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Abstract

Recent Pleistocene radiations often generate cryptic diversity and semi-permeable spe-
cies boundaries, challenging species delimitation and the reconstruction of evolutionary
histories. Here, we investigate these processes in a species complex of Chorthippus
grasshoppers from Greece using genome-wide ddRAD-seq data combined with geomet-
ric morphometrics. Phylogenomic analyses indicate that diversification occurred during
the Middle Pleistocene and identify two major geographic clades separated by the Corin-
thian Gulf, followed by finer-scale divergence within the Peloponnese Peninsula. Most
taxa form well-supported, reciprocally monophyletic lineages despite recent divergence,
although several populations at range margins show signatures of historical hybridiza-
tion, revealing semi-permeable species boundaries shaped by secondary contact. Intro-
gression is geographically restricted and strongly asymmetric, occurring primarily from
long-winged into short-winged taxa, consistent with differences in dispersal capacity.
Species delimitation analyses largely support current taxonomy but also identify three
previously unrecognized evolutionary lineages corresponding to geographically restricted
populations, uncovering additional cryptic diversity. Morphological analyses reveal pro-
nounced stasis in shape-related traits across lineages, with wing length emerging as the
main axis of differentiation. Phylogenetic reconstructions indicate multiple independent
reductions in wing size, highlighting repeated evolutionary transitions toward reduced
dispersal. In at least one lineage, a pronounced geographic cline in wing length is mir-
rored by shallow phylogenetic structure, supporting an incipient evolutionary shift in dis-
persal capacity rather than phenotypic plasticity. Admixed populations consistently
retain short-winged phenotypes, suggesting strong selection on dispersal-related traits
despite genomic introgression. Overall, our results demonstrate how topographic com-
plexity, Pleistocene climatic oscillations and dispersal-related morphology interact to
shape diversification and maintain lineage integrity in a Mediterranean biodiversity
hotspot.

KEYWORDS
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INTRODUCTION

Cryptic species and semi-permeable species boundaries are increas-
ingly recognized as pervasive outcomes of recent diversification
(Bickford et al., 2007; Seehausen, 2004). In some cases, genetic dis-
continuities may be sharp despite minimal phenotypic divergence,
whereas in others, secondary contact and different levels of introgres-
sion can blur taxonomic limits and challenge species delimitation
(Barton & Hewitt, 1985; Harrison & Larson, 2014). This is often the
case in species complexes that originated during the Pleistocene,
where morphology evolves under strong functional constraints and
Ortego &
Knowles, 2022). A major factor contributing to the emergence of such

reproductive isolation is often incomplete (e.g.,
complex evolutionary scenarios has been the climatic oscillations of
the Quaternary, which profoundly shaped the spatial distribution and
genetic composition of temperate biotas (Hewitt, 1996, 2000). These
cycles recurrently fragmented populations through contractions into
glacial or interglacial refugia (Bennett & Provan, 2008; Carstens &
Knowles, 2007), igniting genetic differentiation and exposing popula-
tions to distinct selective regimes in isolation, thereby promoting
divergence and speciation (Stewart et al.,, 2010). Conversely, range
expansions and elevational or latitudinal shifts repeatedly brought lin-
eages into secondary contact, providing opportunities for gene flow
(Knowles & Massatti, 2017; Maier et al, 2019; Tonzo &
Ortego, 2021). If reproductive barriers among incipiently diverging lin-
eages are weak, secondary contact can lead to introgressive hybridiza-
tion, lineage fusion, or even speciation reversal (Mallet et al., 2016;
Nevado et al, 2018). Hence, Pleistocene climate dynamics are
hypothesized to have acted both as ‘species pumps’ and ‘melting
pots’, contributing to divergence and gene flow across different
stages along the speciation continuum (April et al, 2013; Ebdon
et al, 2021; Haffer, 1969; Hewitt, 2000). As a result, phylogenetic
relationships in complexes of recently diverged taxa are often
obscured by both incomplete lineage sorting (Maddison &
Knowles, 2006) and reticulate evolution, challenging species delimita-
tion and the reconstruction of evolutionary histories (Degnan &
Rosenberg, 2009; Payseur & Rieseberg, 2016). Elucidating how line-
ages persist and diversify under these conditions, an issue central to
evolutionary biology (Coyne & Orr, 2004; Nosil, 2008), requires inte-
grative frameworks that combine genomic, phenotypic and
ecological data.

Orthopterans include numerous species complexes in which
recent divergence, hybridization and limited phenotypic differentia-
tion contribute to substantial taxonomic uncertainty, making them
particularly suitable model systems for testing complex scenarios of
species delimitation and for investigating the evolutionary, ecological
and  geological processes underlying species  formation
(e.g., Hawlitschek et al., 2022; Huang et al, 2020; Le Flanchec
et al., 2026; Ortego & Noguerales, 2025; Schmidt et al., 2024). The
limited dispersal ability of most orthopterans and their ecological spe-
cialization often promote strong population subdivision (Chapco &
Litzenberger, 2002; Mason et al., 1995), while acoustic and morpho-
logical traits offer different axes of differentiation (Neumeister
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et al., 2025; Noguerales et al., 2018; Vedenina et al., 2024; Willemse
et al., 2009). However, within complexes of closely related species,
most morphological traits exhibit strong stasis, with variation in wing
development representing a notable exception. Wing polymorphism
and polyphenism, together with frequent evolutionary transitions
toward reduced dispersal capacity (e.g., from macropterism to bra-
chypterism) (Harrison, 1980; Roff, 1990, 1994; Zera & Denno, 1997),
have repeatedly contributed to taxonomic uncertainty within Orthop-
tera (e.g., Ortego et al., 2021). As in many other organisms, wing-size
reduction and transitions to flightlessness are particularly frequent in
taxa inhabiting insular systems and montane-alpine environments
(Ikeda et al., 2012; Wright et al., 2016). Such differences in dispersal
capacity have important microevolutionary and demographic conse-
quences and have been linked to contrasting rates of geographical
diversification (Ortego et al., 2021; Suarez et al., 2022), asymmetric
introgression (Dussex et al., 2016; Ortego et al, 2021; Ortego &
Knowles, 2022) and range expansions (Hochkirch & Damerau, 2009).
Altogether, this combination of pronounced genetic structure, low
vagility and otherwise conservative morphologies makes recent radia-
tions of grasshoppers excellent model systems for studying cryptic
speciation and semi-permeable species boundaries, and for elucidating
the mechanisms driving the speciation process.

Here, we focus on a complex of grasshoppers of the genus
Chorthippus Fieber (Orthoptera: Acrididae) distributed in southern
Greece, which comprises several allopatric taxa with limited pheno-
typic differentiation and represents a challenging case of recent diver-
sification. This complex encompasses a mosaic of microendemic
lineages with highly restricted ranges, including one lonian island-
endemic C. sangiorgii (Finot) and three taxa with adjacent allopatric
distributions in the southern Peloponnese Peninsula—C. moreanus
Willemse, Helversen & Odé, C. parnon Willemse, Helversen & Odé,
and C. crassiceps (Ramme). Only one putative species, C. pulloides
Ramme, exhibits a broader distribution, from the Pindus Mountains to
the Peloponnese, where many populations occur in close proximity
to the other three taxa present in the region. Although some studies
have emphasized the acoustic distinctiveness of the different putative
species, all taxa show pronounced morphological similarity, aside from
differences among taxa and certain populations in the degree of fore-
wing development (Ramme, 1926, 1927; Willemse, 1984, 1985,
1986; Willemse et al., 2009). Accordingly, several populations remain
difficult to classify because they display intermediate or atypical phe-
notypes (Willemse et al., 2009), suggesting a history of hybridization
and introgression (e.g., Ortego et al., 2026). The fact that several
narrow-range endemics within this complex are currently listed as
‘Near Threatened’ on the IUCN Red List (Hochkirch et al., 2016)
underscores the conservation relevance of clarifying their evolution-
ary independence. Altogether, this combination of restricted ranges
and largely allopatric distributions, together with subtle morphological
and ecological differentiation, exemplifies the longstanding difficulty
of testing taxonomic hypotheses when reproductive isolation among
candidate species cannot be assessed in contact zones (Coyne &
Orr, 2004; Mayr, 1963). Under this scenario, comprehensive taxo-
nomic and population sampling, combined with integrative analyses of
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genomic and morphological data, can provide critical insights into the
extent of reproductive isolation and evolutionary independence of
putative taxa, and offer a robust baseline for species delimitation
(Coyne & Orr, 1989; Dynesius & Jansson, 2014).

