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Abstract

Climatic change drastically shapes the ecology and evo-
lution of lineages across landscapes. In mountainous re-
gions, climatic oscillations drive fine-scale biome shifts
and modulate habitat availability along elevation gradients,
thereby governing population connectivity. Cold-adapted
highland lineages with low dispersal capacity are ide-
al systems for studying the impact of past climates on
geographic range shifts and genomic signatures. Here,
we focus on the flightless highland species Calosoma
(Callisthenes) pentheri endemic to the Western Balkan
mountains, which exhibits a disjunct geographic distribu-
tion. We predict that glacial and interglacial periods drove
allopatry through cycles of isolation and secondary con-
tact, leaving genomic signatures among populations. Us-
ing hyRAD museomics combined with a newly sequenced
reference genome we generated 10,794 single nucleotide
polymorphisms and 2,278 loci to reconstruct the evolu-
tionary history of this lineage. Admixture and phyloge-
nomic analyses demonstrate clear delineation between
the two lineages reflecting their distribution across the
Western Balkans. Genetic signatures and divergence-time
estimates suggest that these two lineages represent dis-
tinct species that diverged in the Late Miocene with little
interspecific, but occasional intraspecific, admixture since
the Pliocene. The diversification of these species in the
Balkans was likely driven by isolation in sky island glacial
refugia during the Miocene to Pliocene. Subsequent sec-
ondary contact during Pleistocene glacial periods may
have occurred but did not result in introgression. Climatic
oscillations during Quaternary ice ages similarly triggered

admixture between populations of each massif. These
species display intermediate stages along the specia-
tion continuum, representing a model system for in-depth
studies of climate-driven evolution in sky islands.

Highlights

+ Genome-wide data generated from across the range
of the Western Balkan highland endemic beetle
Calosoma pentheri support the recognition of two
distinct species.

+ Divergence between these two species predates
Quaternary glaciations and was shaped by Late Mio-
cene to Pliocene climatic swings.

+ Repeated cycles of isolation and connectivity across
mountain reliefs have left a distinctive genomic sig-
nature among populations.

+ Natural history collection specimens provide robust
genomic data for phylogeographic analyses.

+ Western Balkan sky islands exemplify how past cli-
matic oscillations fostered lineage diversification,
with current global warming trends threatening
these unique ecosystems.
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Introduction

Understanding the impact of climate change on biodiversity
is one of the most pressing challenges in biology (Aratjo
and Rahbek 2006; Dawson et al. 2011; Bellard et al. 2012;
Malinsky et al. 2021; Wiens and Zelinka 2024). With in-
creasing global temperatures, biome shifts and drastic eco-
system reconfigurations are unfolding (Grimm et al. 2013;
Scheffers et al. 2016; Freeman et al. 2018; Hughes et al.
2018). To better appreciate the resilience of biodiversity to
such changes, one can look to the past to gain insight into
possible future outcomes (Willis et al. 2010; Barnosky et
al. 2017). Periods of comparatively rapid climatic oscilla-
tions are of particular interest in this framework because
they provide a window into how fast biodiversity can track
climatic changes in its evolutionary response (Davis and
Shaw 2001; Holmes et al. 2011; Foster et al. 2013). The past
10 million years are well documented and represent one of
the most climatically dynamic periods. The climate became
increasingly cool following the Mid-Miocene Climatic Opti-
mum ca. 15 million years ago (Ma), with a brief period of
temperatures stabilizing during the Pliocene Thermal Maxi-
mum ca. 3.3 Ma; before the onset of Quaternary glaciations
ca. 2.5 Ma that resulted in glacial and interglacial cycles
(Haywood and Valdes 2004; Ravelo et al. 2004; Fedorov
et al. 2013; Westerhold et al. 2020; Steinthorsdottir et al.
2021). These intense climatic shifts and their impact on
ecological and evolutionary patterns have been the focus of
an extensive corpus of studies investigating micro- to mac-
ro-evolutionary trends across a variety of model systems
(e.g., Taberlet et al. 1998; Davis and Shaw 2001; Parmesan
and Yohe 2003; Hewitt 2004; Schmitt 2007; Fonseca et al.
2023). Yet, some geographic areas are far less studied, and
understanding fine-scale evolutionary patterns within such
regions may reveal new insights into our understanding of
how biodiversity can respond to climatic oscillations.

The Western Balkans are one of the main centers of en-
demism in the Palearctic region. The remarkable biota of this
region has been shaped by a combination of rugged moun-
tains, extensive karst systems, and complex water drainages
(Griffiths et al. 2004). Apart from Albanian coastal lowlands,
most of the region is covered by mid- to high-elevation moun-
tain ranges stretching from the Accursed Mountains (Alba-
nian Alps, Prokletije or Bjeshkét e Nemuna) in the southern
Dinaric Alps, to the Pindus Mountains in the south. However,
the Western Balkans are less studied than other well-known
systems such as the Alps, despite intricate climatic and geo-
logical histories that make it an ideal laboratory for evolution-
ary studies (Krystufek et al. 2007; Schmitt 2007; Previsic¢ et al.
2014; Ronikier and Zalewska-Gatosz 2014; Gross et al. 2021;
Urzi et al. 2021; Ronikier et al. 2023). During the Miocene,
major tectonic and climatic changes in the Eastern and Cen-
tral Paratethys region drastically reshaped the Western Bal-
kans (Ivanov et al. 2011; Petrusev 2021), thereby fragment-
ing populations and triggering geographic as well as genetic
structuring across the whole peninsula. Plio-Pleistocene gla-
cial and interglacial cycles across the region (Petrusev 2021)
intensified these patterns through complex processes of
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geographic and genetic isolation followed in some cases by
secondary contacts (Sworobowicz et al. 2015, 2020). While
northern Palearctic regions were often covered by large ice
sheets, the Western Balkan region had smaller, topograph-
ically restricted ice caps (Hughes 2010). These conditions
allowed regional populations to survive glacial periods rather
than face local extinction and, in some cases, promoted di-
versification (Pauls et al. 2006; Schmitt 2007; Grabowski et
al. 2017; Sworobowicz et al. 2020). Although the timing of
glacial expansion and retreat remains debated (L6pez-More-
no and Garcia-Ruiz 2025), evidence indicates that the most
intense glaciation occurred around 17 ka, followed by five de-
glaciation phases occurring up to 13 ka (Ruszkiczay-Rudiger
et al. 2020). The lowest Equilibrium Line Altitude (ELA) for
the Western Balkan ranges from 1256 m on Orjen Mountain
to higher altitudes towards the south reaching 1750 m on
Accursed Mountains and 1792 m on Jablanica Mountain
(southwestern parts of North Macedonia; Milivojevi¢ et al.
2008; Ruszkiczay-Riidiger et al. 2020). The limited extent of
glaciation along with the complex orogeny of the region like-
ly allowed the existence of a dense network of microrefugia
that helped maintain genetic diversity over time.

Earlier investigations of evolutionary patterns and pro-
cesses at different scales in the Western Balkans have laid
the foundations for a better understanding of biotic assem-
blages through space and time (Schmitt 2007; Previsi¢ et
al. 2014; Grabowski et al. 2017). The combination of intri-
cate orogenic cycles, emergence of diverse microclimates,
and progressive dissection of water drainage systems has
often restricted gene flow between populations while allow-
ing their persistence through glacial cycles. Consequently,
extant adjacent populations can show significant genetic
divergences, a pattern observed across both aquatic and
terrestrial systems. Despite recent progress in our under-
standing of regional biotic evolution, many fine-scale pro-
cesses within the Western Balkans remain unclear, in partic-
ular within its rugged mountain ranges. Recent studies often
focused on broader refugial structures rather than individu-
al mountain ranges. Yet, lineages endemic to such moun-
tainous areas are likely to show signatures of geographic
isolation, genetic drift, and local adaptation. Thus, there is
a need for additional fine-scale phylogeographic studies,
ideally focusing on endemic and low-dispersal lineages to
refine our understanding of Western Balkan biogeography.

