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available at the end of the article edii) in southern Europe, and the Portuguese field vole (Microtus rozianus) in western

Spain and Portugal. Previous research has shown high genomic differentiation of these
three lineages. However, the details of the process underlying their divergence remain
unknown.

Results: We analyse 70 mitogenomes and 16 nuclear genomes of modern specimens,
and 83 mitogenomes and 12 nuclear genomes of ancient specimens spanning the last
75 thousand years (ka). We estimate the divergence of Portuguese from short-tailed
and Mediterranean field voles to be ca. 220 ka ago and of the latter two species to be
ca. 110 ka ago, earlier than previous estimates involving only modern sequences.

The divergence times we obtain match those between major mitochondrial line-

ages of cold-adapted and steppe rodents in Europe. We find signatures of gene flow
within and between field vole lineages, with some analyses suggesting a hybrid origin
of the Mediterranean lineage. Ancient specimens from the Italian Peninsula reveal

a previously unrecognised lineage that show evidence of genetic exchange with other
populations.

Conclusions: The pattern of genetic variation in the field vole species complex
demonstrates the impact of stadial-interstadial cycles in generating recurrent episodes
of allopatry and connectivity of populations, a situation which could only be revealed
by our dense genomic sampling over time.
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Background

Voles are muroid rodents belonging to the subfamily Arvicolinae (within the family Cri-
cetidae) that arose in the Late Miocene of Asia and North America. The appearance of
the Arvicolinae in the Northern Hemisphere and their subsequent rapid diversification
was associated with the gradual cooling of the climate and the spread of open and steppe
environments starting from the Miocene/Pliocene boundary, and especially in the Qua-
ternary [1, 2]. Phylogenetic relationships of Arvicolinae have been explored using both
morphological and genetic methods [3—6]. According to the most up-to-date taxonomy,
voles and their close relatives constitute a distinct tribe Arvicolini with 16 genera [7].
Among them the genus Microtus is the most speciose and rapidly evolving mammalian
lineage comprising over 40 extant species and several subgenera [7].

Field voles (subgenus Euarvicola within the Microtus genus) are among the most
abundant small mammals in many parts of Europe and their current populations form a
complex of three allopatric cryptic species. The short-tailed field vole (Microtus agrestis)
is present over much of Eurasia, the Mediterranean field vole (Microtus lavernedii) is
found in southern Europe, and the Portuguese field vole (Microtus rozianus) is limited to
western Spain and Portugal (Fig. 1A) [8]. Subfossil remains attributed to the field voles
first appeared in Central Europe approximately 0.7—0.6 million years ago during the
Marine Isotope Stage (MIS) 17-16 [9] and reached northern Spain and Ukraine by MIS
11 [10]. Their remains have been found across Europe from Britain to Poland, including
at high latitudes, through the Last Glaciation (115-11.7 ka ago) and the Holocene [11—
13]. Unlike many mammals which are commonly associated with the Late Pleistocene
of mainland Europe, but became extinct there prior to the Holocene, such as cave bears
(Ursus ingressus) [14], mammoths (Mammuthus primigenius) [15], collared lemmings
(Dicrostonyx torquatus) [16] and narrow-headed voles (Stenocranius anglicus) [17], field
voles survived in Europe throughout the dynamic climate changes of the Late Pleisto-
cene and Holocene [18], making them particularly informative to investigate the impact
of past climate changes on species demographic history. However, field vole subfossil
remains are sometimes difficult to distinguish from another small mammal that survived
this period, the common vole (M. arvalis) [19-21], therefore the actual extent of their

occurrence in the Late Pleistocene deposits remains uncertain.

(See figure on next page.)

Fig. 1 Sampling information and mitogenomic phylogeny of the field vole species complex. A Present-day
ranges of field vole species and sampling localities. Circles mark modern samples and squares mark ancient
samples. B Hypsometric map with sampling localities coloured according to mtDNA lineage assignment

(for the Portuguese, Italian and Mediterranean lineages). All other samples are short-tailed field voles and

we have coloured their sampling localities according to region of occurrence (Western, Central, Eastern and
Scandinavia). Modern localities are denoted by filled circles, whereas other symbols, filled triangles, squares
and pentagons, represent ancient localities. The shape and colour used for a given locality matches symbol
used at a tip in panel C. Names of paleontological sites are indicated for reference. C Bayesian phylogeny

of field vole mitogenomes calibrated using radiocarbon-dated specimens. Filled circles at nodes indicate a
posterior probability > 0.95. Grey bars denote 95% highest posterior density intervals of node ages. The tip
symbols match the sampling locality coding in B. Labels include the sample ID and age, with the prefix’_e_’
indicating the age was estimated using a molecular dating approach. Directly radiocarbon-dated samples are
indicated in red. Relation to the mtDNA lineages distinguished previously within short-tailed field voles based
on cyt-b (Eastern, Western, Central, North Britain, France, Scandinavia) is indicated. Blue stripes mark the Last
Glacial Maximum (LGM) and Younger Dryas (YD) periods



Page 3 of 27

=SS S=SSS5SSS5555S5SSSSSSSSSSSSSS555

o Se BBy SoZEe & - © 5 58 582 aceTT SRR e peB30nRNES < LRI2 888 3 on832482
3 SR BIBISS JeB8e 5 I 2 o S T e3s% PRSI Sty 555 8 BBTBNSISTEE B SRBhT_SHa8S cwe B_ZEIRIIST
B 55 gBsgese G3¥ 2 =3 B 358 2 8 £9S53  gZogueSgndnes  22%es  GRLRUteNNRg 2 SoSBaesniy 528 BRERIEES
o S == T2 I 88 =S [P RS e T DS Lo & IO o EON (SN0
o0 tbmeos o eoosS du e bococos o T o 0B o boccco P osbo mo 6o mooh 1ot 0B ol [ eldo_o oe o= dooo o' !olol 0 5N 0l ook N 0BT Nolole™ 0o
O o R O P SO i O o L L A ot i L o O A S N R OO o PO RO B RS SR ¥ R RN A e L B
sgleteh o/ S Pl S okl V0! U Y il 1 Ol O Bl Ol bl o 1 P B delol Do IO 1 e o P e T 910 S Bl bl oo Solobeailoi o ma s oisiomencln Prsrai gl bl 8 Plal i Hols!® e 2 Pt Sl
B8R RS 3o MR 0BRGN BNEENNB AN | o ol B BB Bl B BT ol T o S o SRR L N o T oo kool R B B R B o e O B B B S B B e S N B SN B N P B RE B T EaZR RENoBTNSTT
S S S o oo o5& Lo S o P B e eSS B O NS S BB NS B O B IO OB T PNC OB FOO P DOOO-P S DN SHOIBE SN OROO POUSOOI: BB UNOONCS S BB SBBBBBBOEONNORS — BBODBANO R BOR PHBBBO — =D INCOSOHSS
e e s eSS

[ERTEN) ulse3 BIABUIDUEDS  B0UBIS

@ e @ © 0 @0 e9eeso |, €20 €0 eo Qo

[ecocecssococece)

the

with lit-
associated

Despite this,

(2026) 27:69

Baca et al. Genome Biology

>

[ Mediterranean field vole (M. lavernedii) - MED

[ Portuguese field vole (M. rozianus) - POR
[ short tailed field vole (M. agrestis) - ST

\

-

2000km
]

modern samples

} ancient samples

He@A4>V

B|©

Valdavarat

*~ Labajowa bave, Perspekiywiczna ave, Sheler i in Smoles, Nad Tunlem cave, Pod Oknem cave

M. agrestis
Short-tailed

M. lavernedii
Mediterranean

M. rozianus
Portuguese

75

25
ka ago

1

Fig. 1 (See legend on previous page.)

The three modern field vole lineages exhibit high genomic differentiation,

tle evidence of gene flow based on analysis of whole-genome restriction site

DNA [22]. Limited and asymmetric gene flow has been detected only in the relatively

1.

narrow contact zones of short-tailed and Mediterranean field voles [23
the divergence of field vole lineages was previously estimated to be relatively recent

divergence of Portuguese (M. rozianus) from short-tailed (M. agrestis) and Mediterra-

nean (M. lavernedii) field voles was estimated to be ca. 70 ka ago, and that of the latter
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pair was ca. 25 ka ago [8]. It has been suggested that survival in different refugial areas
during cold episodes, especially the Last Glacial Maximum (LGM; ca. 25-19 ka ago),
was among the main factors causing genetic differentiation of these populations [22].

Based on variation in mitochondrial DNA (mtDNA) cytochrome b (cyt-b) sequences,
modern short-tailed field voles (M. agrestis) comprise six parapatric lineages [24].
Calibration of the cyt-b phylogeny with biogeographic constraints suggested that the
lineages coalesced ca. 22 ka ago and revealed a strong signal of population expansion
starting at the onset of the Holocene [24, 25], suggesting a severe bottleneck in short-
tailed field vole populations in northern Eurasia during the Younger Dryas (YD; 12.5—
11.7 ka ago). However, the nature of this shallow cyt-b phylogeny limits our ability to
infer the precise evolutionary history of the species prior to the Holocene, potentially
compromising the between-species divergence estimates of Paupério et al. [8] that made
use of within-species calibrations.

This limitation, as well as the problem with morphological identification of subfossil
remains, may be overcome by studying DNA from paleontological specimens, which
allows for direct observation of genetic changes in past populations. Recent studies com-
bining the use of ancient DNA and direct radiocarbon dating have improved upon previ-
ous reconstructions of the Late Pleistocene and Holocene histories of several small and
large mammals [26—-29].

Here, we analysed 153 mitochondrial and 28 nuclear genomes of field voles spanning the
last ca. 75 thousand years and included each of the three main field vole evolutionary line-
ages. We obtained new divergence estimates and reconstructions of past demography and
gene flow using directly dated specimens to constrain the timing of inferred events and
interpreted these estimates in the context of the Late Pleistocene palaeoclimatic records.

Results

Mitochondrial and nuclear genome sequencing

We generated mtDNA sequences comprising at least 70% of the mitogenome from 83
ancient and 68 modern field vole specimens. These specimens were obtained from 32
palaeontological sites and 48 localities, predominantly across Europe (Additional file 1:
Tables S1-S2, Fig. 1A, B). We generated low- to high-coverage nuclear genomes (range:
0.73-36.7 x; median 6.77 x) for 14 modern and historical field vole specimens and low-
coverage genomes (range: 0.3-2.57 x; median 0.78 x) for 12 ancient specimens (Addi-
tional file 1: Tables S3—-S4, Additional file 2: Fig. S1). We also included genomic data
from two field voles downloaded from the European Nucleotide Archive (ENA) database
and generated high-coverage genomes for the three outgroup species, namely Euro-
pean pine vole (Microtus (Terricola) subterraneus, 45.3 x), social vole (Microtus socialis,
42.6 x), and Tatra vole (Microtus (Terricola) tatricus, 10.7 x). Consequently, our dataset
comprised at least two high-coverage genomes from each field-vole cryptic species and
genomic data from samples spanning the last 75 thousand years.

Mitochondrial phylogeny

Ten samples selected for radiocarbon dating yielded high-quality collagen, which was
subsequently dated using an accelerator mass spectrophotometer in the form of either
graphite or CO,, yielding dates between 27 and 3.6 ka cal BP generally concordant with
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their stratigraphic position (Additional file 1: Table S5). The mtDNA sequences of these
specimens, along with sequences of 67 modern specimens, served as a directly dated
dataset used to estimate the age of undated specimens and the divergence times of
mtDNA lineages. BETS analysis showed that this dataset contained sufficient tempo-
ral signal to calibrate the molecular clock (Additional file 2: Text S2.7; Additional file 1:
Table S6). Leave-one-out analysis of the radiocarbon-dated specimens showed that the
dataset enabled a relatively accurate estimation of the specimen ages. The difference
in the median molecular age estimates and radiocarbon ages ranged between 2.6 and
89% (median 13.5%) of the radiocarbon ages (Additional file 2: Fig. S2). The largest error
in the estimated age compared to the radiocarbon age was for the youngest specimen
(MI057). For one sample, MI722, from the Portuguese lineage, the 95% HPD interval of
the estimated age did not overlap with the radiocarbon age. The estimated ages of the
samples that were not directly dated ranged between 80 and 0.8 ka and were broadly
congruent with the stratigraphic position of the specimens (Additional file 1: Table S1,
Additional file 2: Text S2.8).