In this study, we integrate fine-scale population sampling,
genome-wide data (ddRAD-seq) and geometric and linear morpho-
metric analyses to delimit species and investigate patterns of post-
divergence gene flow within the focal complex. Specifically, we
address three main objectives and their associated hypotheses. First,
() we reconstruct phylogenetic relationships and assess species
boundaries under both the phylogenetic and genotypic cluster
species concepts (De Queiroz, 2007), testing the hypothesis that nar-
rowly distributed, allopatric taxa represent evolutionarily independent
lineages despite limited morphological differentiation. We predict that
genomic data will recover well-supported lineages corresponding to
described taxa, while also revealing cases of shallow divergence or
admixture that obscure phylogenetic resolution. Second, (ii) we apply
coalescent-based demographic modelling to evaluate the extent,
direction and timing of secondary contact and introgression in popula-
tions identified as admixed in clustering analyses, testing the hypothe-
sis that Pleistocene-driven range shifts promoted recurrent episodes
of secondary contact among partially isolated lineages, resulting in
geographically restricted processes of lineage fusion. Finally, we
(iii) integrate genomic and morphometric analyses to assess congru-
ence across independent data sources in delimiting species bound-
aries, to test whether transitions to brachypterism have occurred
multiple times throughout the evolutionary history of the complex,
and to evaluate the extent to which hybridization has contributed to
phenotypic variation. We hypothesize that wing reduction and
reduced dispersal capacity have evolved multiple times in association
with  population habitat patch
(Harrison, 1980; Roff, 1990, 1994), and that introgression has locally

shaped morphological variation without fully eroding species bound-

subdivision and isolation

aries. By combining genomic and morphological data with species
delimitation and demographic inference, our study provides a refined
and integrative framework for disentangling recent diversification
with gene flow and for understanding the proximate processes trig-
gering diversification within the Mediterranean biodiversity hotspot
(Myers et al., 2000).

MATERIALS AND METHODS
Taxonomic and population sampling

During the summers of 2021 and 2023, we sampled 34 populations
that cover the entire range of all taxa within the species complex of the
genus Chorthippus from central and southern Greece, with a specific
focus on the Peloponnese region (Table 1). This complex includes the
mainland taxa C. pulloides, C. moreanus, C. parnon and C. crassiceps, as
well as the lonian island-endemic C. sangiorgii. While C. pulloides and
C. sangiorgii are short-winged, typical forms of C. moreanus, C. parnon

and C. crassiceps are long-winged, with forewings that reach or surpass
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the hind knee (Willemse et al., 2009). Sampling was designed to maxi-
mize coverage of the geographic and phenotypic variation of the com-
plex and included populations of uncertain taxonomic status (Willemse
et al., 2009). We aimed to collect at least eight adult individuals per
population. However, in some localities, only a few adult males—or
mostly nymphs—were found during sampling. Because wings are not
fully developed in immature individuals, these limitations affected only
the morphometric analyses. For genomic analyses, we ensured a mini-
mum sample size of eight individuals per population, including nymphs
when necessary (Table 1). Spatial coordinates were recorded using a
Global Positioning System (GPS), and whole specimens were preserved
at —20°C in 1500 pL of 100% ethanol until needed for genomic and
morphometric analyses. All samples were obtained under permits
granted by the Greek Ministry of the Environment and Energy (permit
nos. YPEN/DDD/34736/1134 and YPEN/DDD/32363/1054). Further

details on sampled taxa and populations are provided in Table 1.

Genomic library preparation and genomic data
processing

We extracted and purified DNA from each specimen using NucleoS-
pin Tissue kits (Macherey-Nagel, Diren, 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 preprocessed using stacks v. 2.66 (Rochette
et al., 2019) and assembled using ipyrRap v. 0.9.93 (Eaton &
Overcast, 2020). Methods S2 provides all details on sequence data fil-
tering and assembling.

Phylogenomic inference

We reconstructed the phylogenetic relationships among populations
of the studied complex using two independent analytical approaches:
the maximum-likelihood (ML) method implemented in raxmL v. 8.2.12
(Stamatakis, 2014) and the multi-species coalescent-based approach
implemented in spp v. 4.7.0 (analysis AO1; Flouri et al., 2018). To avoid
the confounding effects of hybridization on phylogenetic inference
and species delimitation (Chan et al., 2023; see Species delimitation
analyses), we excluded from the analyses admixed populations identi-
fied by Bayesian clustering analyses in sTRucTURE (see Population
genetic structure and admixture and Population genetic structure). To
reduce computational demands, we only included a single representa-
tive individual per population—the one with the lowest proportion of

missing data—for phylogenomic analyses.

raxml

We ran raxmL using a matrix of concatenated SNPs (all SNPs per locus;
snp file from ipyraD) edited in the R v. 4.4.0 (R Core Team, 2021)
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TABLE 1 Geographical location of studied populations of the Chorthippus species complex in Greece, including their taxonomic status before
(putative species) and after (delineated species) species delimitation with DELINEATE (see Species delimitation analyses) and genetic admixture

(Population genetic structure) analyses.

Putative species  Delineated species  Population Code Latitude Longitude Elevation n(gen.) n(morp.)
C. sangiorgii C. sangiorgii Lefkada Island—Marantochori MARA  38.638862  20.675340 200 8 4
C. sangiorgii Cephalonia Island—Chavdata® CHAV 38.194927  20.372910 190 8 5
C. pulloides DelineatedSp001 Mt. Kakarditsa KAKA 39.544839  21.18708 1860 8 5
DelineatedSp002 Mt. Akarnanika AKAR 38.834396 20.982888 910 8 3
C. pulloides Mt. Panachaiko PANA  38.207062  21.868688 1730 8 5
C. pulloides Agia Triada TRIA 37.847903  21.653582 490 8 5
C. pulloides Mt. Erymanthos ERYM 37.951604  21.793806 1990 8 5
C. pulloides Metochi METO  38.003929  21.934568 880 8 5
C. pulloides Mt. Chelmos® CHEL 37.975511  22.202851 2260 10 5
C. pulloides Mt. Kyllini KYLL 37.939056  22.396115 2350 8 5
Hybrid Mt. Maenalon MAEN  37.644274 22276261 1840 8 5
Hybrid Krioneri KRIO 37.576332  22.551306 830 7 2
Hybrid Agios Petros PETR 37.332440  22.557441 880 8 5
Hybrid Mt. Parnon PARN 37.281016  22.612383 1870 8 5
Hybrid Mt. Taygetus—Portes TAYP 36.957716  22.351548 2240 8 5
C. moreanus C. moreanus Stemnitsa STEM 37.535469  22.089126 1050 8 1
C. moreanus Bassae® BASS 37429405  21.899759 1120 10 5
C. moreanus Pylos PYLO 36.884127  21.696716 450 8 4
C. moreanus Nedousa NEDO  37.134629  22.229493 920 8 5
Hybrid Taygetus—EOS Katafygio TAYK 36.950079  22.367255 1560 8 5
C. moreanus Cape Tenaro TENA 36.400436 22.485514 10 8 5
Hybrid Polidroso POLI 37.141440  22.613072 1030 8 5
C. parnon C. parnon Kremasti® KREM 36.959406 22.870150 790 8 5
C. parnon Argeiteika ARGE 36.614777  23.002187 460 10 5
C. parnon Cape Maleas MALE 36.438923 23.173909 60 8 5
DelineatedSp003 Kythira Island—Potamos POTA 36.304524 22976823 310 8 5
C. crassiceps C. crassiceps Sofiko SOFI 37.800653 23.038608 440 8 5
C. crassiceps Arachneo ARAC 37.66534 22.930611 650 8 6
C. crassiceps Palaia Epidavros EPID 37.647412  23.154687 130 8 4
C. crassiceps Methana® METH 37.627264  23.370095 310 8 5
C. crassiceps Mt. Didymo DIDY 37.477009  23.220686 1040 10 5

Note: Hybrid populations were not included in species delimitation analyses (see Phylogenomic inference). *Type localities or the sampling sites
geographically closest to the respective type localities of each taxon. n (gen.) = number of genotyped individuals; n (morp.) = number of individuals used

for geometric morphometric analyses.

(B. Banbury, http://github.com/bbanbury/

phrynomics). Five individuals of C. willemsei Harz, a species belonging

package ‘phrynomics’
to the same subgenus (Glypthobothrus) as the focal species complex
(Cigliano et al., 2025), were used as an outgroup in rRaxML analyses.
The input dataset contained 15,455 SNPs. We applied an ascertain-
ment bias correction using the conditional likelihood method (Lewis,
2001), used a GTR-GAMMA model
performed 100 rapid bootstrap replicates, and searched for the best-

of nucleotide evolution,

scoring maximum likelihood tree. To explore the phylogenetic place-
ment of admixed populations, we performed an additional raxmL anal-
ysis on a dataset (19,661 SNPs) including all sampled populations
(i.e., without excluding admixed populations).

bpp

We used whole ddRAD-seq loci (.loci file from ipyraD) to run tree esti-
mation AO1 analyses in spp (Flouri et al., 2018). The .loci file from ipyrad
was edited and converted into a Bpp input file using a custom Rr script
(J. Ortego, https://github.com/OrtegolLab/ipyrad2bpp). As srp analyses
are computationally highly demanding, we limited the dataset to 1000
loci. We set uniform rooted trees as species tree prior, applied an auto-
matic adjustment of fine-tune parameters, set the diploid option to indi-
cate that the input sequences are unphased, and adjusted the inverse-
gamma distributions of 6 (a = 3, # = 0.04) and 7 (@ = 3, # = 0.07) priors
according to empirical estimates calculated based on the number of
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segregating sites per site (Huang et al., 2020). Note that spp analyses do
not require defining an outgroup, as the program samples the root posi-
tion along with the other nodes of the tree. We ran two independent
replicate analyses for 400,000 generations, sampling every 2 genera-

tions, after a burn-in of 20,000 generations.