Here we present the first genomic and biogeographic ex-
amination of the Western Balkan mountain endemic preda-
ceous beetle, Calosoma pentheri Apfelbeck, 1918. This spe-
cies is typically found above 2,000 m in mountain pastures
with low vegetation (Fig. 1). Calosoma pentheri is brachypter-
ous, with a significant reduction of its wings, resulting in flight-
lessness. It most frequently emerges in the spring just after
snowcaps melt, but is present only for a short period before
the habitat becomes too arid. However, little else is known
of the species ecology, life cycle, or behavior. This Western
Balkan endemic lineage was considered as two distinct spe-
cies by Jeannel (1940) and by Obydov (2002); with C. pen-
theri sensu stricto distributed from Montenegro to northern
Albania in Prokletija planina, Greben planina, Boris planina,
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Bjelasica planina, and Cakor, and C. relictum Apfelbeck, 1918
distributed from eastern Albania, southwestern Kosovo
and western parts of North Macedonia in mountains of Sar
Planina, Korab, Deshat, Stogovo, and Bistra (Apfelbeck 1918;
Jeannel 1940; Obydov 2002; Guéorguiev 2007; Bruschi 2013;
Hristovski and Guéorguiev 2015; Hristovski et al. 2016). Early
on, both Apfelbeck and Jeannel noted the disjunct distribu-
tion of these two and small morphological differences, most
notably the surface of their elytra, with clear primary intervals
forming chain-like elevations in C. pentheri sensu stricto that
are less pronounced in C. relictum (Apfelbeck 1918; Jeannel
1940). In other words, the elytral sculpturing of the northern

lineage is more defined than in its southern counterpart, as
also noted by Obydov (2002) and Bruschi (2013). In spite of
these divergences, the latter author currently recognizes a
single species comprising two subspecies C. pentheri pen-
theri and C. pentheri relictum. Since geographical and mor-
phological differences exist, a closer inspection of species
boundaries is warranted.

The closest lineage to C. pentheri sensu lato is currently
unknown since this species was never included in a phyloge-
netic framework, and morphology alone is insufficient to de-
termine its broader systematic relationships. Despite being
placed in its own genus Microcallisthenes Apfelbeck, 1918

Figure 1. The Western Balkan endemic Calosoma (Callisthenes) pentheri in situ: A. Habitat of Calosoma pentheri relictum at ca. 2000 m along
Mount Korab slopes in northwestern North Macedonia; B. Calosoma pentheri relictum (green color morph) in situ in Sar Planina; C. Calosoma
pentheri pentheri (coppery color morph) in situ in Bjeshkét e Nemuna, Maja e Rosit, Albania; D, E. Habitat of Calosoma pentheri pentheri at
ca. 2000 m in Bjeshkét e Nemuna, Maja e Rosit, Albania. Photograph credits: Slavco Hristovski and Emmanuel F.A. Toussaint.
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upon description, the species is currently placed within the
diverse Palearctic subgenus Callisthenes Fischer von Wald-
heim, 1822 (Obydov 2002; Bruschi 2013). Unfortunately, sub-
generic classification within Calosoma Weber, 1801, largely
based on Jeannel (1940), is obsolete as shown by all molec-
ular studies to date (Osawa et al. 2004; Su et al. 2005; Tous-
saint and Gillett 2018; Toussaint et al. 2021; Sota et al. 2022).
Even though the subgenus Callisthenes is one of the few
clades recovered in these studies (but see Toussaint and Gil-
lett 2018, who recovered a paraphyletic Callisthenes), to date
only a few species have been included in phylogenetic stud-
ies and therefore the subgeneric placement of C. pentheri
sensu lato should be considered tentative. Jeannel (1940),
in his monograph, redefined the genus Microcallisthenes to
accommodate not only this lineage (that he considered two
distinct species) but also Nearctic species of Calosoma cur-
rently placed in the subgenus Callistenia Lapouge, 1929. It
is therefore very likely that C. pentheri sensu lato belongs to
the clade comprising the two subgenera Callistenia and Cal-
listhenes that was also recovered by some molecular stud-
ies (Osawa et al. 2004; Su et al. 2005; Toussaint and Gillett
2018; Sota et al. 2022). However, the biogeographic origin of
C. pentheri sensu lato remains unclear, despite earlier hypoth-
eses suggesting an Anatolian origin (Casale and Vigna Ta-
glianti 1999; Guéorguiev 2007). Given that C. pentheri sensu
lato is brachypterous, this lineage is ideal for understanding
the impact of Western Balkan paleoclimate oscillations on
genomic structure and population dynamics.

In this study, we specifically test hypotheses pertain-
ing to the evolutionary history and population dynamics
of Calosoma pentheri across rugged mountains of the
Western Balkans. We hypothesize that climatic swings in
the Miocene led to periods of isolation in highland refugia
that promoted strong genetic differentiation. We predict
that these oscillations drove the diversification of two in-
dependent evolutionary lineages warranting recognition
as two distinct species. We also predict that isolation in
glacial refugia and limited connectivity among Western
Balkan mountain ranges shaped pronounced population
structure. To test these hypotheses, we rely on a compre-
hensive genomic-scale dataset combining both fresh ma-
terial and natural history collection specimens.

Materials and methods
Sampling

We sampled all major known populations of C. pentheri
sensu lato across the Western Balkans, representing the
two currently recognized subspecies C. pentheri pentheri
and C. pentheri relictum (Fig. 2). In total, we sampled 10
specimens of C. pentheri pentheri including 3 newly col-
lected and 7 historical specimens, and 54 specimens of
C. pentherirelictum including 37 newly collected and 17 his-
torical specimens. Fieldwork took place in July 2003, July
2004, June 2008, June 2013 and June to July 2022 across
Albania and North Macedonia. Historical specimens were
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sampled from the natural history collections of the Natural
History Museum of Geneva (MHNG, 4 samples), Naturéum-
Muséum cantonal des Sciences Naturelles (3 samples),
SNSB-Zoologische Staatssammlung Miinchen (ZSM, 2
samples), Naturhistorisches Museum Basel (10 samples)
and Naturhistorisches Museum Wien (8 samples).

We selected outgroups representing the closest mor-
phological groups to the subgenus Callisthenes as sug-
gested by both morphological (Jeannel 1940; Bruschi
2013) and molecular (Osawa et al. 2004; Su et al. 2005;
Toussaint and Gillett 2018; Toussaint et al. 2021; Sota et
al. 2020, 2022) studies. Outgroups included three muse-
um specimens of Calosoma (Callisthenes) marginatum
Gebler, 1830; as well as genomes of Calosoma (Calliste-
nia) wilkesii LeConte, 1852 (GCA_044734065.1; Gauthier
et al. 2025a), Calosoma (Chrysostigma) tepidum LeConte,
1852 (GCA_044734075.1; Gauthier et al. 2025a), Caloso-
ma (Castrida) granatense Géhin, 1885 (GCA_022063505.1;
Vangestel et al. 2024); Carabus (Platycarabus) depressus
Bonelli, 1810 (GCA_048127345.1; Gauthier et al. 2025b);
and a transcriptome of Calosoma (Calosoma) frigidum
Kirby, 1873 (SRR13973474; McKenna et al. 2019).

Reference genome generation workflow

A specimen of C. pentheri relictum (DNA extraction code:
CBX1095) was collected in North Macedonia from Sar
Planina, in the Tetovo municipality near Vesala, on an al-
pine pasture near a river on the 19" of June 2022, and
stored at -80 °C for genome sequencing. Tissues from the
beetle thorax, head and legs were cryogenically pulverized
using a Bessman Tissue Pulverizer (Thermo Fisher Scien-
tific, Waltham, USA) and stored at -80 °C. Subsequently,
high-molecular weight (HMW) DNA was extracted from the
resulting powder using the MagAttract HMW DNA Kit (QIA-
GEN, Hilden, Germany) with proteinase K digestion. DNA
quantity, purity, and fragment size were assessed by Qubit
fluorescence assay and Fragment Analyzer 5200 (Agilent
Technologies, Santa Clara, USA), and genomic DNA was
sheared with a Megaruptor 3 (Diagenode, Liege, Belgium)
to an average size of 12-15 kb (detailed in Gauthier et al.
2025a). The remaining post-extraction tissues (mostly the
elytra) were mounted on a pinned archival cardboard that
is deposited in the Natural History Museum of Geneva en-
tomological dry-pinned collection with label “Toussaint lab
DNA Voucher CBX1095” for future reference. The genomic
library was prepared using the SMRTbell prep kit 3.0 (Pacif-
ic Biosciences, Menlo Park, USA) according to the whole
genome protocol from PacBio (PN: 102-166-600). The
polymerase SMRT Library complex was prepared using
the Sequel® Il Binding Kit 3.2 (Pacific Biosciences, Men-
lo Park, USA) and sequencing was performed on the Se-
quel lle System (Pacific Biosciences, Menlo Park, USA) at
Genesupport LifeScience (Fasteris, Plan-les-Ouates, Swit-
zerland). Assembly was performed using Hifiasm (v0.19.8;
Cheng et al. 2021) and duplications were removed us-
ing purge_dups (Guan et al. 2020). Completeness of the
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Figure 2. Sampling map of the Western Balkans. Relief map of Calosoma pentheri sampling localities in the Western Balkans. Sampled
localities of Calosoma pentheri pentheri are indicated by a circle, and that of C. pentheri relictum by a triangle. Political borders of Alba-
nia, Kosovo, Montenegro, and North Macedonia are shown as well as an inset relief map of Europe indicating the region. The map was
generated in R using rayshader (v0.40.2; Morgan-Wall 2018) and stylized in Inkscape (v1.4.2; Inkscape Project 2025).