The mtDNA phylogeny (Fig. 1C) revealed four main lineages; three were identified
previously [30] and corresponded to the cryptic species, short-tailed field vole (ST),
Mediterranean field vole (MED), and Portuguese field vole (POR) [8]. The fourth lineage,
Italian (ITA), sister to the Mediterranean field vole, was found only in Late Pleistocene
samples from the Italian Peninsula. The estimated divergence of these lineages ranged
from 216 ka BP' (95% HPD: 243-200 ka BP) for the split of ST and POR +MED +ITA
to 110 ka BP (95% HPD: 118-101 ka BP) and 97 ka BP (95% HPD: 104—89 ka BP) for the
splits of POR and MED+ITA and MED, and ITA, respectively (Fig. 1). The youngest
sample from the Italian lineage was estimated to be 21 ka and overlapped with another
sub-lineage found on the Italian Peninsula which diverged from the remainder of the
Mediterranean lineage approximately 37 ka BP (95% HPD: 43—-32 ka BP).

Within the M. agrestis mtDNA clade, we identified six lineages that corresponded to
those previously identified in modern populations [24, 25]. These lineages all coalesced
ca. 27 ka BP (95% HPD: 29-24 ka BP) and their division largely reflects their geographi-
cal locations. Among the ancient samples from Central Europe, we found representa-
tives of all six of these mtDNA lineages already in the Late Glacial period. At least two
lineages were present simultaneously at three sites (Shelter in Smolen III, Nad Tunelem,
and By¢i skala).

Bayesian demographic modelling based on mitogenomes of Central European ST
samples revealed a rapid, 10-fold increase in the effective female population size (N,f)
starting at the end of the LGM around 19 ka ago; then, the N f remained largely con-
stant until present. A slight increase in N, f was observed around the Middle Holocene
(8.2—4.2 ka ago) (Fig. 2).

Population structure, gene flow and demography based on nuclear data
The multidimensional scaling plot (MDS) revealed three main clusters corresponding
to the three mtDNA lineages: M. agrestis, M. lavernedii, and M. rozianus (Fig. 3A).

1 We used ka cal BP for calibrated radiocarbon ages, ka BP for molecular age estimates as they derive from calibrated
radiocarbon ages, and ka ago for other descriptions.
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Fig. 2 Demographic reconstruction of the Central European field vole population. The Bayesian Skyline plot
was reconstructed using BEAST 1.10.5. The green line shows the median estimate of Nfand the light green
area shows the 95% HPD interval. Blue stripes mark the Last Glacial Maximum (LGM) and Younger Dryas (YD)
periods

The most ancient samples within each lineage were shifted towards the centre of the
plot. A single sample from the Italian mtDNA lineage (MI605) was located close to
the M. lavernedii cluster, particularly to the Late Pleistocene specimen from the Ital-
ian site Grotta della Ferrovia (MI2950). Within the short-tailed field voles (ST), there
was a clear division into two clusters, eastern and western, with the border running
roughly across Central Europe. Both clusters included ancient samples younger than
20 ka, whereas the two pre-LGM samples (MI1081 and MI3076) were located out-
side these clusters, providing initial information on the age of the formation of these
clusters. One sample, WM563, sampled in Tyrol, Austria, revealed a cytonuclear dis-
cordance, as it clustered with ST based on nuclear data but carried MED mtDNA.
The Maximum Likelihood tree reconstructed using TreeMix without migration edges
supports the structure revealed by the MDS (Fig. 3B); however, its topology was dif-
ferent from that recovered on mtDNA phylogeny, with the Portuguese field vole line-
age being sister to short-tailed and Mediterranean field voles. Similar incongruence
between trees based on mtDNA cyt-b and a set of nuclear genes has been reported
previously [8]. The ADMIXTURE analysis, with the lowest cross-validation error for
K=2 (Additional file 2: Fig. S3), suggested the existence of two ancestral compo-
nents corresponding to M. rozianus (POR) and M. agrestis (ST), whereas individuals
belonging to M. lavernedii (MED) and Italian mtDNA lineages were an equal mixture
of these components. However, at higher K values, particularly K=4, the same overall
structure was reproduced (Additional file 2: Fig. S4).

TreeMix analysis with one migration edge, selected as optimal using the Evanno
approach (Additional file 2: Fig. S5), showed a strong signal of admixture from the
base of the tree to the Italian lineage (MI605; Fig. 3B). This was further confirmed by
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Fig. 3 Structure and gene flow in field vole populations. A Multidimensional scaling plot of field voles

based on IBS matrix calculated using ANGSD. B Maximum Likelihood tree obtained using TreeMix with one
migration edge. C Branch-specific f, statistic heatmap. Fbranch statistics capture the excess of derived allele
sharing between pairs of individuals and lineages. Darker colours in the heatmap depicts increasing evidence
for gene flow. Grey cells in the heatmap correspond to combinations of branches and populations for which
Fbranch cannot be calculated given the topology or the low number of informative sites. D Top admixture
graph of the main field vole lineages obtained using AdmixtureBayes. On all panels the sample colours are as
in Fig. 1

reconstructed admixture graphs where the Italian lineage was modelled as a mixture

with ca. 70% of ancestry coming from the MED lineage and up to 30% of ancestry from

the base of the tree (Fig. 3D).

The f;, analysis suggested several instances of gene flow between field vole lineages,
some of which were also supported by TreeMix (Fig. 3B and Additional file 2: Fig. S6).
In particular, it suggested gene flow from the base of the POR to the lineage leading to
MED and ST, and a strong signal from the base of the MED lineage to the base of the ST
lineage (Fig. 3C). Both signals involved all ST samples, setting the minimum age of this
event to ca. 75 ka BP. Another instance was the gene flow between samples from the Ital-
ian Peninsula, both of which diverged from the MED lineage at different times, ca. 90 ka

BP (MI605) and 35 ka BP (MI2950; Fig. 1).

Page 7 of 27
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There was also a signal of gene flow from MED to POR, involving only modern MED
samples from Iberia. Since this signal does not include other modern representatives of
the MED lineage (WM436 from Hungary), the event must have taken place after the
post-LGM expansion of MED across the Mediterranean region. This is also supported
by the coalescence of all modern MED samples around 30 ka ago (Fig. 1), which sug-
gests a bottleneck around the LGM followed by a subsequent expansion. All TreeMix
analyses with m>1 also suggested recent gene flow between MED and ST, particularly
an individual WM563 from Tyrol, which revealed cytonuclear discordance congruent
with recent gene flow. This instance was not revealed by f, analysis, but most D-statistics
in the form D(STeast, WM563,MED,OUT) were positive and significant (Z > 3), suggest-
ing an excess of allele sharing between MI563 and MED. More generally, most D-statis-
tics in the form D(STeast,STwest, MED,OUT) were positive and significant, suggesting a
gene flow between MED and STwest, which occurred after the split of ST into western
and eastern populations (Additional file 1: Table S7). Both f; and Treemix also suggested
recent gene flow between STwest and STeast populations.

Demographic reconstruction based on the pairwise sequentially Markovian coales-
cent (PSMC) model suggested different demographic trajectories for the POR, ST, and
MED lineages (Fig. 4A). The peak in the effective population size (N,) of ST and MED
between 200 and 100 ka ago was accompanied by a decrease in N, in POR, and con-
versely, an increase in N, in POR around MIS 4 was accompanied by a decrease in ST
and MED. The final decrease of N, in the POR started in MIS 3 at ca. 60 ka, continued
until ca. 30 ka, and N, remained stable after then. The latter decrease was accompanied
by a range reduction, as evidenced by the presence of samples with POR mtDNA well
outside its current range in the Artazu VII and El Mirén sites in Central Northern Spain
dated to ca. 50 and 15 ka, respectively. The heterozygosity of POR individuals was also
consistently lower than that of the MED and most of ST individuals.

The PSMC suggests that both M. agrestis and M. lavernedii experienced a bottleneck
at the end of the Late Pleistocene. This is supported by the mtDNA phylogeny, where
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Fig. 4 Demography of field voles. A Demographic reconstruction of field voles using the pairwise
sequentially Markovian coalescent (PSMC) model. The PSMC curve was scaled using a mutation rate of

5 x 1077 substitutions per site per generation, and assuming two generations per year. The y-axis shows

the effective population size and the x-axis shows the time in years on the log scale. Lighter coloured lines
represent 100 bootstrap replicates. Blue stripes mark the Last Glacial Maximum (LGM) and Younger Dryas (YD)
periods, boundaries of MIS periods are presented on the upper x-axis. B Individual heterozygosity calculated
using ANGSD in 20 Mb windows for individuals with a mean coverage higher than 4 x. The y-axis represents
the fraction of heterozygous positions. The box extends from the 1 to 3'¢ quartile, while the whiskers extend
to the data points within 1.5 times the interquartile range (IQR) from the ends of the box; values outside this
range are denoted by circles
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both populations coalesce around the same time during the LGM, and by the genomic
divergence of the western and eastern populations of ST field voles estimated to the time
of the LGM. In addition, in both ST samples a large increase in Ne was inferred during
the Holocene. However, PSMC has limited resolution close to the present because few
coalescent events occur in this interval, so such recent peaks are generally regarded as
potential artifacts [31].

Divergence dating

We calculated the divergence times between pairs of four samples with high-coverage
genomes using the TT-method [32]. The estimates based on the two alternative muta-
tion rates were visibly different (Additional file 2: Fig. S7, Additional file 1: Table S8).
Those based on the mutation rate from mice yielded divergence similar to mitochon-
drial estimates (Fig. 3A). The divergence of POR (WM581) from MED (WM330) and the
two ST samples (FV396 and WMO009) was estimated to be ca. 246, 268, and 244 ka ago,
respectively (means from two estimates for each pair). Similar divergence times were
observed in the PSMC plots, where the effective population size curve of POR diverged
from ST and MED between 300 and 200 ka ago (Fig. 4A). The divergence of MED and
ST was estimated to be 125 ka ago and 114 ka ago, respectively, and that between the
two lineages identified within ST was 25.2 ka BP. The use of the mutation rate estimated
for the common vole resulted in estimates 40% more recent (Additional file 2: Figs. S7—
S8, Additional file 1: Table S8).

Discussion

In this study, we inferred a model of the evolutionary history of the field vole species
complex based on ancient and modern mitochondrial and nuclear genomes (Fig. 5). We
found three main genomic clusters corresponding to the three cryptic field vole species,
corroborating previous results [8, 22].

Divergence times inferred from nuclear genomes varied with the mutation rate applied,
but in all cases indicated that the three lineages formed earlier than previously estimated
[8]. Models using the house mouse mutation rate fit the data better than those using
mutation rates inferred for the phylogenetically closer common vole [8]. The divergence
of Mediterranean (MED) and short-tailed (ST) field voles was estimated to be 68—60 ka
ago using a common vole mutation rate, post-dating the sample MI3076, estimated to
be 75 ka old, and assigned to ST based on both mtDNA and nuclear genome data. Simi-
larly, the divergence of the two main genomic clusters identified within short-tailed field
voles, STwest and STeast, estimated using this rate (14—11.8 ka), is more recent than
the ages of some ancient samples that have already differentiated into these two groups.
The mitochondrial phylogeny provides independent estimates that match the nuclear
genome estimates, based on mouse mutation rates (Fig. 5). The split of POR and ST was
estimated to be between 243 and 200 ka ago, and the Time to the Most Recent Common
Ancestor (TMRCA) of all post-glacial and modern ST samples estimated to be ca. 27 ka
corresponds well with the nuclear genome-based divergence estimate of the western and
eastern populations of ST (ca. 25.2 ka).

The estimated divergence times of the main field vole lineages coincide with the MIS
7 (243-191 ka ago) and MIS 5 (130-71 ka ago) and are similar to the estimates obtained
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N.. Arrows denote identified instances of gene flow. On the left axis are dates of particular events based on
the mtDNA phylogeny (median estimates with 95% HPDs), and on the right axis are corresponding estimates
based on nuclear genome data (range of extreme values). In the box on the left the approximate boundaries
of MIS periods are presented

recently based on tip-calibrated mitogenomic datasets of a range of rodents, including
collared lemmings, narrow-headed voles, and common voles (Fig. 6) [17, 27]. The lat-
ter species inhabit open landscapes, such as tundra, steppes or dry meadows and it was
hypothesized that the expansion of forests throughout Eurasia during the MIS 7 and MIS
5 interglacials was the main cause of their population fragmentation and divergence [17].
The field vole is an opportunistic graminivore which prefers open and semiopen habitats
with high surface moisture such as moist grasslands and meadows, rich in herbaceous
vegetation, including early succession stages of forest patches. Yet, woodlands are consid-
ered marginal secondary habitats [33], and field vole density has been shown to decrease
with forest succession [34]. Thus, reforestation and loss of surface humidity during inter-
stadial periods may also affect the population structure of this species.