Estimation of divergence time

Phylogenetic trees inferred using raxmL and Brp (see Phylogenomic infer-
ence) were fitted as the fixed topology in AOO analyses in Bpp to estimate
the posterior distribution of divergence times (r; Rannala & Yang, 2003;
Flouri et al., 2018) among populations. We ran the analyses using the
same dataset and settings considered for tree inference AO1 analyses in
Bpp described in Phylogenomic inference section. In order to ensure the
convergence of the runs (ESS > 200), we ran two independent replicate
analyses for 2,000,000 generations, sampling every 2 generations, after a
burn-in of 100,000 generations. We estimated divergence times using
the equation = = 2pt, where 7 is the divergence in substitutions per site
estimated by Bpp, p is the per site mutation rate per generation, and t is
the absolute divergence time in years (Walsh, 2001). We considered the
mutation rate per site per generation of 2.8 x 10~ estimated for Dro-
sophila melanogaster (Keightley et al., 2014), which is similar to the spon-
taneous mutation rate estimated for the butterfly Heliconius melpomene
(2.9 x 1077; Keightley et al., 2015).

Species delimitation analyses

We performed constrained, partitioned species delimitation
analyses using the program DeLINEATE v. 1.2.3, an approach that incor-
porates an explicit model of protracted speciation within the multipo-
pulation coalescent framework to identify sets of lineages
representing distinct species (Sukumaran et al., 2021). Based on a
population-level ultrametric phylogeny and prior knowledge of spe-
cies assighment for a subset of populations in the dataset, DELINEATE
estimates whether the remaining populations belong to an already
described species or represent distinct evolutionary lineages consis-
tent with a separate species (Sukumaran et al., 2021). We ran DELINEATE
analyses using ultrametric trees obtained from AOO analyses in Bpp
(see Estimation of divergence time), considering the slightly different
topologies inferred using rRaxmL and analysis AO1 in spp (see Phyloge-
nomic inference and Phylogenomic inference and divergence time
estimation), and a species assignment reference file indicating
whether each population corresponded to a known nominal species
(status = 1) or to an unknown species identity (status = 0). We made
status assignments considering nomenclatural priority and the current
taxonomic understanding of the group, in conjunction with the evolu-
tionary relationships among population lineages inferred from the
phylogeny (Sukumaran et al., 2021). Specifically, we assigned popula-
tions to a known or unknown nominal species status based on the
taxonomic literature and information on species distributions available
at Orthoptera

Species File (https://orthoptera.speciesfile.org/;
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Cigliano et al., 2025; Willemse et al., 2009; see Table 1). Two popula-
tions assigned in the literature to C. pulloides (KAKA and AKAR, from
central Greece) and one population assigned to C. parnon (POTA, from
Kythira Island) did not cluster monophyletically within the clade
including the type locality of their respective putative species and
were therefore treated as having an unknown species identity in DELIN-
eaTe analyses (Table 1). Likewise, two populations assigned in the liter-
ature to C. crassiceps (SOFI and ARAC) were also treated as having an
unknown species identity, as they formed a well-supported, distinct
clade and exhibited significantly shorter forewings than the clade
including the type locality of the species (see Phylogenomic inference
and divergence time estimation; Table 1).

Testing for introgression

We used four-taxon ABBA/BABA tests based on the D-statistic to
evaluate whether the different populations of a given taxon have
experienced genetic introgression (Durand
et al.,, 2011). Assuming that the sister taxa P1 and P2 diverged from

P3 and an outgroup species O, the D-statistic is used to test the null

from other taxa

hypothesis of no introgression (D = 0) between P3 and P1 or P2. D-
values significantly different from zero indicate gene flow between P1
and P3 (D < 0) or between P2 and P3 (D > 0). Tests were designed to
evaluate introgression from one taxon (P3) into each population of
another taxon (P1). To this end, for both P2 and P3 we used reference
populations with no signatures of genetic introgression from other
taxa based on Bayesian clustering analyses in sTRUCTURE and inferences
from exhaustive D-statistic tests. The highly divergent lineage from
Mt. Kakarditsa (KAKA; Figure 2) was used as the outgroup (P4) in all
analyses. D-statistic tests were exclusively focused on comparisons
involving C. pulloides, C. moreanus and C. parnon and pairs of taxa with
adjacent or partially overlapping distributional ranges. We did not
include C. crassiceps in these analyses because neither sTRUCTURE nor
exploratory D-statistic tests provided evidence that this taxon was
involved in genetic admixture or introgression with other taxa (Popu-
lation genetic structure). D-statistic tests were run as implemented in
the 1pvraAD pipeline (Eaton & Overcast, 2020).

Population genetic structure and admixture

We used the Bayesian Markov chain Monte Carlo clustering method
implemented in the program strucTture v. 2.3.3 (Pritchard et al., 2000)
to quantify genetic structure and admixture across populations of the
four putative species distributed in the Peloponnese Peninsula
(C. pulloides, C. moreanus, C. parnon and C. crassiceps; Table 1), where
taxa present adjacent distributions and may hybridize in contemporary
and/or historical contact zones. We ran sTRUCTURE analyses with
200,000 MCMC iterations following a burn-in of 100,000 iterations,
assuming correlated allele frequencies and an admixture model, and
without using prior population information. We conducted 15 inde-

pendent runs for each value of the number of genetic clusters (K),
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FIGURE 1 Landmarks used to characterize (a) forewing and (b) pronotum-head combined in males of studied populations of the Chorthippus
species complex in Greece. A full description of landmarks is provided in Table S1. lllustrations by Marina Trillo.

with K ranging from 1 to 8, to estimate the most likely number of
genetic clusters. We retained the 10 runs having the highest likeli-
hood for each value of K. As recommended by Gilbert et al. (2012)
and Janes et al. (2017), we used two complementary statistics to
determine the value of K that best describes the data: the log proba-
bilities of the data (LnPr(X|K); Pritchard et al., 2000) and AK (Evanno
et al., 2005), calculated as implemented in STRUCTURE HARVESTER (Earl &
vonHoldt, 2012). We used cLumpep v. 1.1.2 with the Greedy algorithm
to align replicate runs of strucTure for the same K value (Jakobsson &
Rosenberg, 2007), and pistruct v. 1.1 (Rosenberg, 2004) to visualize

the individuals’ probabilities of population membership in bar plots.

Timing of divergence and admixture

Bayesian clustering analyses in sTRUCTURE revealed that several
populations from the Peloponnese Peninsula present a high propor-
tion of admixed ancestry and D-statistic tests confirmed that they
originated from historical hybridization between C. pulloides and
C. moreanus (MAEN and TAYP), between C. pulloides and C. parnon
(KRIO, PETR and PARN), or between C. moreanus and C. parnon
(POLI) (for details, see the Results section). We used the coalescent-
based approach implemented in FastsiMcoaL2 (Excoffier et al., 2021)
to infer demographic parameters describing the secondary contact
event that led to the formation of these admixed populations,
including timing of admixture and the proportion of ancestry con-
tributed by each parental species. Due to computational constraints,
we focused the demographic analyses on a subset of three admixed
populations (MAEN, PARN and TAYP). We focused on models
assuming initial divergence in isolation followed by secondary

contact, as this is the most parsimonious scenario given the allopat-
ric distributions of the focal taxa and their recent divergence
(<0.5 Ma) (see the Results section). This approach avoids the inher-
ent difficulty in distinguishing between early gene flow and incom-
plete lineage sorting in such young lineages. Furthermore, our
models did not constrain the timing of the admixture event, allowing
for the inference of gene flow at any point following the initial
divergence.