genome was evaluated using BUSCO (Seppey et al. 2019)
and the insecta_odb10 dataset composed of 1,367 genes.
Genomic completeness was summarized using a snail plot
generated in BlobToolkit2 (Challis et al. 2020).

hyRAD wet lab methods

Genomic DNA was obtained through destructive extraction
of a single leg from each specimen using a QIAmp DNA Mi-
cro kit (QIAGEN, Hilden, Germany) and eluted in 25-50 pL of
molecular grade water. A Fragment Analyzer 5200 was used
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to assess the quality and quantity of DNA. Seven specimens
with high DNA concentrations and only limited DNA degra-
dation were selected for probe synthesis in the hybridization
capture using RAD probes (hyRAD) protocol (Suchan et al.
2016). These specimens were selected to best represent
the geographic range of each lineage. hyRAD probes were
prepared using a slightly modified protocol from Gauthier
et al. (2023). After double-digestion with Msel and Pstl-HF
enzymes (New England Biolabs, Ipswich, USA), 9 pL of
purified product was combined with 2.6 pL of ligation mix
composed of T4 DNA ligase (New England Biolabs, Ipswich,
USA) and two double-digestion RAD-sequencing adapters,
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one of which contained the T7-promoter sequence required
for later transcription into biotinylated RNA probes. Fifteen
microliters of purified post-ligation product were PCR-am-
plified for 10 cycles with 15 pL of PCR mix containing Plat-
inum™ SuperFi™ DNA Polymerase (Invitrogen, Waltham,
USA) as well as double-indexed PCR primers (Integrated
DNA Technologies, Coralville, USA), and divided into two
PCR replicates of 15 pL each. After the two PCR replicates
were combined, 3 pL of PCR mix was added to the reaction
and amplified for another 10 PCR cycles. Purified post-PCR
products were pooled equimolarly based on their concen-
tration measured with Qubit dsDNA HS 1X (Invitrogen,
Waltham, USA), and size-selected on a dye-free 2% agarose
cassette on a PippinPrep (Sage Science, Beverly, USA) in
range mode 305-405 bp. Transcription into biotinylated
RNA probes was performed using HiScribe T7 High Yield
RNA Synthesis Kit (New England Biolabs, Ipswich, USA).
DNA samples exhibiting a considerable amount of
large fragments (> 1 kb) were processed with an extra
step prior to the shotgun library preparation. CleanNGS
beads (CleanNA, Waddinxveen, Netherlands) were used
to purify the large DNA fragments following a double-sid-
ed size-selection protocol with a beads:sample ratio
of 0.5:1 X. Those large fragments were sheared using
NEBNext dsDNA Fragmentase (New England Biolabs, Ips-
wich, USA). The supernatant of the purification described
above (containing the isolated small DNA fragments) was
not discarded, but purified with CleanNGS beads with a
beads:sample ratio of 1.6:1X. Both sheared large frag-
ments and size-selected small fragments were combined
and used as template for shotgun library preparation us-
ing a SRSLY NanoPlus Uracil+ NGS library preparation kit
for lllumina sequencing (Claret Bioscience, Santa Cruz,
USA) following the manufacturer protocol. DNA samples
were divided into three categories based on their average
DNA fragment size: small fragments (< 75 bp), moderate
fragments (75-125 bp), and large fragments (> 125 bp). A
different protocol as prescribed by the manufacturer (Clar-
et Bioscience, Santa Cruz, USA) was used according to the
fragment size during the first purification step after the
phosphorylation/ligation reaction. Dual-indexing primers
provided by the manufacturer (Claret Bioscience, Santa
Cruz, USA) were used during the PCR step. A single-sided
bead cleanup protocol was applied to purify the libraries
(with a different protocol depending on the three catego-
ries described above) prior to their dsDNA quantification
in a Quant-It Picogreen assay (Invitrogen, Waltham, USA).
Libraries were pooled according to their concentration
(with a maximum of 10 libraries per pool) and enriched
by hybridization-capture following the same protocol as in
Toussaint et al. (2021) with some adaptations. Only a sin-
gle hybridization-capture was performed at 60 °C. A differ-
ent blocking oligonucleotide was used in the hybridization
mix adapted to the hyRAD probes containing an indexed
P7-end. Different blocking RNA oligonucleotides solutions
were prepared to block shotgun libraries with 10 bp-long i5
and i7 indexes. The pooled capture-enriched libraries were
sequenced with 100 bp paired end sequencing on a Nova-
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Seq 6000 (lllumina, San Diego, USA) and demultiplexed at
the iGE3 Genomics Platform of the University of Geneva
(https://ige3.genomics.unige.ch).

In silico reference-catalog design

We did not sequence capture probes, as often done in the
framework of standard HyRAD and PHyRAD bioinformatic
pipelines (Schmid et al. 2017; Toussaint et al. 2021). There-
fore, we modified the PHyRAD pipeline by using the newly
generated reference genome to map the captured library se-
quences. We selected six samples that best represented the
biogeographic distribution of the two C. pentheri lineages to
build an in silico reference catalog. These samples were pro-
cessed and had quality control performed as described in the
section HyRAD bioinformatic workflow, and then mapped
against the C. pentheri relictum genome using BWA-MEM
(v0.7.17; Li and Durbin 2009). We kept mapped regions with
at least 100x coverage and 100-300 bp in length to identify
putative regions of the in silico reference catalog using bed-
tools (v2.3; Quinlan 2010) genomecov and merge for each
of the six samples. The selected mapped reads were com-
bined in two steps using bedtools merge, first by identifying
mappings unique to each lineage (e.g., C. pentheri pentheri
and C. pentheri relictum specific mappings) and then merg-
ing again to identify those found in both lineages. Once com-
bined, mappings greater than 300 bp were excluded using
bedtools cluster followed by bedtools getfasta to extract the
reference catalog from the reference genome and generate
the in silico reference catalog.

HyRAD bioinformatic workflow

We performed quality control and preprocessing of raw
reads using fastp (v0.23.4; Chen et al. 2018) for adapter
trimming and read quality filtering using default options.
Before processing in our pipeline, publicly available long-
read genomes (GCA_044734065.1; GCA_044734075.1;
GCA_048127345.1) and our new Calosoma pentherirelictum
genome were processed into 100 bp “pseudo-short reads”
using a custom python script (simulate_reads.py). This en-
abled consensus reads and variant calling to be generated
in downstream workflows. All custom scripts are available
at https://github.com/crcardenas/Balkans_calosoma.

We slightly modified the phyloHyRAD pipeline (Gauthier
et al. 2020) by excluding the PCR duplicate step, otherwise
the bioinformatic pipeline was identical to the established
workflow. The “pseudo-short” and paired-end reads were
mapped against the in silico reference catalog, duplicate
reads were cleaned, and indels were realigned using the
picard suite (v2.27.4; Broad Institute 2019) and samtools
(v1.4; Li et al. 2009). Because data from museum spec-
imens was included, we further processed the mapped
reads using mapdamage2 (v2.0; Jonsson et al. 2013) to
account for the potential presence of cytosine deamina-
tion, a typical post-mortem DNA damage.
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All mapped and processed reads were used for variant
calling and orthologous locus generation. To generate in-
dependent variants we used GATK HaplotypeCaller (v4.5;
Poplin et al. 2017), and created a filtered dataset called
all_snps using VCFTools (v0.1.17; Danecek et al. 2011).
We also used VCFtools to generate SNP statistics for each
sample. We generated two subsets of the all_snps dataset
using the same VCFTools flitering parameters for down-
stream population genetic analyses; one named penrel with
only C. pentheri relictum specimens and another subspp
with specimens of both C. pentheri lineages. Preliminary
filtering showed that four samples (CBX0664, CBX0683,
CBX0898, and CBX0905) contained > 90% missing SNPs,
and these were subsequently removed from the population
genetic analyses. For downstream SNP phylogenetic infer-
ences, we created another subset of the all_snps dataset
called basic_snps using the same flags in VCFtools except
that the max-missing flag was lowered to 75%.

For locus-based phylogenetic datasets, we slightly mod-
ified the phyloHyRAD pipeline for locus discovery using
a minimum read coverage of 3 and minimum consensus
length of 100 bp using a custom script (consensus_loci.sh).
Of the loci meeting these criteria, we retained only non-du-
plicate sequences from the “in silico reference catalog”.

Population genomic analyses

To confirm ambiguous localities and summarize the hap-
lotypes recovered, we performed a principal components
analysis (PCA) using R (v4.5.1; R Core Team 2025); for
both penrel and subspp datasets. These datasets were
imported using vcfR (v1.15; Knaus and Griinwald 2016,
2017) and allele counts with missing data were replaced
by the mean allele frequency using adegenet (v2.1.11;
Jombart 2008; Jombart and Ahmed 2011). The PCA was
visualized using ggplot2 (v4.0; Wickham 2016).