We detected recurring gene flow events between and within major field vole line-
ages. The incongruent position of MED in mtDNA and nuclear phylogenies suggests
that this lineage may have arisen as a result of the hybridisation of POR and ST line-
ages. This is indicated by similar divergence estimates of MED from POR (mtDNA) and
MED from ST (nuclear genome) and by ADMIXTURE analysis, where for the best sup-
ported K=2, MED is considered a mixture of POR and ST. Moreover, on each of the
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Fig. 6 Divergence times of the main mtDNA lineages in various Arvicolids. Each point represents the median
estimate of the mtDNA divergence, and whiskers denote the 95% HPD intervals. The estimates are derived
from mitogenomic phylogenies calibrated using directly radiocarbon-dated specimens [17, 27]. These
estimates are shown alongside the benthic foraminiferal oxygen isotopes ratio (8'80) record (LR0O4 stack [35])
a proxy of the past global climate. Interstadial periods (MIS 7, 5, and 1) are highlighted, with the warmest
intervals shown in gray and moderately warm intervals in light gray

three top admixture graphs, the MED lineage was modelled as a mixture of POR and
ST, although the two top graphs seem to record only the recent gene flow between MED
and ST which occurred after separation of the two ST populations (FV396 = STwest and
WMO009 = STeast; Fig. 3C), while on the third one, MED was modelled with two gene
flow events from ST, pre- and post-dating the split into STwest and STeast (Fig. 3D and
Additional file 1: Fig. S9). Similar evolutionary histories have been recorded in other
small mammals, for example the common vole [36], and in large mammals, such as
giraffes [37], Grant’s gazelles [38] or hyenas [39], suggesting that reticulate evolution is

widespread across mammals.
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The pattern of divergence with gene flow and hybridisation may be explained by recur-
ring episodes of allopatry and connectivity of populations in a framework referred to as
mixing-isolation-mixing [40]. In the case of field voles, this may be related to the phases
of landscape opening and reforestation connected with stadial—interstadial cycles. The
history of the field vole population on the Italian Peninsula may represent a good exam-
ple of this phenomenon.

At present, the field vole distribution in the Italian Peninsula is limited to the south-
eastern Alps [41], but their presence during the Pleistocene has been recorded at numer-
ous palaeontological sites, ranging at least from the Middle Pleistocene (MIS 7) to the
Pleistocene/Holocene transition [42, 43]. Our data suggest that starting approximately
95 ka ago, a population separate from continental Europe existed on the peninsula.
This population was modelled as an admixture of MED and an unknown/unsampled
population (Fig. 3B, D). This unsampled population may have been a population which
inhabited the peninsula earlier and was also isolated from the rest of Europe. After
this episode, the Italian population remained isolated until at least ca. 35-30 ka, when
another population derived from the MED entered the peninsula. This arriving popula-
tion again admixed with the local population, as evidenced by the high f; values between
MI605 (‘local’) and MI2950 (‘colonising population’; Fig. 3C). Taken together, the Ital-
ian population of field voles remained relatively isolated on the peninsula from at least
MIS 5 and probably from MIS 6, with subsequent episodes of gene flow from continental
populations until extirpation of this species from the Italian Peninsula. The older epi-
sode dated based on the divergence of mtDNA to ca. 95 ka BP (95% HPD: 104—89 ka
BP), may be related to the short-term demise of closed broad-leaved deciduous forests
and expansion of steppe vegetation in Italy during the MIS 5b stadial (ca. 86.6—84.2 ka
BP), as respectively recorded in palynological records from Fimon Lake (pollen zone 14)
[44] in the north-east of Italy and Monticchio Lake in the southern part of the peninsula
(pollen zone 18) [45]. Although starting from ca. 75 ka BP, the landscape became more
open throughout Southern Europe, the second episode, ca. 37 ka BP, may be related to
the stadial with demise of temperate forests and emergence of grasslands recorded in
both the Fimon Lake sequence (pollen zone 3; 39-31 ka ago) [46] and the Monticchio
lake sequences (pollen zone 6; 34.9-31.8 ka ago) [45]. Field voles might have accessed
the Italian Peninsula from the Northern Balkans through the Sava River basin and the
Trieste Karst, and then through the Great Adriatic Po Plain, a vast alluvial landscape of
the Po River plain and the Adriatic Plain which emerged as the level of the Adriatic Sea
decreased during the cold oscillations [47].

Short-tailed field voles (M. agrestis) currently inhabit Northern Europe. It is consid-
ered a rare but constant element of the Late Pleistocene fauna at European high latitudes
[11, 48]. Our results suggest its presence throughout MIS 4-2 (Fig. 1C); however, the
sparse records come from only four sites and cannot confirm its continuous or wide-
spread presence. Evidently, field voles were much less frequent than typical represent-
atives of steppe-tundra communities, such as common voles, narrow-headed voles or
collared lemmings [13]. Our data showed that it became much more numerous after
the LGM, particularly during Late Glacial warming (Fig. 1C, Table S1). Both the nuclear
and mtDNA results suggest a bottleneck in short-tailed field vole populations around
the LGM (Figs. 2 and 4A). Demographic reconstruction based on mtDNA from Central
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European samples showed rapid expansion starting ca. 19 ka ago, similar to the common
vole population in Southern Poland [49]. This may show a recovery from the bottleneck
caused by severe cooling around 19-18 ka BP (Heinrich I stadial) revealed by new palae-
otemperature records from the Iberian Margin and reanalysis of the thermal bipolar see-
saw [50]. Our reconstruction did not recover the Early Holocene expansion previously
inferred based on mtDNA cyt-b data from modern field vole populations [24, 25]. This is
most likely a consequence of the lower mutation rate inferred here compared to previous
estimates, which also resulted in older divergence estimates of the main mtDNA line-
ages. However, the plausible scenario previously proposed for the post-glacial expansion
of field voles assumes two subsequent bottlenecks around both the LGM and YD [25] to
explain the formation of the phylogeographic pattern named the Celtic fringe in Britain
[51]. Most of our ancient samples were dated or estimated to the Late Glacial prior to
the YD, and our sampling of modern specimens is limited even in Central Europe; there-
fore, we cannot exclude the possibility that our dataset did not have enough resolution
to recover the population decrease caused by YD cooling.

We found that all mitochondrial lineages observed in modern ST populations were
present in Central Europe in the Late Glacial period (Fig. 1C). Although the lack of sam-
ples from other regions limits our inference, such an accumulation of mtDNA diversity
suggests that Central Europe, particularly the Carpathian area, served as a refugial zone
for European field vole populations during the LGM. Divergence of mtDNA lineages
may result from the survival of field vole populations in the pockets of suitable habi-
tats. Ecological Niche Modelling indicates the south in the Balkans as a possible LGM
refugial zone [22], but the Carpathian area has been shown to serve as a refugial zone
for other temperate species, such as bank voles Clethrionomys glareolus [52]. The highly
diversified geomorphological and geological conditions of Central Europe provide mul-
tiple areas that enable the long-term survival of diverse species throughout the glacial
period [53]. In the case of M. agrestis, a species particularly susceptible to rarity dynam-
ics, a mosaic of local refugia in that region leading to the formation of diverse clades can
be expected. However, Central Europe has been shown to be a suture zone of mtDNA
lineages of several mammalian species, and a similar pattern may have potentially arisen
from post-glacial expansion from different refugia [29, 54]. Further high-resolution cli-
matological, paleontological and genomic data would be desirable to investigate further
the localisation of glacial refugia of the field vole species.

Conclusions

By integrating ancient and modern mitochondrial and nuclear genomes, we provide a
temporally explicit reconstruction of the evolutionary history of the field vole species
complex. We show that during the Late Pleistocene, the Italian Peninsula was inhabited
by an endemic field vole population that nevertheless experienced recurrent gene flow
from continental populations. We further demonstrate that the divergence of the major
field vole lineages, now regarded as cryptic species, occurred primarily during intergla-
cial periods, a pattern previously observed in other open-habitat rodents. Our analyses
reveal repeated episodes of gene flow both between and within these major lineages.
Finally, we detect signatures of population bottleneck associated with the Last Glacial
Maximum in short-tailed and Mediterranean field voles. Overall, this pattern reflects
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recurrent cycles of population isolation and connectivity driven by changes in habitat
availability related to stadial-interstadial climate oscillations.

Methods

Samples

We collected subfossil Arvicolinae samples dated to the Late Pleistocene from numerous
localities in Europe. For this study, we selected a molar tooth or mandible, with the molar
tooth assigned as Microtus arvalis/agrestis based on the occlusal surface of the first lower
molar (Additional file 2: Table S1). In addition to ancient samples, tissue samples of mod-
ern and historical specimens were obtained from the collections of the Mammal Research
Institute of the Polish Academy of Sciences (PAS), the Museum and Institute of Zoology
PAS, the Hungarian Natural History Museum and the Centro de Investigacdo em Biodi-
versidade e Recursos Genéticos at the University of Porto. Additional tissue samples pre-
served in ethanol were collected and processed at the Mammal Research Institute, PAS
(MRI PAS). We also used DNA from modern specimens used for previous studies and
held at MRI PAS and National Museums of Scotland (Table S2) [25, 55].

DNA extraction, library preparation, enrichment and sequencing

The initial processing of ancient samples, ancient DNA extraction, and all pre-polymer-
ase chain reaction (PCR) steps of library preparation were performed in a clean labo-
ratory at the Laboratory of Paleogenetics and Conservation Genetics at the Centre of
New Technologies of the University of Warsaw (CeNT UW). Vole teeth were thoroughly
cleaned with ultra-pure water and crushed with a pipette tip. DNA was extracted using
protocols optimised for retrieving ultrashort DNA molecules, either column- [56] or sil-
ica-based [57]. The fraction of the DNA extract was converted into double-indexed and
either double-stranded or single-stranded sequencing libraries following the protocols
described by Baca et al. [58] and Gansauge et al. [59], respectively. Some of the librar-
ies, including all shotgun sequenced to low-genome coverage, were subjected to partial
USER treatment [60] to remove uracil residues resulting from cytosine deamination,
which is typical of ancient DNA. Sequencing libraries were enriched for vole mtDNA
following the protocol of Horn [61]. Up to five libraries were pooled for each enrich-
ment reaction and two subsequent rounds of hybridisation were performed. Enriched
library pools were quantified using a Denovix spectrophotometer, pooled together, and
sequenced on a NextSeq550 instrument (Illumina) in the PE75 mode. A subset of librar-
ies was screened for endogenous DNA content using low-depth shotgun sequencing
on NextSeq550 instrument in PE75, and selected libraries with the highest endogenous
DNA content were subjected to deeper sequencing on NovaSeq6000 instrument in PE50
mode at the NGS Core Facility at CeNT UW.

DNA from modern and historical specimens was extracted using various meth-
ods, either in MRI PAS or CeNT UW (Additional file 2: Table S2). The quality of the
extracted DNA was assessed by electrophoresis on 1% agarose gels. Extracts with high
molecular weight DNA were sonicated to a mean length of 400 bp using Covaris M220
focused-ultrasonicator and size selected using magnetic beads. All extracts were trans-
formed into double-stranded sequencing libraries, enriched for mtDNA, and sequenced
on a NextSeq550 instrument or shotgun sequenced on a NovaSeq6000 instrument in



Baca et al. Genome Biology (2026) 27:69 Page 15 of 27

PE150 mode. For a comprehensive account of the laboratory procedures, please refer to
the Additional file 2: Text S2.1-2.5.

Sequencing data processing

Raw sequencing reads were trimmed, filtered and collapsed using AdapterRemoval v.2
[62]. To generate mtDNA consensus sequences, we mapped filtered reads resulting
from mtDNA-enriched libraries or a subset of 20 million reads from shotgun sequenced
libraries and field vole mtDNA references using bwa mem [63] with default parameters.
We tested three different references, based on the de novo assembled mitogenomes of
M. agrestis and M. rozianus. The resulting alignments were filtered for mapping quality
(-q 30) and de-duplicated using samtools v.1.9 [64]. Consensus mtDNA sequences were
called using a custom script based on the bcftools mpileup and ivar call [65]. We called a
base if it was supported by 75% of the reads and masked positions with a coverage lower
than three.