We first tested two alternative demographic models of diver-
gence and admixture and then estimated demographic parameters
and their
best-supported model. The two models considered included scenarios

respective 95% confidence intervals under the
of (i) divergence in strict isolation followed by an admixture event and
the absence of contemporary gene flow (Model A), and (ii) divergence
in strict isolation followed by an admixture event with ongoing gene
flow (Model B) (Figure S1). Each analysis included one admixed popu-
lation (MAEN, PARN, or TAYP) and one representative non-admixed
population from each of the respective parental taxa. Parental demes
were selected from non-admixed (i.e., putatively pure) populations
assigned to the same genetic clusters as the focal admixed population
(see Population genetic structure and Figure 3), resulting in the three
population triplets: KYLL-MAEN-PYLO, KYLL-PARN-MALE and
KYLL-TAYP-TENA. Further details on FasTsiMcoAaL2 analyses and model

selection are provided in Methods S3.

Morphometric analyses

We applied both geometric and linear morphometric approaches to

characterize variation in the forewing (tegmen) and the combined
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FIGURE 2 Phylogenetic tree and divergence times estimated using spp (analyses AO1 and AQO, respectively) for the analyzed populations of the
Chorthippus species complex in Greece. Admixed populations identified by strucTure for K = 6 (marked with an asterisk in Figure 3b) were excluded
from phylogenomic analyses (see Testing for introgression and Population genetic structure). Bayesian posterior probabilities estimated with spp are
indicated at nodes (* > 0.95). Bars on nodes indicate 95% highest posterior densities (HPD) of divergence times, estimated considering a genomic
mutation rate of 2.8 x 10~ per site per generation and a one-year generation time. Branch colours correspond to the predominant genetic cluster
to which each population was assigned based on sTrRucTuRrE analyses for K = 6 (see Figure 3b) and background colours indicate geological divisions of
the Quaternary. The taxonomic status of populations before (input; ? = unknown) and after (output) species delimitation analyses in DELINEATE is
shown on the right; peLINEATE uses the ultrametric phylogeny inferred with spp together with prior species assignments for a subset of populations
(input) to evaluate whether the remaining populations belong to previously described species or represent distinct lineages. Population codes as
described in Table 1. The inset image shows a male of the short-winged C. pulloides (illustration by Marina Trillo).

pronotum-head of male specimens, two taxonomically relevant traits
in the genus Chorthippus (Noguerales et al, 2018; Willemse
et al., 2009). This approach is particularly relevant given that a previ-
ous morphology-based study reported that some populations of the
complex in the Peloponnese Peninsula exhibit intermediate pheno-
types, potentially reflecting morphological transitions, incipient speci-
ation, or ongoing or historical hybridization among taxa in the region
(Willemse et al., 2009). For geometric and linear morphometric ana-
lyses, we captured images of the forewing, pronotum-head and hind
femur of each male specimen using a Leica Flexacam C3 camera

mounted on a Zeiss Stemi 2000 stereomicroscope.

Shape variation analyses

We digitized homologous landmarks from each photograph using the
R V. 4.2.3 (R Core Team, 2021) package ‘StereoMorph’ (Olsen &

Westneat, 2015). We identified 12 landmarks for the forewing
(Figure 1a, Table S1) and 20 landmarks for the pronotum-head com-
bined (Figure 1b, Table S1). We used Generalized Procrustes Analyses
(GPA; Rohlf, 1998) implemented in the r package ‘geomorph’
(Adams & Otérola-Castillo, 2013) to remove the effects of scale, rota-
tion and translation of all landmark configurations. To evaluate shape
variation both with and without the influence of body size, we con-
ducted analyses on both raw and size-adjusted Procrustes coordi-
nates. Size correction was achieved by fitting a Procrustes linear
model (ProcD.Im) with shape as the response variable and centroid size
as the predictor. The residuals of this model, representing shape varia-
tion independent of size, were used for size-corrected analyses. Then,
we performed principal component analyses (PCA) on the covariance
matrix of Procrustes-aligned data to identify the major axes of shape
variation among individuals and summarize patterns of morphological
variation for the two traits. We used the function ProcD.Im in the
‘geomorph’  to Procrustes ANOVA

R package perform a
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FIGURE 3 (a) Geographic distribution of the studied populations of the Chorthippus species complex in Greece and (a, b) results of genetic

assignments based on sTrucTure for the populations distributed within the Peloponnese Peninsula. (a) Pie charts on map show the geographic
location of genotyped populations within the Peloponnese Peninsula and their respective genetic assignments for K = 6. (b) 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. Populations marked with an asterisk correspond to
admixed populations identified by sTructure and excluded from phylogenomic analyses (see Species delimitation analyses). Population codes as

described in Table 1.

(Anderson, 2001) and assess differences in shape among taxa and
populations (Adams & Otarola-Castillo, 2013). Finally, we used the
function pairwise in the r package ‘rrpp’ to calculate the distance and
corresponding empirically derived p-values among taxa and popula-
tions using a nonparametric randomized residual permutation proce-
dure (Collyer & Adams, 2018). Due to limited sampling in two
localities (KRIO: n = 2; STEM: n = 1; Table 1), these populations were
excluded from population-level comparisons but retained in the PCA
to visualize their affinities with other populations.

Relative wing size analyses

We assessed wing size variation by calculating the ratio between fore-
wing length and femur length (FWL/FL). This trait has been widely
used in taxonomic and ecological studies as a proxy for relative wing
development and potential dispersal capacity (Noguerales et al., 2018;
Noguerales & Ortego, 2022). Linear distances were extracted from
interlmkdist function

digitized landmark coordinates using the

from the r package ‘geomorph’ (Anderson, 2001). Forewing length
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was measured between landmarks 1 and 12 (Figure 1a, Table S1). We
used femur length as a proxy for overall body size, as it correlates
strongly with structural body length in grasshoppers (Garcia-Navas
et al., 2017b; Ortego et al., 2012). The resulting FWL/FL ratios were
compared among populations using ANOVA and post hoc Tukey's
tests. To visualize the distribution and overlap of FWL/FL ratios
across taxa and populations, we generated density ridge plots using
the r package ‘ggplot2’.

RESULTS
Genomic datasets

After the different quality filtering steps, the average number of reads
retained per individual was 3,128,441 (range = 858,283-6,270,222). Attri-
butes 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/m?9.figshare.31136593; Ortego & Trillo, 2026).

Phylogenomic inference and divergence time
estimation

Phylogenetic reconstructions obtained with Bpp and rRaxmL yielded sim-
ilar topological relationships, with minor differences involving recently
diverged populations of C. parnon (Figures 2 and S1). Phylogenetic
analyses revealed that the population of C. pulloides from Mount
Kakarditsa (KAKA) constitutes a highly divergent lineage, which is sis-
ter to a clade comprising all other taxa and populations within the
complex. This latter clade splits into two major subclades: one
includes the population of C. pulloides from Mount Akarnanika (AKAR)
and two sister lineages of the lonian island-endemic C. sangiorgii
(MARA and CHAV), hereafter referred to as the Central Greece-lonian
Islands clade; the other encompasses all populations and taxa from
the Peloponnese Peninsula, as well as the population of C. parnon
from the adjacent Kythira Island (POTA), hereafter referred to as the
Peloponnese-Kythira Island clade. Within the Peloponnese-Kythira
Island clade, all populations of C. pulloides from northern Peloponnese
formed a monophyletic group, which was sister to a clade including
the remaining populations and taxa in this group. This latter clade
comprised C. moreanus, which was sister to a clade containing
C. parnon and C. crassiceps. All populations of C. moreanus and
C. crassiceps formed reciprocally monophyletic clades. However, the
population of C. parnon from Kythira Island (POTA) was sister to a
clade including both C. crassiceps and the remaining populations of
C. parnon, rendering C. parnon paraphyletic (Figures 2 and S1). Overall,
node support was high across the tree inferred by epp (Bayesian pos-
terior probabilities >0.99), with lower values restricted to some shal-
low divergences among populations within C. moreanus, C. parnon and
C. crassiceps (Figure 2). Node support in the tree inferred by raxmL
was high (bootstrap support >94%) for most nodes, except those sep-

arating the Central Greece-lonian Islands and Peloponnese-Kythira
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Island clades and C. sangiorgii from the lineage of C. pulloides from
Mount Akarnanika (AKAR) (Figure S2). In the raxmL tree including all
populations (i.e., without excluding admixed populations), the putative
hybrid populations occupy basal positions within their respective
clades, as expected when admixed populations are included in phylo-
genetic analyses (Figure S3).

Molecular dating analyses indicate that all lineages and putative
taxa diverged during the Middle Pleistocene (Chibanian Stage, 0.71-
0.18 Ma BP; Figure 2). The earliest divergence corresponds to the
split between the lineage of C. pulloides from Mount Kakarditsa
(KAKA) and the rest of the taxa and populations (ca. 0.71 Ma BP), fol-
lowed by the divergence between the Central Greece-lonian Islands
and Peloponnese-Kythira Island clades (0.35 Ma BP; Figure 2). The
lonian Island-endemic C. sangiorgii diverged from the C. pulloides line-
age from Mount Akarnanika (AKAR) around 0.3 Ma BP, whereas all
lineages and putative taxa within the Peloponnese-Kythira Island
clade diverged more recently, between approximately 0.28 and
0.18 Ma BP (Figure 2).