We further estimated genetic clustering using STRUC-
TURE (v2.3.4; Pritchard et al. 2000). Both the penrel and
subspp datasets were converted into a STRUCTURE com-
patible file (Clark 2017) without locality assignments. For
each dataset, we performed two independent analyses
with and without admixture, 100,000 steps and a 50,000
burn-in, along with five replicates for each independent
analysis. We tested for clusters (K) of one through eight
and one through ten for the penrel and subspp datasets
respectively. We assessed the analyses using pophelper
(v 2.3.1; Francis 2017) in R to identify the best K value,
address label switching, and visualize structure plots.

We estimated Hardy-Weinberg Equilibrium (HWE) using
pegas (v1.3; Paradis 2010) and genetic diversity with hierf-
stat (v0.5-11; Goudet 2005) for both datasets. Importantly,
studies have shown that population genetic statistics can
be estimated accurately with relatively few taxa (e.g., 2—3)
and thousands of sites (Nazareno et al. 2017). Therefore,
we included localities sampled with only 2—-3 individuals
in these analyses. We estimated isolation by distance by
comparing the pairwise fixation indices and geographic
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distances to examine evidence of isolation by distance.
Geographic distances for each locality were identified by
estimating the Mercator coordinates of all samples from a
site using geosphere (v1.5-20; Hijmans 2019).

Supermatrix phylogenetic inferences

To infer phylogenetic relationships across C. pentheri sen-
su lato, loci were aligned using MAFFT (7.505; Katoh and
Standley 2013) and locus summary statistics were esti-
mated using AMAS summary by taxon (Borowiec 2016)
and a custom python script (summary.py). Loci with less
than 90% locus occupancy were removed from the data-
set. We excluded loci with >50% ambiguous sites, i.e, loci
containing excessive gaps (“") or unknown nucleotides
(“N"). The remaining loci were trimmed using trimal -au-
tomated1 (v1.4; Capella-Gutiérrez et al. 2009). A final su-
permatrix called ml_filt, with 90% locus occupancy (N = 70
taxa) was generated using AMAS concat.

The optimal partitioning scheme for the final super-
matrix was identified with ModelFinder as implemented
in IQ-TREE (v2.3.6; Kalyaanamoorthy et al. 2017; Minh et
al. 2020), and selected using the Bayesian Information
Criterion (Chernomor et al. 2016). Maximum likelihood
(ML) phylogenetic inference was performed using 1Q-
TREE with 1,000 ultrafast bootstrap replicates (UFBoot;
Hoang et al. 2018), with the -bnni flag, and 1,000 SH-like
approximate likelihood ratio tests (SH-aLRT; Guindon et
al. 2010). The ML inferences were performed by analyz-
ing all nearest-neighbor interchanges with the -allnni flag,
and conducting 20 independent tree searches. Combined
values of SH-aLRT = 80 and UFBoot = 95 were considered
robust for a given branch. We also calculated locus and
site concordance factors in IQ-TREE. To do so, we gener-
ated individual locus trees using IQ-TREE and models of
nucleotide substitution for each locus estimated using
ModelFinder. Lastly, we created a final supermatrix called
ml_nohist, with only modern specimens to avoid poten-
tial biases linked to historical specimens (22 samples re-
moved, mi_nohist N = 48), and analyzed this dataset using
identical parameters in IQ-TREE as described previously.

SNP phylogenetic inferences

We performed phylogenetic inferences using the all_snps
dataset from the population genetic analyses. We first cre-
ated four subsets 1) basic_snps as described previously in
the variant calling step 2) no_hist: removal of all samples
with >20 years between the date of sampling and DNA ex-
traction, 3) no_Ts: to examine the effect of potential deam-
ination we removed all transitions using a custom script
(remove_VCF_Ts.awk), and 4) no_Ts_no_hist: removal of
transitions and all historical specimens. For each of the
four SNP datasets, we used Vcf2phylip (v2.0; Ortiz 2019)
and raxml_ascbias.py (https://github.com/btmartin721/
raxml_aschias) to create a final matrix with invariant sites
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removed. Phylogenetic analyses were performed in 1Q-
TREE using the ascertainment bias correction model and
20 independent runs with 1,000 UFBoot replicates.

Coalescent-based species tree inferences

We performed species tree inferences using the locus
trees from the mi_filt dataset in a coalescent framework
using WASTRAL (v1.22.3.7; Zhang and Mirarab 2022) to
account for missing data and locus tree uncertainty. We
ran WASTRAL using increased sampling and subsampling
and calculated bootstrap branch support.

Divergence time estimation

We generated a dataset called divergence_loci to infer
divergence estimates, selecting a single specimen per
locality with the fewest undetermined/ambiguous char-
acters as well as the most recovered loci per sampling
site (including outgroups N = 15). For the generation of
the divergence_loci matrix, we selected loci with a mini-
mum length of 100 bp and 9 taxa per locus; phylogenetic
inference was performed in the same manner as in the
previous Phylogenetic methods section.

We used a gene-shopping approach with SortaDate
(Smith et al. 2018) and phyx (Brown et al. 2017) to identify
300 clock-like loci that have the least topological conflict
and similar length to the divergence_loci ML tree. For the
SortaDate analysis, loci containing the Carabus outgroup
were identified using a custom python script (sortadate_
helper.py; available from https://github.com/crcardenas/
Sortadate_lQTree2_helper). Once optimal loci were select-
ed we used PartitionFinder2 (v2.1.1; Lanfear et al. 2016)
with a minimum subset size of 2000 bp to identify the op-
timal partitioning scheme of the new matrix and to limit
overparameterization. The most likely substitution mod-
els available in BEAST (v1.10.4; Suchard et al. 2018) were
identified for each resulting partition using ModelFinder
as implemented in IQ-TREE. The selected 300 loci were
combined in a dataset called divergence_model and sub-
jected to the same phylogenetic methods as described
previously. The phylogenies inferred with the divergence_
model and divergence_loci datasets were compared for
topological congruence. Finally, the divergence_loci phy-
logeny was made ultrametric using the R package phy-
tools function chronotree (v2.5.5; Revell 2024) based on
the median age estimates of Cardenas et al. (2025).

To perform divergence time estimation in BEAST, each of
the partitions identified for the divergence_model was as-
signed an uncorrelated lognormal relaxed (UCLR) molecular
clock and the nucleotide substitution models identified in
ModelFinder. The mean rate under the UCLR molecular clock
for each partition was set up with a uniform prior distribu-
tion, a starting value of 0.01, and a range of 1.0e-08-1.0. The
following two secondary calibrations derived from Cardenas
et al. (2025) were used: Carabus + Calosoma (Median 44.09
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[40.53-47.78] Mya) and the crown of Calosoma (Median
22.58[20.81-24.95] Mya). Each calibration was set up with a
lognormal prior distribution for the corresponding node age
parameter with 95% of the distribution fitting the 95% high-
est probability density (HPD) interval estimated in Cardenas
et al. (2025). The following priors were used in BEAUti to set
up these parameters: (Calosoma + Carabus) mean = 40.073
standard deviation = 1.849, and offset = 3.96; crown of Calo-
soma mean = 19.21, standard deviation = 1.058, and offset =
3.589. We performed two separate analyses using different
tree priors, the coalescent constant population size and the
speciation Yule pure birth models. For each of the separate
tree priors, we conducted 100 million steps with five inde-
pendent runs sampling parameters every 1000 steps for
both models on the University of Geneva, Switzerland, Bam-
boo HPC service. We examined the operator files of all anal-
yses to ensure a reasonable acceptance ratio. The log files
of each replicate were examined in Tracer (v1.7.2; Rambaut
et al. 2018) and were considered acceptable if moderate to
good convergence was achieved (ESS = 100 and ESS = 200
respectively). For each model, the best performing replicate
was selected based on Tracer values, effective sampling
size, and likelihood. A maximum credibility clade tree was
generated in TreeAnnotator (v1.10.4; Suchard et al. 2018)
with a 10% burn-in fraction. The resulting chronogram is
hereafter referred to as BEAST _tree.

Estimates of admixture

The program Dsuite (v0.5; Malinsky et al. 2021) was used to
estimate the degree of admixture between sampled locali-
ties and species using the BEAST chronogram. The F-ratio
statistic was used rather than Patterson’s D statistic given
the small size of genomic loci used in this study. This sta-
tistic can be applied to F-branch statistics (F,) in Dsuite, so
that evidence of gene flow can be inferred from a tree. Sig-
nificance tests using a z-score = 3 for the F4-ratio test were
used as evidence of introgression between branches of the
phylogeny. Finally, F-branch scores were used to describe
the degrees of significant admixture. An additional subset of
variants were generated using the aforementioned phylohy-
RAD methods, including only the one C. marginatum and the
select C. pentheri sensu lato samples used in the divergence
estimates. Finally, the BEAST_tree chronogram was pruned
using phytools to keep only these samples for analysis.