To generate nuclear genomic alignments, we mapped the filtered reads to the prairie
vole (Microtus ochrogaster) reference genome MicOchl.0 (GCF_000317375.1) and the
short-tailed field vole (M. agrestis) reference genome (GCA_902806775.1). The sequenc-
ing reads of modern samples were mapped using bwa mem with default parameters, fil-
tered for mapping quality (-q 25), and de-duplicated using samtools v. 1.9. Filtered reads
of ancient samples were mapped using bwa aln with relaxed settings suitable for ancient
DNA (—116,500 —n 0.01 — o 2). Potential duplicates were removed using samremovedup.
py script (https://github.com/pontussk/samremovedup). Sequences shorter than 30 bp
were removed with reformat.sh from the BBtools suite (sourceforge.net/projects/bbmap/),
and 2 bp from each end of the read were clipped with trimBam from the bamUTil suite
[66]. Indel realignment was performed using GATK v.3.8 IndelRealigner [67].

In analyses involving only high-coverage samples, that is, PSMC, TT-dating, and hete-
rozygosity calculations, we used data aligned to the ingroup field vole reference genome,
whereas for analyses including both high- and low-coverage samples, that is, D-statistics,
TreeMix, F-branch and AdmixtureBayes, we used data mapped to the outgroup prairie
vole reference genome to avoid reference bias. In analyses involving data mapped to the
field vole reference genome, we excluded putative sex-linked contigs. First, we identi-
fied sex-linked contigs using the SeXY approach [68] and aligned all the contigs to the X
and Y chromosomes of Chionomys nivalis (mChiNiv1.1; GCF_950005125.1) using sat-
suma [69]. We verified the selected contigs by comparing the coverage of putative sex-
linked contigs with the mean genome coverage. We noticed that many contigs mapped
to C. nivalis Y or X chromosomes did not show the expected coverage ratio. Therefore,
we additionally blasted the genome against C. nivalis X and Y chromosomes using
BLAST +2.14.0 (-evalue 1E — 10, -word_size 15, -max_target_seqs 1000) and flagged the
contig as sex-linked when indicated by at least two of these three approaches (Additional
file 1: Table S9).

Radiocarbon dating

We selected ten vole mandibles that yielded mtDNA genome sequences for radiocar-
bon dating. Collagen extraction and quality assessment were performed in the Depart-
ment of Human Evolution at the Max Planck Institute for Evolutionary Anthropology
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(Leipzig, Germany) following the protocol for less than 100 mg bone samples described
in Fewlass et al. [70]. Extracted collagen was dated using a MICADAS Accelerator Mass
Spectrometer either in ETH-Zurich, Switzerland, or in Aix-en-Provence, France. A
detailed description of the radiocarbon dating procedure is provided in the Additional
file 2: Text S2.6.

Phylogenetic analyses based on mtDNA

Phylogenetic analyses of the mtDNA sequences were performed in BEAST 1.10.5 [71]
using a dataset composed of mitogenomes of 70 modern and 83 ancient samples includ-
ing 10 directly radiocarbon-dated specimens. The mtDNA sequences were aligned using
MAFFT v7.407 [72]. The best partitioning scheme and appropriate substitution models
were selected using PartitionFinder v.2 (Additional file 1: Table S10) [73]. We performed
a Bayesian evaluation of the temporal signal (BETS) [74] to test whether our dated data-
set, consisting of all modern and directly dated sequences (n=80), was appropriate for
calibrating the molecular clock. Next, we performed a leave-one-out analysis on the
directly dated specimens to evaluate the accuracy of the molecular estimation of sample
age. Then, we estimated the age of each undated specimen in a separate BEAST run. In
each of these analyses, we set the gamma prior (shape =2; scale =30,000) on the age of
the undated specimen. Finally, we performed a joint analysis using all sequences. We
used the posterior from the individual age estimates as priors for the ages of the undated
samples.

We performed a demographic reconstruction based on mtDNA sequences of field
voles from Central Europe (Table S1), the only region with a sufficient number of mod-
ern and ancient specimens. We executed the analysis in BEAST using the Bayesian Sky-
line plot tree prior and visualised the demographic reconstruction in Tracer 1.7 [75].
Please refer to the Supplementary Information Text S2.7 for a detailed account of the

phylogenetic analyses.

Generation of genomic SNP dataset

To generate an SNP dataset with alignments mapped to the MicOchl.0 genome, we
used a two-step approach to minimise the impact of low- and unequal coverage and
ancient DNA damage. First, we called the genotype likelihoods using ANGSD (v.0.930;
htslib v.1.9) [76] and a dataset of all modern samples with a coverage above 3 x. We fil-
tered out transitions and positions in regions above two times the global mean coverage
(600) and below the third of the global mean coverage (90) and filtered for a minor allele
frequency of 0.05. We estimated the error rates using ANGSD’s perfect sample approach
(-doAncError 1), with sample WMO009 selected as a “perfect” sample since this had the
highest coverage among short-tailed field voles. This analysis revealed that despite the
use of partial USER treatment and clipping of 2 bp from read ends, some ancient samples
exhibited elevated error rates in the C— T and G — A categories (Additional file 2: Fig.
$10). Therefore, we used a custom Python script to remove all the transitions and the
non-biallelic positions from our SNP dataset, resulting in 21,242,450 filtered transver-
sion sites. We then sampled a single high-quality base per sample at each of these posi-
tions using ANGSD -doHaplocall 1. We allowed missing data for three of the 29 samples.
Furthermore, we used PLINK 1.9 to prune our dataset for linkage disequilibrium (LD)
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using —indep-pairwise 10 kb 1 0.5. This resulted in a dataset of 860,300 filtered LD-

pruned transversions.

Population structure

To reconstruct the affinities between modern and ancient field voles, we computed an
IBS (identity-by-state) matrix in ANGSD. We used the following filtering criteria: -min-
MapQ 25 -minQ 25 -uniqueOnly 1 -remove_bads 1 -minFreq 0.08 -rmTrans 1 -minInd
25 -GL 2 -doGlf 2 -doMajorMinor 1 -doMaf 2 -SNP_pval 1le-6 -doIBS 1 -doCounts 1
-makeMatrix 1 -doCov 1. We limited the analysis to scaffolds longer than 1 Mb (-rf) and
excluded the X chromosome from the MicOch 1.0 assembly. The resulting IBS matrix
based on 1,286,183 variable positions was transformed into a Multidimensional Scaling
Plot using cmdscale function in R. We used ADMIXTURE [77] to investigate the ances-
try composition in the dataset using a set of 860,300 LD-pruned transversions. For each
K=2-7, we ran 10 replicates and selected the replicate with the lowest cross-validation
(CV) error. CV errors were lowest at K=2 (Additional file 2: Fig. S3), indicating two
ancestral components as the optimal model.

Demographic reconstruction and divergence dating

We used the PSMC model [31] to reconstruct the past demography of each vole lineage.
We chose two individuals per lineage and downsampled them to 20 x mean coverage to
limit the impact of variable coverage on the analysis. Whole genome vcf files were called
using bcftools v.1.9 mpileup and call commands, and vcfutils.pl was used to convert vcf
files into diploid fastq sequences. We filtered the positions above twice and below one-
third of the mean depth of coverage. The PSMC was run with default parameters (-N25
-t15 -r5 -d -p "4425*2+446"). We performed 100 bootstrap replicates to assess the
accuracy of the PSMC reconstruction. We scaled the output using a generation time of
half a year and a mutation rate estimated for mice with 5.0E — 9 substitutions per site per
generation [78]. We also tested the mutation rate recently estimated for the common vole,
8.7E — 9 substitutions per site per generation [36]. To some extent, the divergence time of
the two populations can be inferred from the PSMC plots, although this is not always
evident. To further assess the divergence of the three field vole lineages, we used the TT
method [32]. This coalescence-based method relies on genomic data of a single diploid
individual from each population. We used the scripts provided by the authors (https://
github.com/jammc313/TT-method) to perform calculations. To generate the ancestral
state at each position of the genome we generated genome sequencing data for three
outgroup species, Tatra vole (Microtus tatricus; ERS17697868), social vole (M. socialis,
ERS17697869), and European pine vole (M. (Terricola) subterraneus; ERS17697870) and
mapped them to the short-tailed field vole reference genome. Whole-genome FASTA
sequences were then generated using a consensus call (ANGSD -doFasta2) and included
only sites with coverage higher than four (-minIndDepth 5). We limited the analysis to
57 scaffolds larger than 5 Mb. We called the ancestral state in a given position if the same
base was present across all three outgroup species, using a custom Python script. We
used the vcfs generated by the beftools v. 1.9 call command and filtered for depth, as in the
case of PSMC, but also explored more straightened filtering and removed positions with
a quality below 10 and SNPs within 5-bp from the indels.
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Individual genome-wide heterozygosity was estimated for all individuals with a mean
genome coverage above three using ANGSD. First, the site allele frequency was calcu-
lated (— doSaf 1) using only positions with coverage higher than four. The folded site
frequency spectrum was subsequently estimated in 20 Mb windows using realSFS, pro-
viding the reference genome as an ancestral state.

Gene flow between the field vole lineages

To investigate patterns of gene flow between the field vole lineages, we used Tree-
Mix 1.13 [79] to estimate the number and intensity of historical migrations. We con-
verted the dataset of 860,300 filtered transversions from transposed genotype files
to the TreeMix format using PLINK 1.9 [80] and the plink2treemix script from the
TreeMix distribution. We performed five iterations of TreeMix runs with each zero to
eight migration edges. For each iteration, we subsampled 80% of the SNP positions to
introduce variations in likelihood. To choose the optimal number of migration events
we used the ‘Evanno’ approach implemented in the optM R package [81] (Additional
file 2: Fig. S5). To assess node support of the Maximum Likelihood tree produced by
TreeMix 1.13 we ran 100 bootstrap replicates (-bootstrap) of TreeMix analyses with
zero and one migration edge. We computed node supports using the ape package in
R. We further used Dsuite [82] to calculate Fbranch (f;) statistics based on classic
D-statistics [83]. We ran the Dtrio program with default parameters and used the tree
topology inferred by TreeMix with no migration edges to calculate the Fbranch sta-
tistic. To additionally evaluate the relationships between the main evolutionary line-
ages we reconstructed an admixture graph using AdmixtureBayes [84]. We limited
this analysis to six individuals, outgroup (WMO007), one each from the Portuguese
(WM581), Mediterranean (WM330) and our new Italian (MI605) field vole lineages
and two from the short-tailed (FV396 and WMO009) field vole lineage. From our SNP
dataset, we excluded sites with missing data, which resulted in 491,973 SNPs. We per-
formed three independent analyses for 30 million iterations with 32 MCMC chains
(-n 600,000 -MCMC_chains 32). We evaluated the convergence using the R script
provided by the authors (https://github.com/avaughn271/AdmixtureBayes) and plot-
ted three topologies with the highest posterior probabilities and best estimates of the
branch lengths and admixture proportions.

Supplementary Information
The online version contains supplementary material available at https://doi.org/10.1186/513059-026-03961-y.

Additional file 1: Supplementary Tables S1-S10.

Additional file 2: Supplementary Figures S1-510 and supplementary Methods and Results including additional refer-
ences [85-198].

Acknowledgements

We are grateful to Karol Zub (Mammal Research Institute, PAS, Biatowieza, Poland), Jeno Purger (University of Pécs, Pécs,
Hungary), Alina Mishta (Schmalhausen Institute of Zoology, National Academy of Sciences of Ukraine, Kiev), Gabriel
Chisamera (National Museum of Natural History “Grigore Antipa’, Bucharest, Romania), Mihaly Gasparik and Gabor Csorba
(Hungarian Natural History Museum, Budapest, Hungary), Attilio Galiberti (University of Siena), Benedetto Sala (University
of Ferrara) and to staff of Museum and Institute of Zoology, PAS (tomna, Poland) for granting access or providing modern
and ancient specimens. We thank Marcin Sokotowski (University of Warsaw, Poland) for his help with Python scripts. We
are grateful to Y. Fagault and T. Tuna for technical support for AMS in Aix-en-Provence.


https://github.com/avaughn271/AdmixtureBayes
https://doi.org/10.1186/s13059-026-03961-y

Baca et al. Genome Biology (2026) 27:69 Page 19 of 27

Peer review information

Andrew Cosgrove and Claudia Feng were the primary editors of this article and managed its editorial process and peer
review in collaboration with the rest of the editorial team. The peer-review history is available in the online version of this
article.