Species delimitation analyses

Species delimitation analyses in DELINEATE identified three previously
unrecognized species. Two populations originally assigned to
C. pulloides (KAKA and AKAR) and the population from Kythira Island
(POTA), initially assigned to C. parnon, were inferred to represent dis-
tinct evolutionary lineages consistent with separate species (Delinea-
tedSp001, DelineatedSp002 and DelineatedSp003) (Figures 2 and S1,
Table 1). All remaining populations were assigned to their nominal
species, including those of C. crassiceps, which formed a well-
supported monophyletic group. Species delimitation inferences were
consistent across the slightly different topologies obtained with sprp

(Figure 2) and raxmL (Figure S2).

Testing for introgression

D-statistic tests revealed significant genetic introgression (i) from
C. moreanus into C. pulloides populations of Mt. Maenalon (MAEN)
and Mt. Taygetus (TAYP); (ii) from C. parnon into several C. pulloides
populations located near their distributional boundaries (KRIO, PETR
and PARN); and (iii) from C. parnon into the C. moreanus population
from Polidroso (POLI) (Table S3). Although strucTure analyses indi-
cated that the C. moreanus population from Mt. Taygetus (TAYK)
exhibits signatures of genetic admixture with C. parnon (see Popula-
tion genetic structure), the D-statistic test did not detect significant

genetic introgression for this population (Table S3).

Population genetic structure

sTRUCTURE analyses including all populations and taxa showed that AK

peaked at K = 2 and exhibited a secondary peak at K = 6, whereas
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LnPr(X|K) reached a plateau at K = 6-7 (Figure S4). Genetic clusters
inferred for K = 2-5 were inconsistent with phylogenomic analyses
and current taxonomic assignment of populations (see Figure S5),
likely reflecting uneven population sampling across taxa and lineages
(Puechmaille, 2016) and/or the limited ability of sTRucTURrE to recover
higher-level relationships when individuals from large datasets with
complex evolutionary histories are forced into too few clusters (Funk
et al., 2020; Kalinowski, 2011; e.g., Ortego et al., 2025).

From K = 5 to K = 7, sTRucTURE analyses showed a hierarchical split-
ting of taxa and lineages within taxa that was broadly congruent with
phylogenomic inferences (Figures 2 and 3). At K = 6, sTRucTuRE identified
two genetic clusters within C. pulloides (dark red and light red), two clus-
ters within C. moreanus (dark blue and light blue), and single clusters cor-
responding to C. parnon (brown) and C. crassiceps (orange). Several
groups emerged as genetically homogeneous and cohesive, notably
C. crassiceps (SOFI, EPID, ARAC, METH and DIDY) and the southeastern
populations of C. parnon (KREM, ARGE and MALE).

In contrast, many populations from the central and southern Pelo-
ponnese showed clear signals of admixture among genetic clusters,
consistent with their geographic location near the boundaries of taxa
distributions (i.e., historical contact zones; Figure 3a). The most
noticeable cases involved C. pulloides populations from the central and
southern Peloponnese, which exhibited varying degrees of admixture
with C. moreanus (MAEN and TAYP) and C. parnon (KRIO, PETR and
PARN). Approximately 25% of the inferred ancestry of the putative
C. pulloides population from Mt. Maenalon (MAEN) originated from
the western lineage of C. moreanus. Likewise, ca. 70% of the inferred
ancestry of the putative C. pulloides population from Mt. Taygetus
(TAYP) was estimated to derive from the eastern lineage of
C. moreanus. Between 20% and 50% of the ancestry of C. pulloides
populations from Mt. Parnon and surrounding areas (KRIO, PETR and
PARN) originated from C. parnon. Finally, C. moreanus populations
located at the foothills of Mt. Taygetos (TAYK) and Mt. Parnon (POLI)
presented ca. 5% and 32% of genetic introgression from C. parnon,

respectively.

Timing of divergence and admixture

The model best explaining the formation of hybrid populations was a
scenario of divergence in strict isolation followed by an admixture
event (Model A; Figure S1), with the alternative model receiving com-
paratively lower support (AAIC > 1.8; Table 2). Divergence between
C. pulloides and C. moreanus (KYLL-MAEN-PYLO, point estimate:
452 ka;  95% Cl:  454-498 ka; KYLL-TAYP-TENA, point
estimate: 427 ka; 95% Cl: 428-473 ka) and between C. pulloides and
C. parnon (KYLL-PARN-MALE, point estimate: 374 ka; 95% Cl: 381-
424 ka) was inferred to have occurred during the Middle Pleistocene
(Table 3). The admixture events that led to the formation of hybrid
populations took place considerably later, ranging from ca. 84 ka for
PARN (95% Cl: 83-91 ka) to ca. 103 ka for MAEN (95% Cl: 100-
107 ka), except in TAYP where admixture was notably older, dating
back to ca. 253 ka (95% Cl: 232-249 ka) (Table 3). Across triplets, the
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proportion of ancestry in admixed populations derived from
C. pulloides was consistently higher than that from the other parental
species, ranging from 69.1% in PARN (95% Cl: 67.8-69.2%) to 84.3%
in TAYP (95% Cl: 82.6-84.2%), with MAEN showing an intermediate
value of 78.0% (95% Cl: 77.5-78.6%) (Table 3).

Morphometric analyses

Geometric morphometric analyses of forewing shape based on raw
Procrustes coordinates showed a clear separation between short- and
long-winged taxa, with populations of C. pulloides and C. sangiorgii
clustering apart from C. moreanus and C. parnon (Figure Séa). Popula-
tions of C. crassiceps exhibited substantial variation in wing size, with
northwestern populations (SOFI, ARAC) showing shorter wings and
grouping with C. pulloides and C. sangiorgii, and southeastern popula-
tions (METH, DIDY) displaying longer wings and clustering with
C. moreanus and C. parnon (Figure Séa). The EPID population occupied
an intermediate position in morphospace, consistent with a continu-
ous geographical cline in wing development (Figure Séa). Populations
of C. pulloides presenting genetic admixture with C. moreanus (MAEN,
TAYP) or C. parnon (PARN) exhibited forewing shapes indistinguish-
able from those of non-admixed populations of C. pulloides
(Figure Séa). Allometric analyses indicated that size had a significant
effect on forewing shape (one-way ANOVA; Fjy,111 = 304.49,
p < 0.001). After correcting for size effects, shape differences
between short- and long-winged taxa were no longer apparent
(Figure Séb). For pronotum-head shape, size also had a significant
effect (one-way ANOVA; Fq,111 = 5.47, p = 0.002), and overall varia-
tion among taxa was limited, with most populations broadly overlap-
ping in morphospace (Figure S7a,b). Procrustes distances for both
traits were generally small and non-significant in most pairwise com-
parisons (Tables S4 and S5), indicating weak shape differentiation
among populations. At the species level, forewing shape also showed
low Procrustes distances overall (Table Sé), with significant values
detected in only a limited number of comparisons, mostly involving
the most divergent lineages (AKAR and KAKA). For pronotum-head
shape, significant differences were likewise limited and mainly
restricted to contrasts involving C. sangiorgii and AKAR (Table S7).

Relative forewing size (FWL/FL) varied markedly among taxa,
with two main morphotypes identified: short-winged C. sangiorgii and
C. pulloides, and long-winged C. moreanus and C. parnon (Figure 4). As
noted above, C. crassiceps exhibited substantial population-level varia-
tion in relative wing size, following a northwest-southeast cline from
short-winged (SOFI and ARAC) to long-winged (METH and DIDY)
populations, with intermediate values in a geographically transitional
population (EPID) (Figure 4). Post hoc pairwise comparisons revealed
significant differences in FWL/FL ratios for most population pairs,
particularly between short- and long-winged groups (Table S8), and
species-level comparisons showed a similar pattern (Table S9). Nota-
bly, admixed populations putatively assigned to C. pulloides (MAEN,
PETR, PARN and TAYP) exhibited FWL/FL values overlapping those
of genetically pure populations of this taxon (Figures 3 and 4).
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DISCUSSION

Our integrative analyses on the Chorthippus species complex from
Greece provide new insights into the processes shaping lineage diver-
sification and the persistence of species boundaries in the Mediterra-
nean biodiversity hotspot. Phylogenomic reconstructions indicate that
diversification occurred during the Middle Pleistocene, with subse-
guent events of secondary contact generating complex patterns of
genetic structure and admixture across the Peloponnese. Genetic
clustering analyses are broadly consistent with the geographic ranges
of the four taxa in the region, but species boundaries become diffuse
at distributional margins, where several populations exhibit clear sig-
natures of historical hybridization, revealing semi-permeable species
boundaries. Together, these findings emphasize the interplay between
historical isolation, secondary contact and incomplete reproductive
isolation as key drivers of diversification within this complex, under-
scoring the Mediterranean region as a major centre of microgeo-
graphic speciation and a remarkable reservoir of endemism.

