
Reveal Deep Genetic Structure but no Support for Current Taxonomic 
Designation in a Grasshopper Species Complex.” Molecular Ecology 28, 
no. 17: 3869–3886. https://​doi.​org/​10.​1111/​mec.​15189​.

Tricou, T., E. Tannier, and D. M. De Vienne. 2022. “Ghost Lineages 
Highly Influence the Interpretation of Introgression Tests.” Systematic 
Biology 71, no. 5: 1147–1158. https://​doi.​org/​10.​1093/​sysbio/​syac011.

Trillo, M., and J. Ortego. 2025. “Geometric Morphometric 
Characterization of the Balkan Alpine Grasshopper Genus Oropodisma 
Uvarov, 1942 (Orthoptera, Acrididae, Melanoplinae), With Description 

of Two New Species.” ZooKeys 1240: 195–217. https://​doi.​org/​10.​3897/​
zooke​ys.​1240.​150223.

Tzedakis, P. C. 2009. “Museums and Cradles of Mediterranean 
Biodiversity.” Journal of Biogeography 36, no. 6: 1033–1034. https://​doi.​
org/​10.​1111/j.​1365-​2699.​2009.​02123.​x.

Vasconcelos, T., B. C. O'Meara, and J. M. Beaulieu. 2022. “Retiring 
“Cradles” and “Museums” of Biodiversity.” American Naturalist 199, 
no. 2: 194–205. https://​doi.​org/​10.​1086/​717412.

Voisin, C., P. Choler, C. Vacher, et al. 2025. “Deciphering the Drivers 
of Speciation in Alpine Noccaea (Brassicaceae) Reveal an Evolution 
Predominantly Shaped by Geography.” Molecular Phylogenetics and 
Evolution 211: 108381. https://​doi.​org/​10.​1016/j.​ympev.​2025.​108381.

Wang, I. J. 2013. “Examining the Full Effects of Landscape Heterogeneity 
on Spatial Genetic Variation: A Multiple Matrix Regression Approach 
for Quantifying Geographic and Ecological Isolation.” Evolution 67, no. 
12: 3403–3411. https://​doi.​org/​10.​1111/​evo.​12134​.

Wang, I. J. 2020. “Topographic Path Analysis for Modelling Dispersal 
and Functional Connectivity: Calculating Topographic Distances Using 
the topoDistance r Package.” Methods in Ecology and Evolution 11, no. 2: 
265–272. https://​doi.​org/​10.​1111/​2041-​210x.​13317​.

Wei, C., G. Sangster, U. Olsson, et al. 2022. “Cryptic Species in a Colorful 
Genus: Integrative Taxonomy of the Bush Robins (Aves, Muscicapidae, 
Tarsiger) Suggests Two Overlooked Species.” Molecular Phylogenetics 
and Evolution 175: 107580. https://​doi.​org/​10.​1016/j.​ympev.​2022.​107580.

Willemse, F., and L. Willemse. 2008. “An Annotated Checklist 
of the Orthoptera–Saltatoria From Greece Including an Updated 
Bibliography.” Articulata (Beiheft) 13: 1–91.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Data S1: mec70332-sup-0001-
Supinfo01.docx. Table S1: Taxonomic status of populations considered 
for delineate analyses. Table  S2: Attributes of genomic datasets 
obtained for each studied species. Table  S3: Genetic differentiation 
between populations. Table  S4: Summary of environmental niche 
modelling. Table S5: Univariate matrix regressions with randomisation 
for Oropodisma macedonica. Table S6: Population pairwise Euclidean 
distances for shape variation of the phallus apex of males. Table  S7: 
Population pairwise Euclidean distances for shape variation of the 
furculae of males. Table S8: Species pairwise Euclidean distances for 
shape variation of the phallus apex of males. Table S9: Species pairwise 
Euclidean distances for shape variation of the furculae of males. Figure 
S1: Phylogenetic tree inferred with raxml and divergence times esti-
mated using bpp. Figure S2: Phylogenetic tree inferred with svdquar-
tets and divergence times estimated using bpp. Figure S3: Summary 
of model fit with phylonetworks. Figure S4: Log probability of the 
data and the magnitude of ΔK for structure analyses. Figure S5: 
Principal component analysis (PCAs) of genetic variation and genetic 
assignments based on structure analyses for Oropodisma mace-
donica. Figure S6: Principal component analysis (PCAs) of genetic 
variation and genetic assignments based on structure analyses for 
Oropodisma tzoumerkae. Figure S7: Principal component analysis 
(PCAs) of genetic variation and genetic assignments based on struc-
ture analyses for Oropodisma karavica. Figure S8: Principal com-
ponent analysis (PCAs) of genetic variation and genetic assignments 
based on structure analyses for Oropodisma willemsei. Figure S9: 
Principal component analysis (PCAs) of genetic variation and genetic 
assignments based on structure analyses for Oropodisma par-
nassica. Figure S10: Principal component analysis (PCAs) of genetic 
variation and genetic assignments based on structure analyses for 
Oropodisma chelmosi. Figure S11: Environmental niche modelling for 
Oropodisma macedonica. Figure S12: Environmental niche modelling 
for Oropodisma willemsei. Figure S13: Environmental niche modelling 
for Oropodisma chelmosi. Figure S14: Principal component analyses 
(PCA) for shape variation of the phallus apex and the furculae of males. 