Results

Reference genome generation workflow

Extraction of HMW DNA from the Calosoma pentheri rel-
ictum specimen resulted in 1935.5 ng of genomic DNA
available for sequencing (19.6 ng/pL, 100 pL elution vol-
ume). PacBio HiFi sequencing returned 482,541 reads
(4.38 Gb) with an average size of 9.1 kb and an N50 of
10.4 kb. During processing, 7.7 Mb of duplicates were
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removed. The final assembly contained 595 scaffolds,
an N50 of 2.4 Mb, a total length of 214.8 Mb, and 98.6%
genome completeness based on the universal single-copy
ortholog gene set for Insecta (BUSCO; Fig. 3). Given the
size of the final assembly, sequencing depth was ca. 19x.

In silico reference catalog

A total of 88,540,086 reads (median 15,217,899; SD
2,104,681) from samples used in the in silico reference cat-
alog design mapped to the reference genome. Per lineage
mapping statistics: C. pentheri pentheri: 41,882,382 (me-
dian 13,648,641; SD 1,585,464) and C. pentheri relictum:

Scaffold statistics

[] Log10 scaffold count (total 595)
[ scaffold length (total 215M)

B Longest scaffold (7.65M)

[ N50 length (2.43M)
] N90 length (221k)

Scale
O 215M
® 7.65M

Dataset:CBX1095

U >
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46,657,704 (median 16,354,771; SD 3,080,393). Once
merged, a total of 45,355 (median 7,110; SD 1,777) unique
mappings were identified. Unique mappings per lineage: C.
pentheri pentheri: 22,084 (median 7,468; SD 1,278) and C.
pentheri relictum: 23,271 (median 6,752; SD 2,480). After
filtering for overlapping loci, a total of 18,716 unique target-
ed loci were retained in the final in silico reference catalog.

Sequencing results and hyRAD data recovery

Post quality control, 361,781,487 short reads were recov-
ered (median 4,905,647; SD 3,063,892). mapDamage did
not detect significant post-mortem damage in the data

BUSCO
B comp. (98.6%)
B Dupl. (0.51%)

insecta_odb10 (1367)

[ Frag. (0.22%)
[] Missing (1.39%)
0%
‘0

=3

<Y
S

Composition
M e (34%)

[ AT (66%)

LI N (0%)

NZ0L

Figure 3. Snail plot of the newly generated Calosoma (Callisthenes) pentheri relictum genome. The descriptive statistics described are
the total length, the N50 and N90 lengths, the longest scaffold identified, GC and AT composition. Results of BUSCO recovery using
the insecta_odb10 database are shown along with statistics regarding completeness, duplicates, fragmentation, and missing genes
in the final assembly.
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(see supplemental data). Processed long-read outgroup
samples mapped a total of 23,300,120 pseudo-short
reads (median 4,316,496; SD 3,763,656) to the reference
catalog. For all samples we recovered 619,473,276 (medi-
an 7,537,381; SD 5,183,844) reads that mapped to the “in
silico reference catalog”.

A total of 344,568 variant sites were identified. Filtering
resulted in 11,799 sites with a median of 2,679 (SD 3,026)
missing sites for the penrel dataset, and 11,928 sites with
a median of 2,525 (SD 2,328) missing sites for the sub-
spp dataset. A median of 18,637 loci was recovered per
sample (SD 3,485.756) with a median contig length of
191 bp (SD 3) per sample. Per sample statistics are avail-
able in Suppl. material 1.

Population genetic analyses

The PCA revealed genetic differentiation between C. pentheri
pentheri and C. pentheri relictum as well as between distinct
populations of C. pentheri relictum. Analysis of the penrel
dataset using 4,168 SNPs explained 32.3% of the variation
with the first two principal components (Fig. 4A) explain-
ing the most variation in the data. There was a marked de-
crease in variance explained as additional components were
explored (Fig. 4A, B). Both PCA visualizations of the penrel
data (Fig. 4) indicated that Bistra and Tetovo are distinct
from the rest of the C. pentheri relictum localities. Samples
from DeSat, Korab and Ljuboten displayed less variation but
with otherwise good clustering by locality.

Using PCA results, we inferred the most likely localities
of museum specimens with ambiguous or missing collec-
tion events. The placement of CBX0362 through CBX0364
in Korab was within the 95% confidence intervals for all
three PCA axes presented. The labels of samples CBX0607
and CBX0608 had no information on locality but we found
them clustering with the rest of the Bistra samples.

The principal components analysis of the subspp data-
set (5,286 SNPs which explained 52.5% of the variation),

A B

CBX0363
10 [CBX0364
CBX0362
= v
N | oo o
O CBX0607 3
o CBX0608 o
-10 .
-20 0 20

PC1 (15.5%)

10

-10

revealed clear separation between the two subspecies
(Fig. 5). The inferred localities of the C. pentheri relictum
samples were used for presentation. The first two princi-
pal components explained the most variation (Fig. 5A),
while PC2 and PC3 (Fig. 5A, B) explained the most varia-
tion within C. pentheri relictum.

STRUCTURE analyses revealed discrete -clusters
of the C. pentheri lineages and evidence of admixture
within C. pentheri relictum. For the subspp dataset,
the optimal number of clusters was estimated as K = 2
(AK = 3806.433; Table 1, Suppl. material 2: fig. S1). The
admixture STRUCTURE plot consistently recovered dis-
crete populations for both subspecies across all K val-
ues examined (Fig. 6; see also Suppl. material 2: fig. S1
for all K estimates). Values of K = 5 and K = 4 evidenced
admixture, while greater K values (5—10) reflected minor

Table 1. Table of K estimates of the subspp dataset using the Eva-
no deltak method. The table shows the deltaK estimates for the
subspp STRUCTURE analysis of C. pentheri lineages (N = 56) that
includes admixture. The columns are: k = Value of K; elpdmean =
Mean estimated In probability of data, elpdsd = mean estimated In
probability standard deviation, and deltaK = Evanno deltaK estimate.
The best K estimates based on the data are shown in bold. Esti-
mates were generated using pophelper in R. Full pophelper output
can be found in Suppl. material 1.

k elpdmean elpdsd deltak
1 -69961.16 2.303 NA
2 -53361.58 4.029 3806.433
3 -52097.72 1321.028 0.12
4 -50674.88 767.604 3.598
5 -52013.54 1711.67 8.76
6 -68347 38087.971 0.348
7 -97943.5 86339.396 0.079
8 -120702.4 153690.292 0.593
9 -52386.64 2044.129 54.494
10 -95464.16 86849.881 NA
C. pentheri
CBX0362 ,
e relictum
CBX0364Y
g.tCBXOSGS ‘. Bisra
€BX060 -®- Desat
CBX060 Korab
¢ ® Ljuboten
-®- Tetovo
@® unknown
-20 0 20

PC1 (15.5%)

Figure 4. Principal components analysis of the penrel dataset. Panel A shows the principal components 1 and 2 with 26.5% of the
variation found within the C. pentheri relictum samples (N = 48). Panel B shows the principal components 1 and 3, with 21.3% of the
variation found. Only three samples came from Ljuboten, and therefore no confidence interval (ellipses) could be estimated. Samples
with historical specimen locality uncertainties coded as magenta and labels were retained in the figure, and their confidence interval

excluded. Figure stylized in Inkscape.
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variation within existing clusters rather than revealing new
ones. STRUCTURE analyses of the subspp dataset under
the no-admixture model recovered the same discrete clus-
ters but showed no evidence of admixture or intra-cluster
variation (Suppl. material 2: table S1, fig. S2).

Clustering patterns in the penrel dataset were largely
consistent with the subspp dataset. The best-supported K
was also 2 (AK = 94.536; Suppl. material 2: table S2; see
also Suppl. material 2: fig. S3), separating the populations
into Ljuboten+Tetovo and Bistra clusters (Fig. 6). Evidence
of admixture between these clusters was observed in the
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Korab and Desat localities. An additional third cluster was
recovered at a K = 3 (AK = 60.634; Suppl. material 2: table
S2), whereas greater K values increased intra-cluster varia-
tion without identifying additional discrete clusters (Suppl.
material 2: fig. S3). The no-admixture analyses recovered
the same discrete clusters as observed in the subspp data-
set (see Suppl. material 2: table S3, fig. S4). Samples with
ambiguous or missing collection data consistently clustered
with their respective localities, corroborating PCA analyses.