Authors’ contributions

MB and AN designed the study, acquired funding, and supervised the project; MB, BB, DP, and MG performed the labora-
tory work; HF performed collagen extraction and quality assessment; EB supervised AMS radiocarbon dating in Aix-en-
Provence; PCA, CB, GC-B, TF, JH, IH, MK, ML, AL, JML-G, EL, XM, AM, SP, JB, MP, SVP, PP, IRR, JBS, JS, TS, and JMW provided
samples and information on context; MB and BB analysed the data; MB wrote the original draft with input from AN, JBS,
LD, and JH, and prepared the figures. All authors have contributed to and accepted the final version of the manuscript.

Funding

This research was financed by Polish National Science Centre grants 2020/38/E/NZ8/00431 and 2015/19/D/NZ8/03878
to MB. IRR was supported by “Axudas de apoio d etapa de formacién posdoutoral” grant (ED481B-2023-040), funded

by Conselleria de Cultura, Educacién, Formacion Profesional e Universidades, Xunta de Galicia. JML-G received support
from the Spanish Ministry of Science and Innovation (MCIN/AEI/10.13039/501100011033/FEDER ‘Una manera de hacer
Europa) (grant number: PID2021-122533NB-100) and AGAUR-Generalitat de Catalunya (grant number 2021SGR-01238
and 2023PFR-URV-01238). EB was supported by ANR MARCARA. L.D. acknowledges support from the Swedish Research
Council (2021-00625) and the European Union (ERC, PrimiGenomes, 101054984). XM received funding from Consolidate
Research Group IT-1602-22 of the Basque Government University Research System.

Data availability

Raw reads from shotgun sequencing and mapped reads from mtDNA target enrichment were deposited in the ENA
under the project accession number PRIEB67915 [199]. Sequencing reads for two additional field voles used in this
study are available from ENA under project accessions PRINA564473 and PRINA290426 [200, 201]. The alignment of the
mtDNA sequences used in the phylogenetic reconstruction was deposited in the RepOD repository (https:/doi.org/10.
18150/DNEOTW) [202]. Python scripts were deposited in the RepOD repository (https:/doi.org/10.18150/DFUJ4M) [203].
Commands enabling replication of the presented analyses are available on GitHub (https:/github.com/mateuszbaca/
FieldVoles) [204]. All repositories are released under a CC-BY 4.0 license.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

!Centre of New Technologies, University of Warsaw, Warsaw, Poland. ?CIBIO/BIOPOLIS - Research Center in Biodiversity
and Genetic Resources & Faculty of Sciences, University of Porto, Vairdo, Portugal. 3CEREGE, Aix-Marseille University, CNRS,
IRD, INRAE, Collége de France, Aix-en-Provence, France. *Faculty of Archeology, University of Warsaw, Warsaw, Poland.
°Aragosaurus-lUCA-Earth Sciences Department, University of Zaragoza, Zaragoza, Spain. ®Centre for Palaeogenetics,
Stockholm, Sweden. ’Department of Zoology, Stockholm University, Stockholm, Sweden. ®Department of Bioinformatics
and Genetics, Swedish Museum of Natural History, Stockholm, Sweden. °Department of Anthropology & Archaeology,
University of Bristol, Bristol, UK. '°Department of Human Evolution, Max Planck Institute for Evolutionary Anthropology,
Leipzig, Germany. HI\/Hning Institute, Ural Branch, Russian Academy of Sciences, Perm, Russia. 12National Museums Scot-
land, Edinburgh, UK. *Department of Zoology, Charles University, Prague, Czechia. '“Institute of Archaeology, Nicolaus
Copernicus University in Torun, Torun, Poland. 1>School of Sciences, Bath Spa University, Bath, UK. 19|nstitute of Systemat-
ics and Evolution of Animals, Polish Academy of Sciences, Krakéw, Poland. '/ Catalan Institute of Human Paleoecology
and Social Evolution (IPHES-CERCA), Tarragona, Spain. HgDepartmem of History and Art History, Rovira i Virgili University,
Tarragona, Spain. '°Institute for Archaeological Sciences, University of Tibingen, Tibingen, Germany. ?°Department

of Geology, University of the Basque Country (UPV/EHU), Bilbao, Spain. 21 Department of Biology, Faculty of Science,
Urmia University, Urmia, Iran. ?Department of Humanities, Prehistoric and Anthropological Science Unit, University

of Ferrara, Ferrara, Italy. Znstitute of Environmental Geology and Geoengineering, National Research Council, Milan,
Italy. *The Natural History Museum, London, UK. “Institute of Archaeology, University College London, London, UK.
26European Molecular Biology Laboratory, European Bioinformatics Institute, Hinxton, Cambridge, UK. 27AN. Severtsov
Institute of Ecology and Evolution, Russian Academy of Sciences, Moscow, Russia. ?HUN-REN-MTM-ELTE Research Group
for Paleontology, Budapest, Hungary. *’Marine Research Centre, MAPAS Lab, University of Vigo, Vigo, Spain. *°Department
of Ecology and Evolutionary Biology, Cornell University, Ithaca, USA. *'Mammal Research Institute, Polish Academy of Sci-
ences, Bialowieza, Poland. *?Institute of Plant and Animal Ecology, Ural Branch, Russian Academy of Sciences, Yekaterin-
burg, Russia.

Received: 2 August 2024 Accepted: 14 January 2026
Published online: 02 February 2026


https://doi.org/10.18150/DNEO1W
https://doi.org/10.18150/DNEO1W
https:/doi.org/10.18150/DFUJ4M
https:/github.com/mateuszbaca/FieldVoles
https:/github.com/mateuszbaca/FieldVoles

Baca et al. Genome Biology (2026) 27:69

References

1.

20.

21.

22.

23.

24.

25.

26.

Fejfar O, Heinrich W. Muroid rodent biochronology of the Neogene and Quaternary in Europe. In: Lindsay

HE, Fahlbusch V, Mein P, editors. European Neogene mammal chronology, vol. 180. Boston: NATO ASI Series,
Springer; 1990. p. 91-117.

Fejfar O, Heinrich WD, Kordos L, Maul LC. Microtoid cricetids and the early history of arvicolids (Mammalia,
Rodentia). Paleont Electr. 2011;14. http://palaeo-electronica.org/2011_3/6_fejfar/index.html.

Jaarola M, Martinkova N, Gtindz |, Brunhoff C, Zima J, Nadachowski A, et al. Molecular phylogeny of the speci-
ose vole genus Microtus (Arvicolinae, Rodentia) inferred from mitochondrial DNA sequences. Mol Phylogenet
Evol. 2004;33:647-63. https://doi.org/10.1016/j.ympev.2004.07.015.

Robovsky J, Ri¢cankova V, Zrzavy J. Phylogeny of Arvicolinae (Mammalia, Cricetidae): utility of morphological
and molecular data sets in a recently radiating clade. Zool Scr. 2008;37:571-90. https://doi.org/10.1111/}.1463-
6409.2008.00342.x.

Abramson NI, Bodrov SY, Bondareva OV, Genelt-Yanovskiy EA, Petrova TV. A mitochondrial genome phylogeny
of voles and lemmings (Rodentia: Arvicolinae): evolutionary and taxonomic implications. PLoS One. 2021;16:1-
28. https://doi.org/10.1371/journal.pone.0248198.

Withnell CB, Scarpetta SG. A new perspective on the taxonomy and systematics of Arvicolinae (Gray, 1821)
and a new time-calibrated phylogeny for the clade. Peer). 2024;12:e16693. https://doi.org/10.7717/peer).
16693.

Krystufek B, Shenbrot G. Voles and lemmings (Arvicolinae) of the Palaearctic Region. Maribor: University of Mari-
bor, University Press; 2022. https://doi.org/10.18690/um.fnm.2.2022.

Paupério J, Herman JS, Melo-Ferreira J, Jaarola M, Alves PC, Searle JB. Cryptic speciation in the field vole: a multilo-
cus approach confirms three highly divergent lineages in Eurasia. Mol Ecol. 2012,21:6015-32. https://doi.org/10.
1111/mec.12024.

Nadachowski A. Biharian voles (Arvicolidae, Rodentia, Mammalia) from Kozi Grzbiet (Central Poland). Acta Zool
Cracov. 1985;29:13-28.

Popova L, Nezdolii Y, Syniavska |, Rekovets L, Krokhmal' O, Mironchuk T, et al. Spatial and temporal patterns of spe-
cies replacement in the Middle Pleistocene: a case study of Microtus nivaloides Major, 1902 and morphologically
related species of the Northern Black Sea and Azov areas. J Quat Sci. 2022;37:1229-45. https://doi.org/10.1002/jgs.
3445,

Nadachowski A. Late Quaternary rodents of Poland with special reference to morphotype dentition analysis of
voles. Warszawa-Krakéw: PWN; 1982.

Buckley M, Gu M, Denys C, Herman J, Chamberlain AT, Junno J-A. Species identification of voles and lemmings
from late Pleistocene deposits in Pin Hole Cave (Creswell Crags, UK) using collagen fingerprinting. Quat Int.
2018;483:83-9. https://doi.org/10.1016/j.quaint.2018.03.015.

Kowalski K. Pleistocene rodents of Europe. Folia Quat. 2001;72:3-389. http://baztech.icm.edu.pl/baztech/cgi-bin/
btgetdoc.cgi?’AGHM-0018-0004.

Gretzinger J, Molak M, Reiter E, Pfrengle S, Urban C, Neukamm J, et al. Large-scale mitogenomic analysis

of the phylogeography of the Late Pleistocene cave bear. Sci Rep. 2019;9:10700. https://doi.org/10.1038/
$41598-019-47073-z.

Stuart AJ, Kosintsev PA, Higham TFG, Lister AM. Pleistocene to Holocene extinction dynamics in giant deer and
woolly mammoth. Nature. 2004;431:684-9. https://doi.org/10.1038/nature02890.

Palkopoulou E, Baca M, Abramson NI, Sablin M, Socha P, Nadachowski A, et al. Synchronous genetic turnovers
across western Eurasia in late Pleistocene collared lemmings. Glob Chang Biol. 2016,22:1710-21. https://doi.org/
10.1111/gcb.13214.

Baca M, Popovi¢ D, Agadzhanyan AK, Baca K, Conard NJ, Fewlass H, et al. Ancient DNA of narrow-headed vole
reveal common features of the Late Pleistocene population dynamics in cold-adapted small mammals. Proc Biol
Sci. 2023;290:20222238. https://doi.org/10.1098/rspb.2022.2238.

Rasmussen SO, Andersen KK, Svensson AM, Steffensen JP, Vinther BM, Clausen HB, et al. A new Greenland ice core
chronology for the last glacial termination. J Geophys Res. 2006;111:D06102. https://doi.org/10.1029/2005JD0060
79.

Nadachowski A. Taxonomic value of anteroconid measurements of M1 in common and field voles. Acta Theriol
(Warsz). 1984,29:123-43. https://doi.org/10.4098/at.arch.84-10.

Navarro N, Montuire S, Onofrei C, Laffont R, Steimetz E, Royer A. Identifying past remains of morphologically
similar vole species using molar shapes. Quaternary. 2018;1:20. https://doi.org/10.3390/quat1030020.

Luzi E, Lopez-Garcia JM. Patterns of variation in Microtus arvalis and Microtus agrestis populations from middle to
late Pleistocene in southwestern Europe. Hist Biol. 2019;31:535-43. https://doi.org/10.1080/08912963.2017.13754
90.

Fletcher NK, Acevedo P, Herman JS, Paupério J, Alves PC, Searle JB. Glacial cycles drive rapid divergence of cryptic
field vole species. Ecol Evol. 2019;9:14101-13. https://doi.org/10.1002/ece3.5846.

Beysard M, Perrin N, Jaarola M, Heckel G, Vogel P. Asymmetric and differential gene introgression at a contact zone
between two highly divergent lineages of field voles (Microtus agrestis). J Evol Biol. 2012;25:400-8. https://doi.org/
10.1111/j.1420-9101.2011.02432.x.

Herman JS, McDevitt AD, Kawatko A, Jaarola M, Wéjcik JM, Searle JB. Land-bridge calibration of molecular

clocks and the post-glacial colonization of Scandinavia by the Eurasian field vole Microtus agrestis. PLoS One.
2014;9:2103949. https://doi.org/10.1371/journal.pone.0103949.