Species delimitation under recent divergence and
incomplete lineage sorting

Phylogenomic analyses revealed a highly divergent lineage corre-
sponding to the putative northernmost population of C. pulloides
from Mt. Karkarditsa (KAKA), which was recovered as sister to a
clade including all other taxa (Figures 2 and S1). Within this latter
clade, two geographically coherent subclades were identified: a Cen-
tral Greece-lonian Islands clade, comprising C. sangiorgii and the
putative population of C. pulloides from the Acarnanian Mountains
(AKAR), and a Peloponnese-Kythira Island clade including C. moreanus,
C. parnon, C. crassiceps, and the remaining populations of C. pulloides
(Figures 2 and S1). This deep split separates populations distributed
north and south of the Corinthian Gulf, a well-known biogeographic
barrier that has shaped divergence in multiple Balkan organisms
(Collier & Dart, 1991; Kiourtsoglou et al., 2021; Ortego et al., 2026).
The isolation of the Peloponnese Peninsula from the rest of mainland
Greece since the Pliocene likely promoted the differentiation of the
Peloponnese-Kythira clade, whereas lineages north of the Corinthian
Gulf diversified within Central Greece and the lonian Islands. Consis-
tent with this scenario, paleodistribution modelling for the partially
co-distributed alpine grasshopper genus Oropodisma indicates that the
Peloponnese Peninsula has remained disconnected from the rest of the
Balkans at least since the Last Glacial Maximum, supporting its isolation
during the late Pleistocene (Ortego et al., 2026). Beyond this primary
north-south division, the complex internal topography of the Pelopon-
nese appears to have further contributed to diversification within this
region. The southern sub-peninsulas—Messenian, Mani, Cape Malea
and Argolid—constitute geographic cul-de-sacs where genetically most
pure populations of C. moreanus, C. parnon and C. crassiceps are found.
These narrow peninsulas likely acted as isolation pockets, or ‘refugia
within refugia’, during the Pleistocene, as reported for other taxa
(Allegrucci et al., 2021; Kiourtsoglou et al., 2021; Nieto-Feliner, 2011;
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Thanou et al., 2023), underscoring their role in promoting local diver-
gence and speciation. The concordance of our results with previously
documented phylogeographic patterns supports a predominantly geo-
graphic dimension of diversification in the complex. Within the Pelo-
ponnese Peninsula, populations assigned to each putative taxon were
reciprocally monophyletic with strong node support, indicating that our
dataset provided sufficient phylogenetic signal to resolve evolutionary
relationships despite the recent divergence of lineages. Only a few
nodes separating conspecific populations showed low support, likely
reflecting incomplete lineage sorting (ILS) resulting from recent
divergence.

Divergence time estimates place the deepest nodes within the Mid-
dle Pleistocene (<0.7 Ma), consistent with estimates for other complexes
of Mediterranean grasshoppers, in which genuine speciation events
involving genotypically cohesive taxa with evidence of total (Ortego
et al, 2021, 2024) or partial reproductive isolation (Ortego &
Knowles, 2022; Ortego et al., 2026) occurred within the last 0.3-1.5 Ma.
Accordingly, the genetic divergence and phenotypic differentiation
inferred within the Chorthippus complex in Greece are best interpreted
as the outcome of recent or incipient speciation processes rather than as
mere genetic discontinuities resulting from geographical barriers to dis-
persal. Our results also help resolve taxonomic uncertainties within the
group. Early assessments noted the strong morphological similarity
between C. sangiorgii and C. pulloides, leading some authors to suggest
that both taxa might represent a single species (Ramme, 1926, 1927;
Willemse, 1984, 1985, 1986). Subsequent bioacoustic studies revealed a
distinctive song in C. pulloides, providing evidence for its differentiation
from C. sangiorgii (Willemse et al., 2009). Our phylogenomic analyses fur-
ther corroborate that both taxa represent evolutionary independent line-
ages (Figure 2), illustrating how recent divergence and limited phenotypic
differentiation can generate taxonomic uncertainty in this group. Species
delimitation analyses in DELINEATE largely matched current taxonomy but
also revealed three additional distinct lineages (KAKA, AKAR and POTA)
(Figure 2), corresponding to populations that in some cases (AKAR) had
previously been regarded as morphologically transitional forms (Willemse
et al, 2009). Despite their close morphological resemblance to
C. pulloides (KAKA, AKAR) or C. parnon (POTA), these populations were
consistently recovered as independent evolutionary entities. Together,
these findings illustrate how morphologically uniform taxa may conceal
substantial hidden diversity, a pattern frequently documented in recent
Pleistocene radiations (i.e., cryptic species; Bickford et al., 2007;
e.g., Huang et al., 2020; Ortego et al., 2024).

Hybridization dynamics in secondary contact zones

D-statistic tests and sTRucTuRE analyses revealed that historical hybridi-
zation and genetic admixture within the complex are geographically
restricted and largely confined to populations located at the margins
of species ranges (Figure 3; Table S3). Most admixture events involved
short-winged C. pulloides from the central and southern Peloponnese,
whose populations occur within or adjacent to the distributional

ranges of the long-winged C. moreanus and C. parnon. These analyses
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TABLE 2 Alternative models of divergence and admixture tested using FastsimcoaL2 for three population triplets including hybrid populations
(MAEN, PARN, TAYP) and representative populations of their parental taxa C. pulloides (KYLL) and C. moreanus (PYLO, TENA) or C.

parnon (MALE).
KYLL-MAEN-PYLO (704 SNPs) KYLL-PARN-MALE (625 SNPs) KYLL-TAYP-TENA (466 SNPs)
Model k InL AIC AAIC Wj InL AIC AAIC w; InL AIC AAIC w;
ModelA 8  -1129.71 227541 000 000 -101509 204618 000 000 -72031 145661 000 0.0
Model B 12 —1126.80 2277.61 2.19 0.00 —1012.00 2047.99 1.81 0.00 —717.45 1458.90 2.28 0.00

Note: Models include scenarios of divergence in strict isolation followed by an admixture event (Model A), and divergence in strict isolation followed by an
admixture event and contemporary gene flow (Model B) (see Figure S1). Population codes as described in Table 1. The best-supported scenario is
highlighted in bold. The number of variable single-nucleotide polymorphisms (SNPs) retained to calculate the site frequency spectrum is indicated in

parentheses.

Abbreviations: AAIC, difference in AIC value from that of the strongest model; AIC, Akaike's information criterion value; k, number of parameters in the

model; InL, maximum likelihood value of the model; w;, AIC weight.

TABLE 3 Parameters inferred from coalescent simulations with FasTsiMcoaL2 under the most supported scenarios of divergence and
admixture tested using FastsiMcoaL2 for three population triplets including hybrid populations (MAEN, PARN, TAYP) and representative
populations of their parental taxa C. pulloides (KYLL) and C. moreanus (PYLO, TENA) or C. parnon (MALE).

KYLL-MAEN-PYLO KYLL-PARN-MALE

KYLL-TAYP-TENA

Point Lower Upper Point Lower Upper Point Lower Upper
Parameter estimate bound bound Parameter estimate bound bound Parameter estimate bound bound
BanC 284,977 244,302 270,144 Oanc 252,274 222,751 249,655  Banc 569,690 448,498 490,887
OanckyL 350,405 339,536 376,468  OanckviL 289,927 285379 322417  Oanckyll 242,404 250,332 299,724

250,332

299,724
Oanc-pyio 236,831 229,958 256,249  Oanc-mae 198,824 196,826 225076  Oanc-tena 135,552 145112 177,692
OkyLL 759,677 - - OkyLL 759,677 - - OkyLL 759,677 - -
OMAEN 574,315 551,021 598,160  Oparn 415,440 408,995 455342  B1avc 762,130 675,924 743,458
OpyLo 290,163 278,144 307,204  OmaLe 374,729 377,270 417,702  Otena 591,031 541,960 603,004
r 0.780 0.775 0.786 r 0.691 0.678 0.692 r 0.843 0.826 0.842
Tow 452,165 454,768 498,160 Tp 373,742 380,909 424,008 Tpyv 427,251 427,893 472,906
TADMIX 102,550 100,052 106,627  Tapmix 84,100 82,580 90,792 TapMmix 252,517 232,377 249,480

Note: Population codes as described in Table 1. The table shows point estimates and lower and upper 95% confidence intervals for each parameter,
including mutation-scaled ancestral and contemporary effective population sizes (6), the proportion of lineages inherited from C. pulloides (r) and the timing
of divergence (Tpv) and admixture (Tapmix), assuming one generation per year. Contemporary effective population size of C. pulloides (Bxy.,) was
calculated from its levels of nucleotide diversity (1) and fixed in FasTsiMcoAL2 analyses to enable the estimation of all other parameters (see Testing for

introgression for further details). Models are illustrated in Figure S1.

also uncovered strongly asymmetric introgression, with gene flow
occurring predominantly from long-winged C. moreanus and C. parnon
into the brachypterous C. pulloides. This pattern is consistent with dif-
ferences in dispersal ability, whereby the long-winged taxa are more
likely to reach the range and hybridize with C. pulloides, whereas
movements in the opposite direction are likely constrained, mirroring
patterns reported in other hybridizing grasshoppers with contrasting
dispersal capacities (Ortego et al., 2021; Ortego & Knowles, 2022). In
addition, the broader geographic distributions of C. moreanus and
C. parnon may promote genetic swamping of the geographically more
restricted populations of C. pulloides. This dynamic is exemplified on
Mt. Taygetus, where populations of C. pulloides show high levels of
admixed ancestry with C. moreanus, while no evidence of reciprocal
introgression is detected, despite both taxa occurring less than 1.7 km

apart.