Population genetic analyses indicated clear differentia-
tion between the two C. pentheri lineages. Comparison of
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Figure 5. Principal components analysis of the subspp dataset. Panel A shows the principal components 1 and 2 with 46.8% of the
variation found in both C. pentheri lineages (N = 56). Panel B shows the principal components 1 and 3, with 44.4% of the variation
found. All C. pentheri pentheri localities and the C. pentheri relictum samples from Ljuboten do not have confidence intervals (ellipses)
because each included three or fewer samples. Figure stylized in Inkscape.
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Figure 6. STRUCTURE analysis of the subspp dataset. Results of the STRUCTURE analysis of C. pentheri lineages (N = 56) with admix-
ture plots showing population cluster estimates of K 1-5 in the subspp dataset. The STRUCTURE plot was generated using pophelper
in R, samples are ordered from north to south, and stylized in Inkscape.
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both lineages (subspp dataset) with the C. pentheri relictum
lineage alone (penrel dataset), revealed higher observed het-
erozygosity (H,) than expected (H,), low levels of gene diver-
sity (total gene diversity H, corrected gene diversity H,, and
corrected gene diversity among samples D_), and low lev-
els of inbreeding (F; Table 2). Fewer sites conformed to the
HWE when both lineages were analyzed together than when
only C. pentheri relictum was considered. Furthermore, gene
diversity estimates were higher when both lineages were an-
alyzed together, while both datasets maintained low levels of
inbreeding. Comparison of the subspp and penrel datasets
indicated low inbreeding in both, although slightly higher lev-
els were observed in comparison with the C. pentheri relic-
tum data. Finally, fixation indices indicated strong differenti-
ation between the two lineages (F_, = 0.474) and moderate
population structure within C. pentheri relictum (F /' = 0.176).

Comparison of pairwise fixation indices across geo-
graphic distances provided clear evidence of isolation
by distance between the two lineages (Fig. 7A). Further
comparison of fixation indices between C. pentheri pen-
theri and C. pentheri relictum localities revealed evidence
of strong genetic differentiation at larger geographic
distances. In contrast, comparisons within each lineage
(e.g., C. pentheri relictum to other C. pentheri relictum lo-
calities) showed lower levels of genetic differentiation. In
the C. pentheri pentheri localities (Fig. 7B) fixation indices
did not show an increase with geographic distance. The
C. pentheri relictum localities (Fig. 7C) exhibited a positive
linear relationship, with fixation indices increasing as geo-
graphic distances grow.

Phylogenetic results

Supermatrix phylogenetic inferences

Substantial locus recovery was achieved in both the mi_filt
and ml_nohist datasets, with minimal missing data. Fol-
lowing taxon filtering, selection of loci with =290% locus oc-
cupancy, alignment, and trimming, an average of 2,815 loci

per sample (SD 536) was recovered, with an average locus
length of 179 bp (SD 4) per sample. Both matrices used for
ML inferences comprised 2,231 loci (Table 3). Inclusion of
historical samples slightly increased the fraction of parsi-
mony-informative sites (Table 3), whereas removal of these
samples led to a corresponding increase in invariant sites.

Across all supermatrix phylogenetic analyses, both
C. pentheri lineages were recovered as monophyletic,
with strong branch support (Fig. 8, and Suppl. material 2:
figs S5, S6). Apart from the two localities, Cakor and Kor-
ab in both lineages, all other localities were consistently
monophyletic and well supported. Regardless of whether
historical samples were included, Bistra was recovered as
sister to the remaining C. pentheri relictum localities.

Concordance factors for deep splits in both mi_filt
and ml_nohist datasets indicated that only a few genes
and sites were decisive (Suppl. material 2: figs S7-S10).
Within the mi_filt dataset, the C. pentheri relictum popu-
lations exhibited the lowest gene and site concordance
factor scores (gCF and sCF), with many loci being indeci-
sive. Notably, the split between Bistra and the remaining
C. pentheri relictum populations was supported by a high-
er percentage of loci and sites (9.64% and 66.3% ml_filt;
and 11.7% and 56% ml_nohist) compared to most other
C. pentheri relictum populations. Removing historical sam-
ples marginally increased the number of concordant loci
(Suppl. material 2: figs S9, S10). Site concordance factors
generally showed higher values, but only a minority of loci
and SNPs supported the recovered relationships.

SNP phylogenetic inference

When filtering by historical samples or transitions (Ts), both
approaches reduced the total number of variant sites in the
SNP datasets, but removal of historical samples showed
that these datasets contained more invariant sites and, con-
versely, fewer parsimony-informative sites (Table 4). A mar-
ginal increase in the number of singleton sites was observed
in datasets with Ts removed. The phylogenetic analyses of

Table 2. Global population genetic statistics. Global estimates of both subspp and penrel datasets population genetic statistics: num-
ber of taxa (n), number of sites (e.g., SNPs), Hardy-Weinberg equilibrium (HWE), observed heterozygosity (H,), expected heterozygosity
(H,), total gene diversity (H,), inbreeding coefficient (F,), corrected gene diversity (H,’), corrected gene diversity among samples (D)),

fixation index (F_), and population corrected fixation index (F_,).

dataset n sites HWE H, H, H, F, H/ D, F, F.
subspp 56 4168 82.12% 0.077 0.057 0.104 -0.335 0.110 0.055 0.445 0.474
penrel 48 5286 90.02% 0.081 0.063 0.074 -0.288 0.014 0.010 0.146 0.176

Table 3. Statistics for datasets used in supermatrix phylogenetic analyses. Columns contain the following information: datasets with
their respective taxon count, percentage of missing data % (missing), mean contig length after trimming, alignment length (bp) (length),
distinct number of patterns in the alignment (distinct), PIS = parsimony-informative sites (PIS), and invariant sites (IS).

Dataset (N) loci missing % length (bp) distinct PIS IS
ml_filt (70) 2,231 7.7 426,321 78,009 19,446 380,387
ml_nohist (48) 2,231 8.63 426,321 46,130 17,259 384,708
divergence_loci (15) 1,798 12.15 355,040 11,605 12,289 317,621
divergence_model (15) 300 8.60 62,291 4,494 3,696 52,331
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all SNP datasets recovered the same backbone topology
as the ML tree, except for the placement of C. frigidum. In
all SNP analyses, the C. pentheri lineages were consistently
recovered as reciprocally monophyletic with strong branch
support. Localities of C. pentheri always formed well-sup-
ported clades, but topological relationships among those
clades were inconsistent when all transitions were removed.
The SNP analysis of C. pentheri relictum, excluding the
no_Ts_no_Hist dataset, recovered Bistra(Desat(Korab(Kor-
ab-Hist(Ljuboten+Tetovo)))) (see Fig. 8, and Suppl. material
2: figs S11-S13). When historical samples were included,
we recovered the Korab locality as paraphyletic in agree-
ment with the ML tree (Suppl. material 2: figs S11, S13).

Coalescent-based species tree inferences

The wASTRAL coalescent-based analysis recovered some
relationships that contradicted the ML and SNP phylogenetic
results (Suppl. material 2: figs S14, S15). Among outgroups,

A

the relationship between C. frigidum and C. granatense was
inconsistent with the ML tree. Additionally, C. marginatum
was recovered as sister to C. pentheri pentheri rather than
to both C. pentheri lineages. Within both C. pentheri lineag-
es, one sample was recovered as sister to the remaining
samples, rendering one locality paraphyletic (C. pentheri
pentheri: CBX0338 Cakor and C. pentheri relictum: CBX0905
Bistra, and CBX684, CBX683 Desat). Apart from these rela-
tionships, the C. pentheri relictum localities followed a pat-
tern similar to that observed in the ml_filt dataset.

Divergence time estimation

When selecting samples for the divergence_loci dataset,
the C. pentheri relictum genome did not recover the largest
number of loci, likely due to variation introduced during pro-
cessing of long reads into pseudo-reads. However, CBX0892
from Tetovo rather than the new genome, likely because it
was used in the design of the “reference catalog”. Thus, we
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Figure 7. Pairwise comparison of F_ by geographic distance within and between both lineages. Pairwise comparisons of F_ by geo-
graphic distance for (A) both Calosoma pentheri lineages (N = 56), (B) C. pentheri pentheri (N = 8), and (C) C. pentheri relictum (N = 48).
Within each plot, the y-axis represents the estimated F_, values, and the x-axis represents the geographic distances (measured in kilo-

meters). Individual pairwise comparisons of localities are indicated in the plots with text labels: C. pentheri pentheri represented by an
orange circle, C. pentheri relictum by a blue square, and both lineages by a green triangle.
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Table 4. SNP dataset statistics used in phylogenetic inference. Statistics for the SNP datasets used in ML phylogenetic inference.
Column information: dataset and number of taxa in the dataset, number of of SNPs in the dataset (sites), count of transitions and
transversions (Ts/Tv), number of invariant sites removed before phylogenetic analysis (IS removed), length of the matrix (length), par-
simony-informative sites (PIS), singleton sites, best run in ML independent tree searches (best run), and log-likelihood of the best run.