Herman JS, Searle JB. Post-glacial partitioning of mitochondrial genetic variation in the field vole. Proc R Soc B.
2011;278:3601-7. https://doi.org/10.1098/rspb.2011.0321.

Baca M, Popovi¢ D, Lemanik A, Bafuls-Cardona S, Conard NJ, Cuenca-Bescos G, et al. Ancient DNA reveals intersta-
dials as a driver of common vole population dynamics during the last glacial period. J Biogeogr. 2023;50:183-96.
https://doi.org/10.1111/jbi.14521.

Page 20 of 27


http://palaeo-electronica.org/2011_3/6_fejfar/index.html
https://doi.org/10.1016/j.ympev.2004.07.015
https://doi.org/10.1111/j.1463-6409.2008.00342.x
https://doi.org/10.1111/j.1463-6409.2008.00342.x
https://doi.org/10.1371/journal.pone.0248198
https://doi.org/10.7717/peerj.16693
https://doi.org/10.7717/peerj.16693
https://doi.org/10.18690/um.fnm.2.2022
https://doi.org/10.1111/mec.12024
https://doi.org/10.1111/mec.12024
https://doi.org/10.1002/jqs.3445
https://doi.org/10.1002/jqs.3445
https://doi.org/10.1016/j.quaint.2018.03.015
http://baztech.icm.edu.pl/baztech/cgi-bin/btgetdoc.cgi?AGHM-0018-0004
http://baztech.icm.edu.pl/baztech/cgi-bin/btgetdoc.cgi?AGHM-0018-0004
https://doi.org/10.1038/s41598-019-47073-z
https://doi.org/10.1038/s41598-019-47073-z
https://doi.org/10.1038/nature02890
https://doi.org/10.1111/gcb.13214
https://doi.org/10.1111/gcb.13214
https://doi.org/10.1098/rspb.2022.2238
https://doi.org/10.1029/2005JD006079
https://doi.org/10.1029/2005JD006079
https://doi.org/10.4098/at.arch.84-10
https://doi.org/10.3390/quat1030020
https://doi.org/10.1080/08912963.2017.1375490
https://doi.org/10.1080/08912963.2017.1375490
https://doi.org/10.1002/ece3.5846
https://doi.org/10.1111/j.1420-9101.2011.02432.x
https://doi.org/10.1111/j.1420-9101.2011.02432.x
https://doi.org/10.1371/journal.pone.0103949
https://doi.org/10.1098/rspb.2011.0321
https://doi.org/10.1111/jbi.14521

Baca et al. Genome Biology (2026) 27:69 Page 21 of 27

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

Lord E, Marangoni A, Baca M, Popovi¢ D, Goropashnaya AV, Stewart JR, et al. Population dynamics and
demographic history of Eurasian collared lemmings. BMC Ecol Evol. 2022;22:126. https://doi.org/10.1186/
$12862-022-02081-y.

Salis AT, Bray SCE, Lee MSY, Heiniger H, Barnett R, Burns JA, et al. Lions and brown bears colonized North America
in multiple synchronous waves of dispersal across the Bering Land Bridge. Mol Ecol. 2022;31:6407-21. https://doi.
org/10.1111/mec.16267.

Doan K, Niedziatkowska M, Stefaniak K, Sykut M, Jedrzejewska B, Ratajczak-Skrzatek U, et al. Phylogenet-

ics and phylogeography of red deer mtDNA lineages during the last 50 000 years in Eurasia. Zool J Linn Soc.
2021;194:431-56. https://doi.org/10.1093/zoolinnean/zlab025.

Jaarola M, Searle JB. A highly divergent mitochondrial DNA lineage of Microtus agrestis in southern Europe. Hered-
ity (Edinb). 2004;92:228-34. https://doi.org/10.1038/sj.hdy.6800400.

Li H, Durbin R. Inference of human population history from individual whole-genome sequences. Nature.
2011,475:493-6. https://doi.org/10.1038/nature10231.

Sjodin P, McKenna J, Jakobsson M. Estimating divergence times from DNA sequences. Genetics. 2021. https://doi.
org/10.1093/genetics/iyab008.

Mathias MDL, Hart EB, Ramalhinho MDG, Jaarola M. Microtus agrestis (rodentia: cricetidae). Mamm Species.
2017,49(944):23-39. https://doi.org/10.1093/mspecies/sex003.

Savola S, Henttonen H, Lindén H. Vole population dynamics during the succession of a commercial forest in
northern Finland. Ann Zool Fenn. 2013;50:79-88.

Lisiecki LE, Raymo ME. A pliocene-pleistocene stack of 57 globally distributed benthic & '® o records. Paleoceanog-
raphy. 2005;20:PA1003. https://doi.org/10.1029/2004PA001071.

Wang X, Peischl S, Heckel G. Demographic history and genomic consequences of 10,000 generations of isolation
in a wild mammal. Curr Biol. 2023;33:2051-62. https://doi.org/10.1016/j.cub.2023.04.042.

Bertola LD, Quinn L, Hanghgj K, Garcia-Erill G, Rasmussen MS, Balboa RF, et al. Giraffe lineages are shaped by major
ancient admixture events. Curr Biol. 2024;34:1576-86. https://doi.org/10.1016/j.cub.2024.02.051.

Garcia-Erill G, Kjzer MM, Albrechtsen A, Siegismund HR, Heller R. Vicariance followed by secondary gene flow in a
young gazelle species complex. Mol Ecol. 2021;30:528-44. https://doi.org/10.1111/mec.15738.

Westbury MV, Le Duc D, Duchéne DA, Krishnan A, Prost S, Rutschmann S, et al. Ecological specialization and evo-
lutionary reticulation in extant Hyaenidae. Mol Biol Evol. 2021;38:3884-97. https://doi.org/10.1093/molbev/msab0
55.

He Z, Li X, Yang M, Wang X, Zhong C, Duke NG, et al. Speciation with gene flow via cycles of isolation and migra-
tion: insights from multiple mangrove taxa. Natl Sci Rev. 2019;6:275-88. https://doi.org/10.1093/nsr/nwy078.
Amori G, Contoli L, Nappi A. Fauna d'ltalia, Mammalia II: Erinaceomorpha, Soricomorpha, Lagomorpha, Rodentia.
Fauna D'ltalia. Milan: Edizioni Calderini de Il Sole; 2008. p. 44.

Berto C, Lopez-Garcia JM, Luzi E. Changes in the late Pleistocene small-mammal distribution in the Italian Penin-
sula. Quat Sci Rev. 2019;225:106019. https://doi.org/10.1016/j.quascirev.2019.106019.

Lopez-Garcia JM, Luzi E, Peresani M. Middle to late Pleistocene environmental and climatic reconstruction of the
human occurrence at Grotta Maggiore di San Bernardino (Vicenza, Italy) through the small-mammal assemblage.
Quat Sci Rev. 2017;168:42-54.

Pini R, Ravazzi C, Reimer PJ. The vegetation and climate history of the last glacial cycle in a new pollen record from
Lake Fimon (southern Alpine foreland, N-Italy). Quat Sci Rev. 2010;29:3115-37. https://doi.org/10.1016/j.quascirev.
2010.06.040.

Allen JRM, Huntley B. Weichselian palynological records from southern Europe: correlation and chronology. Quat
Int. 2000;73:111-25. https://doi.org/10.1016/51040-6182(00)00068-9.

Badino F, Pini R, Ravazzi C, Chytry M, Bertuletti P, Bortolini E. High-resolution ecosystem changes pacing the millen-
nial climate variability at the Middle to Upper Palaeolithic transition in NE-Italy. Sci Rep. 2023;13:12478. https://doi.
0rg/10.1038/s41598-023-38081-1.

Peresani M, Monegato G, Ravazzi C, Bertola S, Margaritora D, Breda M, et al. Hunter-gatherers across the great
Adriatic-Po region during the Last Glacial Maximum: environmental and cultural dynamics. Quat Int. 2021;581—
582:128-63. https://doi.org/10.1016/j.quaint.2020.10.007.

Chaline J. Les rongeures du pléistocéne moyen et supérieur de France (systématique, biostratigraphie, paléocli-
matologie). Cahiers Paléontologie. Paris: CNRS; 1972.

Lemanik A, Baca M, Wertz K, Socha P, Popovi¢ D, Tomek T. The impact of major warming at 14.7 ka on environmen-
tal changes and activity of Final Palaeolithic hunters at a local scale (Orawa-Nowy Targ Basin, Western Carpathians,
Poland). Archaeol Anthropol Sci. 2020;12:66. https://doi.org/10.1007/512520-020-01020-6.

Davtian N, Bard E. A new view on abrupt climate changes and the bipolar seesaw based on paleotemperatures
from Iberian Margin sediments. Proc Natl Acad Sci U S A. 2023;120(12):2209558120. https://doi.org/10.1073/pnas.
2209558120.

Searle JB, Kotlik P, Rambau RV, Markova S, Herman JS, McDevitt AD. The Celtic Fringe of Britain: insights from small
mammal phylogeography. Proc R Soc B. 2009;276:4287-94. https://doi.org/10.1098/rspb.2009.1422.

Kotlik P, Deffontaine V, Mascheretti S, Zima J, Michaux JR, Searle JB. A northern glacial refugium for bank voles
(Clethrionomys glareolus). Proc Natl Acad Sci U S A. 2006;103:14860-4.

Hosek J, Pokorny P, Storch D, Kvacek J, Havig J, Novék J, et al. Hot spring oases in the periglacial desert as the Last
Glacial Maximum refugia for temperate trees in Central Europe. Sci Adv. 2024;10:eado6611.

Stojak J, Tarnowska E. Polish suture zone as the goblet of truth in post-glacial history of mammals in Europe.
Mamm Res. 2019;64(4):463-75. https://doi.org/10.1007/513364-019-00433-6.

Stojak J, Wéjcik JM, Ruczyniska |, Searle JB, McDevitt AD. Contrasting and congruent patterns of genetic structuring
in two Microtus vole species using museum specimens. Mamm Res. 2016;61:141-52. https://doi.org/10.1007/
$13364-015-0260-y.


https://doi.org/10.1186/s12862-022-02081-y
https://doi.org/10.1186/s12862-022-02081-y
https://doi.org/10.1111/mec.16267
https://doi.org/10.1111/mec.16267
https://doi.org/10.1093/zoolinnean/zlab025
https://doi.org/10.1038/sj.hdy.6800400
https://doi.org/10.1038/nature10231
https://doi.org/10.1093/genetics/iyab008
https://doi.org/10.1093/genetics/iyab008
https://doi.org/10.1093/mspecies/sex003
https://doi.org/10.1029/2004PA001071
https://doi.org/10.1016/j.cub.2023.04.042
https://doi.org/10.1016/j.cub.2024.02.051
https://doi.org/10.1111/mec.15738
https://doi.org/10.1093/molbev/msab055
https://doi.org/10.1093/molbev/msab055
https://doi.org/10.1093/nsr/nwy078
https://doi.org/10.1016/j.quascirev.2019.106019
https://doi.org/10.1016/j.quascirev.2010.06.040
https://doi.org/10.1016/j.quascirev.2010.06.040
https://doi.org/10.1016/S1040-6182(00)00068-9
https://doi.org/10.1038/s41598-023-38081-1
https://doi.org/10.1038/s41598-023-38081-1
https://doi.org/10.1016/j.quaint.2020.10.007
https://doi.org/10.1007/s12520-020-01020-6
https://doi.org/10.1073/pnas.2209558120
https://doi.org/10.1073/pnas.2209558120
https://doi.org/10.1098/rspb.2009.1422
https://doi.org/10.1007/s13364-019-00433-6
https://doi.org/10.1007/s13364-015-0260-y
https://doi.org/10.1007/s13364-015-0260-y

Baca et al. Genome Biology (2026) 27:69 Page 22 of 27

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Dabney J, Knapp M, Glocke I, Gansauge M-T, Weihmann A, Nickel B, et al. Complete mitochondrial genome
sequence of a Middle Pleistocene cave bear reconstructed from ultrashort DNA fragments. Proc Natl Acad Sci U S
A.2013;110:15758-63. https://doi.org/10.1073/pnas.1314445110.

Rohland N, Glocke I, Aximu-Petri A, Meyer M. Extraction of highly degraded DNA from ancient bones, teeth

and sediments for high-throughput sequencing. Nat Protoc. 2018;13:2447-61. https://doi.org/10.1038/
541596-018-0050-5.