https://doi.org/10.1016/S0169-5347(01)02187-5
https://doi.org/10.1016/S0169-5347(01)02187-5
https://doi.org/10.1111/mec.15253
https://doi.org/10.1126/science.1210173
https://doi.org/10.1146/annurev.ecolsys.34.011802.132412
https://doi.org/10.1146/annurev.ecolsys.34.011802.132412
https://doi.org/10.1111/j.1558-5646.2008.00519.x
https://doi.org/10.1111/j.1558-5646.2008.00519.x
https://doi.org/10.1186/s12862-014-0204-1
https://doi.org/10.1186/s12862-014-0204-1
https://doi.org/10.1093/molbev/msx235
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1111/geb.12469
https://doi.org/10.1016/j.actao.2012.11.004
https://doi.org/10.1098/rspb.2009.1272
https://doi.org/10.1371/journal.pcbi.1008924
https://doi.org/10.1371/journal.pcbi.1008924
https://doi.org/10.1111/mec.15189
https://doi.org/10.1093/sysbio/syac011
https://doi.org/10.3897/zookeys.1240.150223
https://doi.org/10.3897/zookeys.1240.150223
https://doi.org/10.1111/j.1365-2699.2009.02123.x
https://doi.org/10.1111/j.1365-2699.2009.02123.x
https://doi.org/10.1086/717412
https://doi.org/10.1016/j.ympev.2025.108381
https://doi.org/10.1111/evo.12134
https://doi.org/10.1111/2041-210x.13317
https://doi.org/10.1016/j.ympev.2022.107580


18 of 18 Molecular Ecology, 2026

Figure S15: Phylomorphospace plot for shape variation of the phallus 
apex and the furculae of males. Figure S16: Reconstructed evolution of 
shape variation of the phallus apex and the furculae of males. Methods 
S1. Genomic library preparation. Methods S2. Genomic data filter-
ing and assembling. Methods S3. Phylogenomic analyses. Methods 
S4. Population genetic structure. Methods S5. Environmental niche 
modelling. Methods S6. Landscape genetic analyses. Methods S7. 
Geometric morphometric analyses. Results S1. structure analyses. 


	Latitudinal Clines in Gene Flow and Demographic Stability Reveal Drivers of Microendemism in a Radiation of Alpine Grasshoppers
	ABSTRACT
	1   |   Introduction
	2   |   Materials and Methods
	2.1   |   Taxonomic and Population Sampling
	2.2   |   Genomic Library Preparation and Genomic Data Processing
	2.3   |   Phylogenomic Inference
	2.4   |   Species Delimitation Analyses
	2.5   |   Population Genetic Structure
	2.6   |   Past Demographic History
	2.7   |   Environmental Niche Modelling
	2.8   |   Landscape Genetic Analyses
	2.9   |   Phenotypic Evolution Analyses
	2.10   |   Determinants of Geographic Range Size

	3   |   Results
	3.1   |   Genomic Datasets
	3.2   |   Phylogenomic Inference
	3.3   |   Species Delimitation Analyses
	3.4   |   Population Genetic Structure
	3.5   |   Past Demographic History
	3.6   |   Environmental Niche Modelling
	3.7   |   Landscape Genetic Analyses
	3.8   |   Geometric Morphometric Analyses
	3.9   |   Phenotypic Evolution Analyses
	3.10   |   Determinants of Geographic Range Size

	4   |   Discussion
	4.1   |   Species Delimitation and Range Size Delineation
	4.2   |   A Prime Geographic Dimension of Speciation
	4.3   |   Drivers of Range Size and Formation of Microendemic Species
	4.4   |   Rapid Evolution of Reproductive Isolation

	5   |   Conclusions
	Author Contributions
	Acknowledgements
	Funding
	Conflicts of Interest
	Data Availability Statement
	References