dataset (N taxa) sites Ts/Tv IS removed Length PIS singleton sites  bestrun  log- likelihood

basic_snps (70) 10794 6427 1771 9023 6071 2952 19 -174907.380
no_hist (48) 10734 6417 3066 7668 4842 2826 14 -117566.342
no_Ts (70) 10543 0 1714 8829 5773 3056 8 -156189.674
no_Ts_no_hist (48) 10453 0 2764 7689 4693 2996 11 -106641.795

Locus tree SNP tree

> -+ -C. depressus GCA 048127345.1. C. depressus GCA 048127345.1- + v covveevvenienns

P C. frigidum SRR2083640 C. frigidum SRR2083640 - - -

N C. GCA 022063505.1 . g GCA 022063505.1- -
e tepidum GCA 044734075.1 C. tepidum GCA 044734075.
. wilkesii GCA 044734065.1 C. wilkesii GCA 044734065.1
«-C. marginatum CBX0472 hisbcc. marginatum CBX0473 hist. - -
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Figure 8. Cophylogeny plot of the maximum-likelihood supermatrix and SNP phylogenetic inferences. Maximum likelihood (ML) phy-
logenetic trees, based on supermatrix (ml_filt, N = 70) and SNPs (basic_snps, N = 70) presented as a co-phylogeny, with sample tip
labels connected by lines between the two trees. Taxa with inferred localities, based on PCA and STRUCTURE analyses are indicated
by “CBX# inf. Locality” in the tip labels. Outgroup branches were shortened to make the C. pentheri clades more visible in the ML trees.
Stylization and aesthetic adjustments were made in Inkscape.

identified 1,213 loci that included the Carabus outgroup in  where it was recovered as sister to C. granatense (Suppl.
the divergence_loci dataset. Following gene shopping and  material 2: fig. S18). Finally, the placement of the C. pentheri
partitioning, eight partitions were recovered in the diver- relictum Korab population was consistent with other ML
gence_model dataset (see Table 3, and Suppl. material 2:  phylogenetic inferences excluding historical samples.

table S4). The inferred topology of the divergence_loci and All five replicates of the different tree model analyses,
divergence_model trees (Suppl. material 2: figs S16, S17)  using the fixed topology from the divergence_loci tree, re-
closely matched other ML estimates. The only deviation in-  covered consistent divergence time estimates in BEAST.
volved the placement of C. frigidum among the outgroups, Across all BEAST analyses, partition one and seven exhibited
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slightly low operator acceptance ratios (~ 0.18-0.19), and at 7.64 Ma [6.6.48-8.89], crown Calosoma pentheri sensu
the node height acceptance ratios were low (~ 0.08). Oth-  [ato at 6.14 Ma [5.15-7.18], crown Calosoma pentheri pen-
erwise, review of the log files in Tracer revealed that most  theri at 2.58 Ma [2.11-3.12], and crown Calosoma pentheri
parameters had acceptable ESS values and stable traces. relictum at 1.69 Ma [1.37-2.03] (Supp!. material 2: fig. S18).
The only exception was the ESS of ucl.mean and ucld.st-

dev in partition four (replicate four ucld.mean ESS = 155, . .

and ucld.stdv ESS = 182). All replicates had median likeli- Evidence of admixture

hood values ranging from -161,332.9770 to -161,332.7218.

Replicate one of the coalescent constant model was se-  Analysis of SNP data using the f4-ratio test provided evidence
lected to present the divergence analysis (Fig. 9) We esti- of gene flow events within each C. pentheri lineage but not
mated median ages for the root (Calosoma + Carabus) at  between species (Fig. 10A). The F, tests (Fig. 10B) revealed
41.05 Ma [38.04-44.24] 95% HPD interval, crown Caloso- three significant admixture events. In C. pentheri pentheri,
ma at = 23.86 Ma [21.8879-25.8943], crown Callisthenes  one admixture event was inferred between the ancestors of
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Figure 9. Divergence estimate tree. Time-calibrated tree of Calosoma pentheri lineages generated in BEAST using a reduced genomic
dataset, eight partitions and under a coalescent constant population size tree model (replicate 1 is presented here). Node bars indicate
the 95% highest posterior density (HPD) intervals while nodes represent median age estimates. Chronometric epochs and ages are
shown along the x-axis, with start and end points indicated. Abbreviated epochs include Piacenzian, Gelasian, Calabrian, and Chibani-
an. The complete tree topology is provided in Suppl. material 2.
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Figure 10. Introgression analysis within C. pentheri lineages. Introgression analyses visualized using Dsuite showing (A) F4-ratio re-
sults and (B) F, method results. In both plots, color and oppacity represents the degree of admixture, with increased oppacity indicating
higher admixture estimates. In panel B, gray cells denote tests not applicable based on the phylogeny, and asterisks (*) mark F, esti-
mates with a z-score = 3. Figures were stylized and annotated in Inkscape.
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Rosni + Cakor and Greben localities. In C. pentheri relictum,
two admixture events were inferred: one between Lujboten
and Korab, and another between Korab and DesSat.

Discussion

Phylogenetic relationships, population
genomics and taxonomic implications

Our phylogenomic analyses recovered Calosoma pentheri
sensu lato as sister to C. (Callisthenes) marginatum, with
strong branch support (Fig. 8). This placement is in line
with the current classification of C. pentheri sensu lato as a
member of the subgenus Callisthenes (Obydov 2002; Brus-
chi 2013). Additional taxon sampling within this group would
be important to clarify the precise placement of C. pentheri
sensu lato relative to other closely related species, both geo-
graphically and morphologically. Nevertheless, the affinity
of C. pentheri sensu lato with C. marginatum had already
been highlighted based on convergent genitalic structures
(Obydov 2002). Furthermore, these two lineages are the geo-
graphically closest among Callisthenes, despite a large dis-
junct distribution between the Western Balkans and Kazakh-
stan where C. marginatum occurs (Obydov 2002; Bruschi
2013). The sister relationship of Callisthenes with Callistenia
is also of interest as it was already suggested by previous
studies (Su et al. 2005; Sota et al. 2022; Cardenas et al. 2025).
The affinities of these two subgenera are in line with the his-
torical hypothesis of René Jeannel (1940) who proposed to
lump parts of these two genera into the subgenus Microcal-
listhenes. However, the placement of Callisthenes and Callis-
tenia within the genus Calosoma, their reciprocal monophyly
and their relationship with the subgenus Chrysostigma Kirby,
1837 remain largely untested. Two previous molecular stud-
ies suggested that species within Callistenia and Callisthe-
nes could be mixed into a larger clade (Toussaint and Gillett
2018; Sota et al. 2022), lending some additional support to
the scenario of Jeannel (1940). Reconstructing the phyloge-
netic placement of C. pentheri sensu lato with respect to oth-
er morphologically closely-related species in the subgenus
Callistenia, such as C. moniliatum LeConte, 1852, would be
interesting to understand the evolutionary history of those
trans-Beringian lineages. However, these hypotheses remain
to be investigated at a larger-scale using a comprehensive
taxon sampling across Holarctic Calosoma subgenera.
Within C. pentheri sensu lato, we recovered well-defined
geographic clades corresponding to major mountain rang-
es, illustrating a strong paleogeographic signature at the
genomic level. In regions where the geography is more
contiguous, such as Montenegro and northern Albania,
we identified a single population of C. pentheri pentheri.
A different pattern was observed in C. pentheri relictum in
which Bistra populations are more geographically isolated
from other populations in North Macedonia. The remaining
populations of C. pentheri relictum are found on a more or
less continuous series of mountains along the border be-
tween North Macedonia, Albania and Kosovo because they
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are well connected with almost unfragmented mountain
pastures. This geographic continuity was reflected in uncer-
tainty regarding the relationships of the Northwestern sites
in the ML phylogenetic analyses. However, a more obvious
geographic barrier exists between C. pentheri pentheri and
C. pentheri relictum. The mountains in Albania separating
Montenegro and North Macedonia do not reach 2000 m, and
thus lack suitable habitat to host either lineage of C. pentheri
sensu lato, and this is reflected in our phylogenetic analyses.
These phylogenomic inferences are largely confirmed by the
population genomic results. The STRUCTURE analyses sup-
port a scenario with two evolutionarily independent lineages
as illustrated by a DeltaK = 2, with no signal of recent hybrid-
ization. This suggests that genomic segregation between
the two subspecies is near complete. In contrast, both show
evidence of recent admixture or introgression within their re-
spective lineages, as evidenced by signatures of gene flow
(Fig. 10B). These admixture events likely occurred during
glacial maxima in the Pleistocene (Adamson et al. 2013).