Baca M, Popovi¢ D, Lemanik A, Baca K, Horacek |, Nadachowski A. Highly divergent lineage of narrow-headed vole
from the Late Pleistocene Europe. Sci Rep. 2019;9:17799. https://doi.org/10.1038/541598-019-53937-1.

Gansauge MT, Aximu-Petri A, Nagel S, Meyer M. Manual and automated preparation of single-stranded DNA librar-
ies for the sequencing of DNA from ancient biological remains and other sources of highly degraded DNA. Nat
Protoc. 2020;15:2279-300. https://doi.org/10.1038/541596-020-0338-0.

Rohland N, Harney E, Mallick S, Nordenfelt S, Reich D. Partial uracil-DNA-glycosylase treatment for screening of
ancient DNA. Philos Trans R Soc Lond B Biol Sci. 2015;370:20130624. https://doi.org/10.1098/rstb.2013.0624.

Horn S. Case study: enrichment of ancient mitochondrial DNA by hybridization capture. Methods Mol Biol.
2012;840:189-95. https://doi.org/10.1007/978-1-61779-516-9_22.

Schubert M, Lindgreen S, Orlando L. Adapterremoval v2: rapid adapter trimming, identification, and read merging.
BMC Res Notes. 2016;9:1-7. https://doi.org/10.1186/513104-016-1900-2.

Li H. Aligning sequence reads, clone sequences and assembly contigs with BWA-MEM. arXiv:1303.3997v2.
2013;00:1-3. http://arxiv.org/abs/1303.3997.

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The sequence alignment/map format and SAM-
tools. Bioinformatics. 2009;25:2078-9. https://doi.org/10.1093/bioinformatics/btp352.

Grubaugh ND, Gangavarapu K, Quick J, Matteson NL, De Jesus JG, Main BJ, et al. An amplicon-based sequencing
framework for accurately measuring intrahost virus diversity using PrimalSeq and iVar. Genome Biol. 2019;20(8):1-
19. https://doi.org/10.1186/513059-018-1618-7.

Jun G, Wing MK, Abecasis GR, Kang HM. An efficient and scalable analysis framework for variant extraction and
refinement from population-scale DNA sequence data. Genome Res. 2015;25:918-25. https://doi.org/10.1101/gr.
176552.114.

McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernytsky A, et al. The genome analysis toolkit: a MapRe-
duce framework for analyzing next-generation DNA sequencing data. Genome Res. 2010;20:1297-303. https://
doi.org/10.1101/gr.107524.110.

Cabrera AA, Rey-Iglesia A, Louis M, Skovrind M, Westbury MV, Lorenzen ED. How low can you go: sex identification
from low-quantity sequencing data despite lacking assembled sex chromosomes. bioRxiv. 2022. https://doi.org/
10.1101/2021.11.04.467120.

Grabherr MG, Russell P, Meyer M, Mauceli E, Alfoldi J, di Palma F, et al. Genome-wide synteny through highly
sensitive sequence alignment: satsuma. Bioinformatics. 2010;26:1145-51. https://doi.org/10.1093/bioinformatics/
btg102.

Fewlass H, Tuna T, Fagault Y, Hublin JJ, Kromer B, Bard E, et al. Pretreatment and gaseous radiocarbon dating of
40-100 mg archaeological bone. Sci Rep. 2019;9:5342. https://doi.org/10.1038/541598-019-41557-8.

Suchard MA, Lemey P, Baele G, Ayres DL, Drummond AJ, Rambaut A. Bayesian phylogenetic and phylodynamic
data integration using BEAST 1.10. Virus Evol. 2018;4:vey016. https://doi.org/10.1093/ve/vey016.

Katoh K, Standley DM. MAFFT multiple sequence alignment software version 7: improvements in performance
and usability. Mol Biol Evol. 2013;30(4):772-80. https://doi.org/10.1093/molbev/mst010.

Lanfear R, Frandsen PB, Wright AM, Senfeld T, Calcott B. Partitionfinder 2: new methods for selecting partitioned
models of evolution for molecular and morphological phylogenetic analyses. Mol Biol Evol. 2016;34(3):772-3.
https://doi.org/10.1093/molbev/msw260.

Duchene S, Lemey P, Stadler T, Ho SYW, Duchene DA, Dhanasekaran V, et al. Bayesian evaluation of temporal signal
in measurably evolving populations. Mol Biol Evol. 2020;37(11):3363-79. https://doi.org/10.1093/molbev/msaal
63.

Rambaut A, Drummond AJ, Xie D, Baele G, Suchard MA. Posterior summarization in Bayesian phylogenetics using
Tracer 1.7. Syst Biol. 2018;67(5):901-4. https://doi.org/10.1093/sysbio/syy032.

Korneliussen TS, Albrechtsen A, Nielsen R. ANGSD: analysis of next generation sequencing data. BMC Bioinformat-
ics. 2014;15:356. https://doi.org/10.1186/512859-014-0356-4.

Alexander D, Novembre J, Lange K. Fast model-based estimation of ancestry in unrelated individuals. Genome Res.
2009;19(9):1655-64. https://doi.org/10.1101/gr.094052.109.

Uchimura A, Higuchi M, Minakuchi Y, Ohno M, Toyoda A, Fujiyama A, et al. Germline mutation rates and the long-
term phenotypic effects of mutation accumulation in wild-type laboratory mice and mutator mice. Genome Res.
2015;25:1125-34. https://doi.org/10.1101/gr.186148.114.

Pickrell JK, Pritchard JK. Inference of population splits and mixtures from genome-wide allele frequency data. PLoS
Genet. 2012;8(11):21002967. https://doi.org/10.1371/journal.pgen.1002967.

Chang CC, Chow CC, Tellier LCAM, Vattikuti S, Purcell SM, Lee JJ. Second-generation PLINK: rising to the challenge
of larger and richer datasets. Gigascience. 2015;4:7. https://doi.org/10.1186/513742-015-0047-8.

Fitak RR. OptM: estimating the optimal number of migration edges on population trees using Treemix. Biol Meth-
ods Protoc. 2021. https://doi.org/10.1093/biomethods/bpab017.

Malinsky M, Matschiner M, Svardal H. Dsuite - fast D-statistics and related admixture evidence from VCF files. Mol
Ecol Resour. 2021;21:584-95. https://doi.org/10.1111/1755-0998.13265.

Patterson N, Moorjani P, Luo Y, Mallick S, Rohland N, Zhan Y, et al. Ancient admixture in human history. Genetics.
2012;192:1065-93. https://doi.org/10.1534/genetics.112.145037.

Nielsen SV, Vaughn AH, Leppald K, Landis MJ, Mailund T, Nielsen R. Bayesian inference of admixture graphs on
Native American and Arctic populations. PLoS Genet. 2023;19(2):e1010410. https://doi.org/10.1371/journal.pgen.
1010410.


https://doi.org/10.1073/pnas.1314445110
https://doi.org/10.1038/s41596-018-0050-5
https://doi.org/10.1038/s41596-018-0050-5
https://doi.org/10.1038/s41598-019-53937-1
https://doi.org/10.1038/s41596-020-0338-0
https://doi.org/10.1098/rstb.2013.0624
https://doi.org/10.1007/978-1-61779-516-9_22
https://doi.org/10.1186/s13104-016-1900-2
http://arxiv.org/abs/1303.3997v2
http://arxiv.org/abs/1303.3997
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1186/s13059-018-1618-7
https://doi.org/10.1101/gr.176552.114
https://doi.org/10.1101/gr.176552.114
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1101/2021.11.04.467120
https://doi.org/10.1101/2021.11.04.467120
https://doi.org/10.1093/bioinformatics/btq102
https://doi.org/10.1093/bioinformatics/btq102
https://doi.org/10.1038/s41598-019-41557-8
https://doi.org/10.1093/ve/vey016
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1093/molbev/msw260
https://doi.org/10.1093/molbev/msaa163
https://doi.org/10.1093/molbev/msaa163
https://doi.org/10.1093/sysbio/syy032
https://doi.org/10.1186/s12859-014-0356-4
https://doi.org/10.1101/gr.094052.109
https://doi.org/10.1101/gr.186148.114
https://doi.org/10.1371/journal.pgen.1002967
https://doi.org/10.1186/s13742-015-0047-8
https://doi.org/10.1093/biomethods/bpab017
https://doi.org/10.1111/1755-0998.13265
https://doi.org/10.1534/genetics.112.145037
https://doi.org/10.1371/journal.pgen.1010410
https://doi.org/10.1371/journal.pgen.1010410

Baca et al. Genome Biology (2026) 27:69 Page 23 of 27

85.

86.

87.
88.

89.

90.

91.

92.

93.

94.

95.

96.
97.

98.

99.

106.

107.

108.

109.

M2

13.

114.

115.

116.

17.

Meyer M, Kircher M. lllumina sequencing library preparation for highly multiplexed target capture and sequenc-
ing. Cold Spring Harb Protoc. 2010;5(6):t5448.

Maricic T, Whitten M, Pdébo S. Multiplexed DNA sequence capture of mitochondrial genomes using PCR products.
PLoS One. 2010;5:9-13. https://doi.org/10.1371/journal.pone.0014004.

Brock F, Bronk Ramsey C, Higham T. Quality assurance of ultrafiltered bone dating. Radiocarbon. 2007;49:187-92.
DeNiro MJ. Postmortem preservation and alteration of in vivo bone collagen isotope ratios in relation to palaeodi-
etary reconstruction. Nature. 1985;317(6040):806-9.

van Klinken GJ. Bone collagen quality indicators for palaeodietary and radiocarbon measurements. J Archaeol Sci.
1999;26(6):687-95.

Guiry EJ, Szpak P. Improved quality control criteria for stable carbon and nitrogen isotope measurements of
ancient bone collagen. J Archaeol Sci. 2021;132:105416.

Wacker L, Némec M, Bourquin J. A revolutionary graphitisation system: fully automated, compact and simple. Nucl
Instrum Methods Phys Res B. 2010,268:931-4.

Synal HA, Stocker M, Suter M. MICADAS: a new compact radiocarbon AMS system. Nucl Instrum Methods Phys Res
B.2007,259(1):7-13.

Wacker L, Christl M, Synal HA. Bats: a new tool for AMS data reduction. Nucl Instrum Methods Phys Res B.
2010;268(7-8):976-9.

Bard E, TunaT, Fagault Y, Bonvalot L, Wacker L, Fahrni S, et al. AixMICADAS, the accelerator mass spectrometer
dedicated to 14C recently installed in Aix-en-Provence, France. Nucl Instrum Methods Phys Res B. 2015;361:80-6.
Fewlass H, Talamo S, Tuna T, Fagault Y, Kromer B, Hoffmann H, et al. Size matters: radiocarbon dates of <200 pg
ancient collagen samples with AixMICADAS and its gas ion source. Radiocarbon. 2017;60(2):425-39.

Bronk RC. Bayesian analysis of radiocarbon dates. Radiocarbon. 2009;51:337-60.

Reimer PJ, Austin WEN, Bard E, Bayliss A, Blackwell PG, Bronk Ramsey C, et al. The IntCal20 northern hemisphere
radiocarbon age calibration curve (0-55 cal kBP). Radiocarbon. 2020,62(4):725-57.

Ferreira MA, Suchard MA. Bayesian analysis of elapsed times in continuous-time Markov chains. Can J Stat.
2008;36(3):355-68.

Baele G, Lemey P, Suchard MA. Genealogical working distributions for Bayesian model testing with phylogenetic
uncertainty. Syst Biol. 2016;65(2):250-64.

Horacek |, Sdzelova S. Vyvoj fauny obratlovcl v severoceskych piskovcovych tzemich béhem holocénu. In: Svo-
boda J, editor. Mezolit severnich Cech. Brno: Archeologicky Ustav AVCR; 2017. p. 39-48.

Stuimegi P, Nafradi K. A radiocarbon-dated cave sequence and the Pleistocene/Holocene transition in Hungary.
Open Geosci. 2015;7:783-98.

Janossy D, Kordos L. Pleistocene-Holocene mollusc and vertebrate fauna of two caves in Hungary. Ann Hist Nat
Mus Natl Hung. 1976;68:5-29.

Janossy D. Vorlaufige Ergebnisse der Ausgrabungen in der Felsnische Rejtek I. (Bukkgebirge, Gem. Répashuta).
Karszt Barlangkut. 1961;3:49-58.