The altitudinal distribution of C. pulloides across its range provides
further insight into the mechanisms enabling lineage persistence
despite weak reproductive barriers. In the northern Peloponnese,
where other members of the complex are absent and opportunities
for hybridization are minimal, C. pulloides occupies a broad elevational
range (400-2400 m). In contrast, in the central and southern Pelopon-
nese C. pulloides is largely restricted to high elevations (>1800 m),
whereas C. moreanus and C. parnon dominate surrounding foothills
and lowlands. This altitudinal segregation likely underpins the persis-
tence of highly isolated C. pulloides populations on Mt. Maenalon,
Mt. Parnon and Mt. Taygetus by limiting lineage fusion and genetic
swamping by the more widespread lowland taxa. The relatively high
levels of admixed ancestry detected in these C. pulloides populations
suggest that repeated downslope shifts during glacial periods facili-
tated secondary contact and hybridization with long-winged taxa at
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FIGURE 4 Distribution of forewing-to-femur length ratios
(FWL/FL) of males across the studied populations of the Chorthippus
species complex in Greece. Ridge density plots represent variation in
relative wing size, with femur length used as a proxy for body size.
Populations are coloured according to their corresponding lineages in
the phylogenetic tree (Figure 1) or the main genetic cluster to which
genetically admixed populations (marked with an asterisk) were
assigned based on sTrRucTURE analyses (Figure 3). Population codes as
described in Table 1.

local to regional scales within the Peloponnese, whereas subsequent
interglacials drove admixed populations back to alpine and subalpine
habitats. Consistent with this scenario, coalescent estimates from
FASTSIMCOAL2 date admixture pulses to the Late Pleistocene (ca. 250-
80 ka; Table 3), coinciding with major glacial-interglacial cycles
(Hewitt, 1996, 2000; Hughes et al., 2006). Notably, the admixture
event inferred for TAYP appears substantially older (ca. 253 ka) than
those estimated for PETR and PARN (ca. 84-103 ka; Table 3), indicat-
ing that major episodes of secondary contact and hybridization
occurred asynchronously across populations. This scenario is further
supported by paleoclimate-based reconstructions of historical distri-
butions in other co-distributed alpine grasshoppers, which experi-
enced range expansions during glacial periods and contractions to
mountain tops during warm interglacials (Ortego et al., 2026). These
shifts were largely elevational, which may explain why genetic admix-
ture is spatially restricted and exclusively observed among geographi-

cally adjacent lineages (Figure 3). Altogether, these results illustrate
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how Quaternary climatic oscillations promoted repeated secondary
contacts among lineages that are currently distributed in allopatry,
generating localized hybrid zones (Hewitt, 1996, 2000; Ortego &
Knowles, 2022).

Morphological variation along the speciation
continuum

Our morphometric analyses show that forewing and pronotum-head
shapes are largely conserved across lineages (Figures S5 and Sé,
Tables S4 and S5), with wing length relative to body size being the
only trait that shows partial concordance with taxonomic boundaries
(Figure 4, Table S9). This overall morphological conservatism is consis-
tent with expectations under cryptic speciation (Bickford et al., 2007)
and suggests pronounced morphological stasis, except in traits directly
associated with dispersal. Comparable patterns have been reported in
other Orthoptera, where syntopic and reproductively isolated lineages
remain morphologically indistinguishable (Ortego et al., 2024) or differ
primarily in dispersal-related traits (Ortego et al., 2021).

The evolutionary history of Pterygota is marked by repeated tran-
sitions in wing development (e.g., from macroptery to brachyptery or
aptery), often associated with habitat stability and reduced dispersal
requirements (Roff, 1990, 1994; Zera & Denno, 1997). Assuming a
long-winged ancestral state, our phylogeny reveals at least four inde-
pendent reductions in wing size within the complex (Figure 2): (i) in
the isolated KAKA lineage, (ii) in the ancestor of C. sangiorgii and the
mainland AKAR lineage; (iii) in C. pulloides; and (iv) more recently
within C. crassiceps, which includes both short-winged and
long-winged subclades. These repeated reductions highlight the evo-
lutionary lability of dispersal-related traits, consistent with patterns
documented in other Orthoptera (Ortego et al., 2021). The taxon
C. crassiceps provides a particularly clear example of an ongoing evolu-
tionary transition in dispersal ability. Within this species, wing length
displays a pronounced northwest-southeast cline: short-winged popu-
lations (SOFI, ARAC) occur in the northwest part of its range, long-
winged populations (METH, DIDY) in the southeast, and intermediate
forms (EPID) in the intervening area (Figure 4). Northwestern and
southeastern populations form distinct subclades in our phylogenomic
analyses (Figure 2), indicating that variation in wing length reflects an
evolutionary shift in flight capacity rather than phenotypic plasticity
or simple polymorphism. Divergence-time estimates indicate that
these subclades separated <120 ka and are distributed across <35 km,
illustrating how substantial changes in dispersal-related morphology
can evolve over short spatial and temporal scales. Similar rapid losses
of flight ability have been documented in other grasshoppers (Ortego
et al., 2021) and in other insect groups (McCulloch et al., 2022; Suzuki
et al., 2019). Collectively, these results demonstrate how transitions
toward brachyptery can evolve rapidly in fragmented landscapes, even
across relatively small geographic distances.

Analysis of admixed populations resulting from hybridization
between short-winged (C. pulloides) and long-winged (C. moreanus or

C. parnon) taxa provides further insight into the drivers of wing-size
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reduction in the complex. Despite substantial genomic admixture with
long-winged taxa (Figure 3), all hybrid populations retain the brachyp-
terous phenotype characteristic of genetically pure C. pulloides
(Figure 4). The absence of phenotypically intermediate populations,
together with the persistence of a C. pulloides-like morphology despite
extensive introgression, suggests strong selection against long-winged
phenotypes in the high elevation habitats predominantly occupied by
C. pulloides in the central and southern Peloponnese and/or pheno-
typic assimilation through repeated backcrossing with the taxon con-
tributing most to the hybrid genome (Huang, 2016; Ortego et al.,
2026; Rheindt et al., 2014).

CONCLUSIONS

Our study illustrates how the integration of genomic and morphomet-
ric data can clarify taxonomic boundaries in recently diversified spe-
cies complexes. In the Chorthippus species complex from Greece,
genomic evidence reveals a mosaic of differentiation and admixture
operating across multiple temporal and spatial scales: most taxa
exhibit well-defined genetic structure, whereas extensive hybridiza-
tion occurs at their distributional margins. Divergence within the com-
plex was likely promoted by spatial isolation associated with the
complex topography and range shifts driven by Pleistocene climatic
oscillations (Carstens & Knowles, 2007; Hewitt, 2000), and subse-
quently reshaped by episodes of secondary contact and introgressive
hybridization (Ortego & Knowles, 2022; Seehausen, 2004; Figures 3
and S2). Within this dynamic context, the southern Peloponnesian
sub-peninsulas—harbouring the genetically purest populations of sev-
eral taxa—illustrate how small-scale topographic cul-de-sacs can act as
long-term microrefugia, maintaining lineage independence through
repeated climatic fluctuations. Recurrent and independent reductions
in wing length, contrasted with the strong conservation of other mor-
phological traits (e.g., pronotum-head and forewing shape), identify
dispersal-related morphology as a primary axis of divergence under
otherwise pronounced morphological stasis (Roff, 1990, 1994; Zera &
Denno, 1997). This combination of partial reproductive isolation and
morphological conservatism highlights the challenges of species
delimitation in topographically heterogeneous Mediterranean land-
scapes (Garcia-Navas et al, 2017a; Hawlitschek et al, 2022;
Neumeister et al., 2025; Noguerales et al., 2018; Ortego et al., 2024;
Schmidt et al., 2024).