Divergence time estimations recovered an origin of
C. pentheri sensu lato in the Late Miocene with modern
lineages originating ca. 6 Ma (95% credibility interval:
5.15-7.18 Ma), indicating that the split between these
two lineages largely predated glaciation cycles from the
Plio-Pleistocene. Integrating the above results clearly
indicates that the two current subspecies of C. pentheri
should be considered distinct species. This is largely in
line with the morphological studies of Jeannel (1940) and
Obydov (2002). Since Bruschi (2013) did not formally syn-
onymize the two species, there is no nomenclatural act to
be performed, but future work should regard C. pentheri
and C. relictum as bona species, and those are treated as
such hereafter. Considering the strong geographical and
genomic structure among C. relictum populations, a more
in-depth investigation of morphological variation could
support the future description of new subspecies within
this lineage. Earlier studies proposed such subspecific de-
lineation based on subtle morphological differences (Rou-
bal 1932; Breuning 1977), but careful reexamination of said
features demonstrates that these are more pervasive than
originally believed, and the new taxa are now considered
synonyms (Obydov 2002; Bruschi 2013; this study). Future
work should ideally encompass both fine-scale population
genomic analyses across the entire range of C. relictum,
and detailed morphometric analyses including both exter-
nal and genitalic features allowing for the discrimination
of consistent morphological divergences, if any.

Evolutionary history of Calosoma beetles in
Western Balkan highlands

Both C. pentheri and C. relictum exhibit clear allopatry,
as shown by their disjunct distribution in lowlands be-
tween western Kosovo and the mid-elevation mountains
(<1800 m) of western Albania. In this intermediate region,
the highest peaks, Maja e Malit (1683 m), Maja e Midés
(1682 m) and Maja e Muleqithit (1735 m), are below the
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elevation needed to host these alpine species. This topogra-
phy, however, already existed when both lineages diverged
ca. 5-7 Ma (Northern Albanides >17 Ma, see Muceku et
al. 2006, 2008; Mazzoli et al. 2022). During colder periods,
such as glacial maxima, it is likely that these lower eleva-
tion mountain ranges harbored alpine biotopes resembling
those currently occupied by C. pentheri and C. relictum (typ-
ically >2000 m). The absence of evidence of recent admix-
ture between these two species suggests that gene flow
ceased long before the onset of Quaternary glaciations

Late Miocene
ca. 7-5 Ma

Interglacial

Pliocene
ca. 5-3 Ma

0
=
el
R
~
©
73
©)
<
[}
£
o

Pleistocene
ca. 3-0 Ma

Gene flow disruption
Sky Island speciation

ca. 2.6 Ma. These observations support an evolutionary
scenario largely shaped by climatic shifts in the Neogene.
We hypothesize that the ancestor of both species like-
ly occurred in the entire range currently occupied by both
species during the Late Miocene, when progressive global
cooling ca. 7 Ma (Herbert et al. 2016; Steinthorsdottir et
al. 2021) would have allowed a wider ancestral range in
glacial refugia such as the above-mentioned mid-eleva-
tion ranges between northern Accursed Mountains and
the Korab massif (Fig. 11). In the next stage, as global

Habitable
range

Habitable
range
shift

Habitable
range
oscillations

Figure 11. Evolutionary hypothesis of C. pentheri and C. relictum in the Western Balkans. Figure illustrating the proposed evolutionary
scenario underlying the allopatric speciation of C. pentheri and C. relictum. The figure is divided into three rows, with the top row depict-
ing a cold, glaciated period in the Late Miocene. A hypothetical ancestral range is shown in green indicating continuous connectivity
between mountain ranges that allowed gene flow. The middle row depicts a warmer interglacial period in the Pliocene. Here, the ances-
tral range contracted to higher elevations as lower mountains became inhospitable, disrupting gene flow between the two ranges. The
bottom row illustrates Pleistocene glacial oscillations, during which range restrictions fluctuated and intermittent connectivity allowed
occasional secondary contact between the two ranges, but without gene flow.
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climate warmed progressively between the Late Miocene
and the Pliocene Thermal Maximum (Lunt et al. 2012;
Haywood et al. 2016), these ephemeral refugia became
inhospitable (i.e., too warm) and both lineages may have
dispersed to higher elevations in alpine massifs on each
side of the ancestral range (i.e., their current altitudi-
nal ranges). These alpine refugia functioned as isolated
mountain ranges, or “sky islands” (Smith and Farrell 2005;
McCormack et al. 2009; Toussaint et al. 2013; Chou et al.
2021; Love et al. 2023) with no opportunity for dispersal
in brachypterous flightless species such as C. pentheri
and C. relictum. Divergence time estimates indicate that
both species split ca. 5-7 Ma, coinciding with the peak
and conclusion of the Late Miocene cooling event ca.
5.4-7 Ma (Herbert et al. 2016). These estimated ages of
cladogenesis are consistent with a postglacial evolution-
ary scenario, in which progressively warmer climatic con-
ditions possibly triggered allopatric isolation, resulting in
incipient speciation (Robin et al. 2010; Suzuki et al. 2024).
Consequently, both lineages remained confined to high-
er-elevation biotopes (i.e., sky islands) until the end of the
Pliocene Thermal Maximum, allowing complete allopatric
speciation (Carstens and Knowles 2007; Schoville et al.
2012; Ortego and Knowles 2022). In the subsequent stage,
Pleistocene glaciations began long after speciation had
concluded, with possible secondary contact in the same
mid-elevation glacial refugia, but this time without gene
flow due to complete genetic sorting. Although secondary
contact may have occurred, it was likely limited due to high
ELAs, deeply dissected mountainous relief, and fragmen-
tated grassland habitats in the Western Balkans. Finally,
a second episode of postglacial climate-driven allopatry
likely established the present-day disjunct geographic
ranges of these species across the Western Balkans.
Glacial refugia that preserved lineages during a global
cooling period have been well documented (Hewitt 1996;
Carstens and Knowles 2007; Bennett and Provan 2008;
Stewart et al. 2010). Temperate species often contract
their range into scattered refugia during peak glacial pe-
riods, and during interglacial periods their ranges expand
(Hewitt 2004). These processes of range contraction and
expansion drive powerful evolutionary forces such as
genetic drift, geographic isolation, and local adaptation
which can lead to diversification and extinction events.
In contrast, some cold-adapted species experience range
contractions during interglacial periods (Stewart et al.
2010), as observed in Anatolian ground squirrels (Spermo-
philus; Gir 2013), West Palearctic bumblebees (Bombus;
Martinet et al. 2018), North American beardtongue flowers
(Penstemon; Stone and Wolfe 2021), and Chinese scorpi-
onflies (Cerapanorpa; Gao et al. 2022). Our study provides
another example of this pattern, with endemic ground bee-
tles adapted to cool and dry Western Balkan mountains,
whose ranges likely expanded during glacial maxima and
contracted during interglacial periods, thereby driving
allopatric speciation. Given the pace of global climate
change (Bellard et al. 2012), the same processes of range
contraction that drove these evolutionary patterns could
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now result in the extinction of flora and fauna in sky island
archipelagoes (Freeman et al. 2018; Yanahan and Moore
2019; Monroy-Gamboa et al. 2022; Love et al. 2023). West-
ern Balkan sky islands are at risk given that many of the
localities we sampled are at or near the altitudinal limits
of these mountains. The highest summits in the Accursed
Mountains where Calosoma pentheri occurs reach ca.
2500 m, while in Sar Mountains where C. relictum is found,
the highest summits reach ca. 2700 m. Further range con-
traction fueled by global warming (Gulev et al. 2021; Inter-
governmental Panel On Climate Change 2021), would lead
to the unequivocal extinction of many sky island lineages
in the long term. The fine-scale biogeographic processes
observed for Calosoma pentheri and C. relictum likely oc-
cur in other endemic lineages of the Western Balkans. It is
likely that entire endemic sky island communities will face
similar levels of threats in the foreseeable future.

Conclusion

Our genomic analyses support a clear delineation between
Calosoma pentheri and C. relictum, confirming earlier hy-
potheses regarding species boundaries. These analyses,
in combination with divergence time estimations, suggest
that global warming between the Late Miocene and Plio-
cene likely triggered speciation between C. pentheri and C.
relictum in Western Balkan sky islands. Subsequent Qua-
ternary glaciations occurred after genetic sorting and pos-
sible secondary contact between the two species did not
result in admixture. On each side of the Western Balkan
highlands, populations of the two species also evolved in
response to ice ages but in different manners. In the north,
current populations of C. pentheri display low levels of ge-
nomic divergences likely due to the continuous landscape
of the Accursed Mountains. In contrast, populations of
C. relictum present a more structured fine-scale genomic
landscape explained by a more dissected geological set-
up. These results indicate that both lineages dynamically
responded to past climate shifts, however their current
habitats along some of the highest elevational gradients
of Western Balkan mountains are threatened by global
warming. More broadly, cold-adapted species occurring
close to summits are likely to face immediate threats in
the context of ongoing global warming. Future research
should focus on assessing the resilience of such lineages
to future climatic oscillations and potentially rely on hab-
itat suitability modeling to inform conservation policies.
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