Our results further show that recent divergence coupled with
morphological uniformity can mask substantial hidden diversity.
Accordingly, several geographically restricted lineages (e.g., AKAR,
KAKA and POTA) display clear genomic distinctiveness despite mini-
mal morphological differentiation, illustrating how geographic isolation
and reduced dispersal capacity can promote fine-scale cryptic diversi-
fication. From a conservation perspective, our findings are particularly
relevant, as they identify multiple cryptic evolutionary units and refine
the taxonomic status and distributions of several taxa within the com-
plex (C. pulloides, C. parnon, C. crassiceps) currently listed as ‘Near
Threatened’” on the IUCN Red List (Tzortzakaki et al., 2023a, 2023b,
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2023c). Notably, while these lineages are well-differentiated at the
genomic level, we have chosen not to make formal taxonomic deci-
sions at this stage, given the unresolved status of the genus Chorthip-
pus and the need for additional evidence from broader phylogenomic
and phenotypic analyses. Future work integrating additional genomic
data and complementary phenotypic traits (e.g., internal genitalia) will
be critical to clarify the taxonomic status of these lineages, and may
allow their recognition as distinct taxa once further lines of evidence
are available. In the meantime, our results provide a robust framework
to prioritize these lineages for conservation and further evolutionary
study. Overall, our study advances understanding of how semi-
permeable species boundaries, dispersal-related traits and topographic
complexity interact to shape diversification in the Mediterranean bio-

diversity hotspot.
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Methods S3 FasTsiMcoaL2 analyses and model selection.

Table S1. Description and numbering of landmarks used for geometric
morphometric analyses of (A) forewing and (B) pronotum-head com-
bined (depicted in Figure 1).

Table S2. Attributes of genomic datasets used for different analyses,
including number of individuals in the ingroup/outgroup and number
of retained reads and loci after different filtering steps in stacks and
IPYRAD.

Table S3. Analyses of introgression based on four-taxon D-statistic
(ABBA/BABA) tests. Analyses were designed to test for introgression
from one taxon (P3) into each genotyped individual of the focal popu-

lation (P1). For both P2 and P3, we used reference populations with
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no signatures of genetic introgression from other taxa. The highly
divergent lineage from Mt. Kakarditsa (KAKA) was used as an out-
group (P4) in all analyses. Population codes as described in Table 1.
Table S4. Pairwise Procrustes distances (d) among populations of the
Chorthippus species complex in Greece based on male forewing shape
variation. Values in bold indicate statistically significant Procrustes dis-
tances after false discovery rate adjustment (FDR) to control for multi-
ple tests (FDR of 5%, q < 0.05). Due to small sample sizes, statistical
significance was not assessed for pairwise comparisons involving
populations KRIO and STEM (Table 1). Population codes as described
in Table 1.

Table S5. Pairwise Procrustes distances (d) among populations of the
Chorthippus species complex in Greece based on male pronotum-head
shape variation. Values in bold indicate statistically significant Pro-
crustes distances after false discovery rate adjustment (FDR) to con-
trol for multiple tests (FDR of 5%, g < 0.05). Due to small sample
sizes, statistical significance was not assessed for pairwise compari-
sons involving populations KRIO and STEM (Table 1). Population
codes as described in Table 1.

Table Sé. Pairwise Procrustes distances (d) among delineated species
within the Chorthippus species complex in Greece based on male fore-
wing shape variation. Statistically significant values after false discov-
ery rate adjustment (FDR) to control for multiple tests (FDR of 5%,
g < 0.05) are indicated in bold. Population codes for the three popula-
tions (KAKA, AKAR and POTA) that were delineated as new species
correspond to those presented in Table 1.

Table S7. Pairwise Procrustes distances (d) among delineated species
within the Chorthippus species complex in Greece based on male
pronotum-head shape variation. Statistically significant values after
false discovery rate adjustment (FDR) to control for multiple tests
(FDR of 5%, g < 0.05) are indicated in bold. Population codes for the
three populations (KAKA, AKAR and POTA) that were delineated as
new species correspond to those presented in Table 1.

Table S8. Post hoc Tukey’s tests for differences in forewing-to-femur
length ratio (TL/FL) of males among populations of the Chorthippus
species complex in Greece. Adjusted p-values are reported, with
values in bold indicating significant comparisons. Due to small sample
sizes, statistical significance was not assessed for pairwise compari-
sons involving these populations KRIO and STEM (Table 1). Popula-
tion codes as described in Table 1.

Table S9 Post hoc Tukey's tests for differences in forewing-to-femur
length ratio (FWL/FL) of males among delineated species within the
Chorthippus species complex in Greece. Adjusted p-values are
reported, with values in bold indicating significant comparisons. Popu-
lation codes for the three populations (KAKA, AKAR and POTA) that
were delineated as new species correspond to those presented in
Table 1.

Figure S1. Alternative models of divergence and admixture tested using
FAsTsIMcOAL2 for three population triplets including hybrid populations
(MAEN, PARN, TAYP) and representative populations of their parental
taxa C. pulloides (KYLL) and C. moreanus (PYLO, TENA) or C. parnon
(MALE). Population codes as described in Table 1. Models include sce-
narios of divergence in strict isolation followed by an admixture event
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and interruption of contemporary gene flow (Model A), and divergence
in strict isolation followed by an admixture event and contemporary
gene flow (Model B). Parameters include mutation-scaled ancestral and
contemporary effective population sizes (6), the proportion of lineages
inherited from C. pulloides (r), migration rates per generation (m) and
timing of divergence (Tpyv) and admixture (Tapmix)-

Figure S2. Phylogenetic tree inferred with raxmL and divergence times
estimated using spp (analysis AOO) for the analyzed populations of the
Chorthippus species complex in Greece. Admixed populations identi-
fied by sTrucTure for K = 6 (marked with an asterisk in Figure 3b) were
excluded from phylogenomic analyses (see Testing for introgression
and Population genetic structure). Bootstrap support values estimated
with raxmL are indicated at nodes (*>95%). Bars on nodes indicate
95% highest posterior densities (HPD) of divergence times estimated
considering a genomic mutation rate of 2.8 x 10~ per site per gener-
ation and a one-year generation time. Branch colours correspond to
the predominant genetic cluster to which each population was
assigned based on sTrucTure analyses for K = 6 (see Figure 3b) and
background colours indicate geological divisions of the Quaternary.
The taxonomic status of populations before (input;? = unknown) and
after (output) species delimitation analyses in DELINEATE is shown on
the right; DELINEATE uses the ultrametric phylogeny inferred with sprp
together with prior species assignments for a subset of populations
(input) to evaluate whether the remaining populations belong to previ-
ously described species or represent distinct lineages. Population
codes as described in Table 1. The inset image shows a male of the
short-winged C. pulloides (illustration by Marina Trillo).

Figure S3. Phylogenetic tree inferred with raxmL including all sampled
populations (i.e., without excluding admixed populations) of the
Chorthippus species complex in Greece. Bootstrap support values esti-
mated with rRaxmL are indicated at nodes (*>95%). Branch colours cor-
respond to the predominant genetic cluster to which each population
was assigned based on sTrRucTURE analyses for K = 6 (see Figure 3b);
admixed populations are shown in grey. Newly delimited species iden-
tified with DeELINEATE are labelled as ‘DelineatedSp’. Population codes
as described in Table 1.

Figure S4. Results of strucTure for analyzed populations of the

Chorthippus species complex in Greece distributed within the

P | 19 0f 19
Peloponnese Peninsula. Panels show mean (+SD) log probability of
the data (LnPr(X|K)) over 10 runs of strucTure (left axes, black dots
and error bars) for each value of K and the magnitude of AK (right
axes, blue triangles).

Figure S5. Results of genetic assignments based on the program struc-
TURE (5426 SNPs) for analyzed populations of the Chorthippus species
complex in Greece distributed within the Peloponnese Peninsula.
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 indi-
viduals from different populations. Population codes as described in
Table 1.

Figure S6. Principal component analyses of male forewing shape vari-
ation across studied populations of the Chorthippus species complex
in Greece based on (A) raw and (B) size-corrected Procrustes coordi-
nates. Populations are coloured according to their corresponding line-
ages in the phylogenetic tree (Figure 2) and the main genetic cluster
to which genetically admixed populations (marked with an asterisk)
were assigned based on sTrucTure analyses (Figure 3). Population
codes as described in Table 1.

Figure S7. Principal component analyses of male pronotum-head
shape variation across studied populations of the Chorthippus species
complex in Greece based on (A) raw (A) and (B) size-corrected Pro-
crustes coordinates. Populations are coloured according to their cor-
responding lineages in the phylogenetic tree (Figure 2) and the main
genetic cluster to which genetically admixed populations (marked with
an asterisk) were assigned based on sTrucTure analyses (Figure 3). Pop-
ulation codes as described in Table 1.
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