Stieber J. Esami antracotomici sulla storia della vegetazione tardiglaciale in Ungheria (A hazai késéglacidlis vege-
taciotorténet anthrakotémiai vizsgélatok alapjan). Foldtani Kozl. 1969;,99:188-93.

Stimegi P, Rudner E, Torocsik T. Environmental and chronological reconstruction problems during the Pleistocene/
Holocene transition in Hungary. In: Kolozsi B, editor. Oskoros kutatok IV. 6sszejévetelének konferenciakotete.
Debrecen: Déri MUzeum; 2012. p. 279-298. (in Hungarian with English abstract).

Magyari EK, Gasparik M, Major |, Lengyel G, Pal |, Virdg A, et al. Mammal extinction facilitated biome shift and
human population change during the last glacial termination in East-Central Europe. Sci Rep. 2022;12:6796.
Vértes L. Paleolithic and Mesolithic remains in Hungary (Az skékor és az &tmeneti kékor emlékei Magyaror-
szagon). Budapest: Akadémiai Kiado; 1965.

Boschian G, De Santis A. Bears and sediments at Caverna degli Orsi — Medvedja Jama (Trieste, Italy). In: ToSkan B,
editor. Fragments of ice age environments. Opera Instituti Archaeologici Sloveniae. 2011;21:181-207.

Boschian G, Abbazzi L, Gentili S, Sala B. The “Caverna degli Orsi": a cave bear site with lithic industry in the Trieste
Karst (NE Italy). In: Proceedings of the XIIl UISPP Congress, Forli, 8-14 September 1996. Forli: Abaco Edizioni; 1998.
p.209-214.

Berto C, Rubinato G. The upper Pleistocene mammal record from Caverna degli Orsi (San Dorligo della Valle-
Dolina, Trieste, Italy): a faunal complex between eastern and western Europe. Quat Int. 2013;284:1-8.

Luzi E. Morphological and morphometric variations in Middle and Late Pleistocene Microtus arvalis and Microtus
agrestis populations: chronological insight, evolutionary trends and palaeoclimatic and palaeoenvironmental
inferences. PhD thesis. Tarragona: Universitat Rovira i Virgili; 2018.

Arnaud J, Benazzi S, Romandini M, Livraghi A, Panetta D, Salvadori AP, et al. A Neanderthal deciduous human
molar with incipient carious infection from the Middle Palaeolithic De Nadale cave. Italy Am J Phys Anthropol.
2017;162:370-6.

Terlato G, Livraghi A, Romandini M, Peresani M. Large bovids on Neanderthal menu: exploitation of Bison priscus
and Bos primigenius in northeastern Italy. J Archaeol Sci Rep. 2019;25:129-43.

Livraghi A, Fanfarillo G, Dal Colle M, Romandini M, Peresani M. Neanderthal ecology and the exploitation of cervids
and bovids at the onset of MIS 4: a study on De Nadale cave, Italy. Quat Int. 2021;586:24-41.

Vidal-Matutano P, Livraghi A, Peresani M. New charcoal evidence at the onset of MIS 4: first insights into fuel man-
agement and the local landscape at De Nadale cave (northeastern Italy). Rev Palaeobot Palynol. 2022;298:104594.
Delpiano D, Zupancich A, Bertola S, Martellotta EF, Livraghi A, Cristiani E, et al. Flexibility within Quina lithic pro-
duction systems and tool use in Northern Italy: implications on Neanderthal behavior and ecology during early
MIS 4. Archaeol Anthropol Sci. 2022;14:219.

Jéquier C, Peresani M, Romandini M, Delpiano D, Joannes-Boyau R, Lembo G, et al. The De Nadale cave, a single
layered Quina Mousterian site in the north of Italy. Quartar. 2015;62:7-21.


https://doi.org/10.1371/journal.pone.0014004

Baca et al. Genome Biology (2026) 27:69

119.

120.

121.

122.

123.

124.

125.

126.

130.

132.

133.

134.

135.

136.

137.

139.

140.

143.

144.

145.

Loépez-Garcia JM, Livraghi A, Romandini M, Peresani M. The de nadale cave (Zovencedo, Berici Hills, northeastern
Italy): a small-mammal fauna from near the onset of marine isotope stage 4 and its palaeoclimatic implications.
Palaeogeogr Palaeoclimatol Palaeoecol. 2018;506:196-201.

Lopez-Garcia JM, Berto C, Peresani M. Environmental and climatic context of the hominin occurrence in north-
eastern Italy from the late middle to late Pleistocene inferred from small-mammal assemblages. Quat Sci Rev.
2019;216:18-33.

Bartolomei G. Diagramma microfaunistico con Sicista della Grotta della Ferrovia nella“Gola della Rossa” del fiume
Esino presso lesi (Ancona). Annali dell'Universita di Ferrara, nuova serie, sezione IX, Scienze Geologiche e Mineral-
ogiche. 1966;4:69-75.

Bartolomei G, Cattani L. La fine dell'ultimo ciclo glaciale nella Valle dell'Esino, Jesi, Ancona: considerazioni paleo-
ecologiche. In: Atti della XXXXVIII Riunione scientifica: Preistoria e protoistoria delle Marche: Portonovo, Abbadia di
Fiastra, 1-5 ottobre 2003. 2005. p. 103-115.

Broglio A, Lollini D. I ritrovamenti marchigiani del Paleolitico Superiore e del Mesolitico. In: Atti del | Convegno Beni
Culturali e Ambientali delle Marche. Ancona; 1981. p. 27-61.

Ceregatti L, Berto C, Fewlass H, Baca M, Luzi E, Brancaleoni G, et al. Integration of direct radiocarbon dating,
genetic studies and taxonomy of small mammals to investigate the chronology of past climatic oscillations: the
Last Glacial Maximum sequence of Grotta della Ferrovia (Fabriano, Italy). Quat Sci Rev. 2023;309:108095.

Luzi E, Berto C, Calattini M, Tessaro C, Galiberti A. Non-analogue communities in the Italian Peninsula during late
Pleistocene: the case of Grotta del Sambuco. Quat Int. 2022;632:132-8.

Calattini M, Galiberti A, Tessaro C. La Grotta del Sambuco (Massa Marittima, GR): Risultati delle ultime ricerche. Boll
Archeol Online. 2019;X:27-36.

Paronuzzi P, Berto C, Ghezzo E, Thun Hohenstein U, Massarenti A, Reggiani P. Nota preliminare sulla sequenza UMG
di ex Cava a Filo (Croara, BO): gli aspetti stratigrafico-sedimentari, paleontologici e antropici alla luce delle ultime
indagini (2006-2016). Mem Ist Ital Speleol 1. 2018;131-144.

Nadachowski A, Valde-Nowak P. New late Pleistocene faunal assemblages from Podhale Basin, Western Carpathi-
ans, Poland: preliminary results. Acta Zool Cracov. 2015;58:181-94.

Cyrek K, Nadachowski A, Madeyska T, Bocheriski Z, Tomek T, Wojtal P, et al. Excavation in the Deszczowa Cave
(Kroczyckie Rocks, Czestochowa Upland, Central Poland). Folia Quaternaria. 2000;71:5-84.

Nadachowski A, Zarski M, Urbanowski M, Wojtal P, Miekina B, Lipecki G, et al. Late Pleistocene environment of the
Czestochowa upland (Poland) reconstructed on the basis of faunistic evidence from archaeological cave sites.
Krakow: Institute of Systematics and Evolution of Animals, Polish Academy of Sciences; 2009. p. 112.

Krajcarz M, Madeyska T. Application of the weathering parameters of bones to stratigraphical interpretation of the
sediments from two caves (Deszczowa Cave and Nietoperzowa Cave, Krakow-Czestochowa Upland, Poland). Stud
Quatern. 2010;27:43-54.

Lemanik A, Nadachowski A, Socha P. Biostratigraphic significance of the root vole (Alexandromys oeconomus )

for dating late middle and early late Pleistocene (MIS 8-MIS 3) Neanderthal sites in southern Poland. Archaeol
Anthropol Sci. 2022;14:112.

Lorenc M. Radiocarbon ages of bones from Vistulian (Weichselian) cave deposits in Poland and their stratigraphy.
Acta Geol Pol. 2013;63(3):399-424.

Cyrek K. Der jungpaléolitische Hohlefundplatz Krucza Skata in Mittelpolen. Archdol Korrespondenzbl.
1994;25:367-74.

Madeyska T. Osady skalnych schronisk w Kruczej Skale. Skatki Kroczyckie Kras i Speleologia. 1996;8:57-65.

Krajcarz MT, Madeyska T. Stratigraphy of sediments and reconstruction of sedimentary processes at Krucza Skata
Rockshelter. In: Cyrek K, Sudot-Procyk M, Czyzewski t, editors. Late Magdalenian campsite at Krucza Skata rockshel-
ter. Torun: Nicolaus Copernicus University; 2022. p. 15-32.

Cyrek K, Sudot-Procyk M, Czyzewski t, editors. Late Magdalenian campsite at Krucza Skata rockshelter. Torun:
Nicolaus Copernicus University; 2022. p. 179.

Ortowska J, Osipowicz G. Baguette demi-ronde (half-round rod) from Krucza Skafa Rockshelter in the light of tra-
ceological analyses. In: Cyrek K, Sudot-Procyk M, Czyzewski t, editors. Late Magdalenian campsite at Krucza Skata
rockshelter. Torur: Nicolaus Copernicus University; 2022. p. 82-8.

Alexandrowicz WP, Late Glacial and Early Holocene molluscan succession from Krucza Skata Rockshelter. In: Cyrek
K, Sudot-Procyk M, Czyzewski t, editors. Late Magdalenian campsite at Krucza Skata rockshelter. Torun: Nicolaus
Copernicus University; 2020. p. 117-37.

Bochenski Z, Tomek T. Bird remains from a rock-shelter in Krucza Skata (Central Poland). Acta Zool Cracov.
2004,47(1-2):27-47.

Nadachowski A, Krajcarz M, Lemanik A, Lipecki G, Marciszak A, Miekina B. Vertebrate remains from Krucza Skata
Rockshelter. In: Cyrek K, Sudot-Procyk M, Czyzewski t, editors. Late Magdalenian campsite at Krucza Skata rockshel-
ter. Torun: Nicolaus Copernicus University; 2022. p. 138-60.

Lagerholm VK, Sandoval-Castellanos E, Ehrich D, Abramson NI, Nadachowski A, Kalthoff DC, et al. On the origin of
the Norwegian lemming. Mol Ecol. 2014;23:2063-71.

Lagerholm VK, Sandoval-Castellanos E, Vaniscotte A, Potapova OR, Tomek T, Bocheriski ZM, et al. Range shift or
extinction? Ancient DNA and distribution modelling reveal past and future responses to climate warming in cold-
adapted birds. Glob Change Biol. 2017;23:1425-35.

Smith S, Sandoval-Castellanos E, Lagerholm VK, Napierala H, Sablin M, von Seth J, et al. Nonreceding hare

lines: genetic continuity since the late Pleistocene in European mountain hares (Lepus timidus). Biol J Linn Soc.
2017;120(4):891-908.

Baca M, Popovi¢ D, Panagiotopoulou H, Marciszak A, Krajcarz M, Krajcarz MT, et al. Human-mediated dispersal of
cats in the Neolithic Central Europe. Heredity. 2018;121:557-63.

Gryczewska N, Kot M, Berto C, Brancaleoni G, Krajcarz MT, Cyrek K, et al. Tracing ephemeral human occu-

pation through archaeological, palaecoenvironmental and molecular proxies at tabajowa cave. Antiquity.
2023;97(396):e31.

Page 24 of 27



Baca et al. Genome Biology (2026) 27:69 Page 25 of 27

146.
147.
148.

149.
150.
151.

152.

153.

159.

160.

161.

162.

163.

164.

167.

168.

172.

173.

174.

175.

176.

Zawisza J. Jaskinia Mamutowa w dolinie Wierzchowskiej. Wiadomosci. 1884.

Koztowski L. Starsza epoka kamienia w Polsce. Poznan: Gebethner i Wolff; 1922. p. 51.

Wilczynski J. A new beginning: modern humans in Poland. In: Kabacinski J, editor. The Past Societies: Polish lands
from the first evidence of human presence to the Early Middle Ages. Institute of Archaeology and Ethnology, Pol-
ish Academy of Sciences: Warszawa; 2016. p. 111-28.

Koztowski JK, Koztowski SK. Le paléolithique en Pologne. Grenoble: Préhistoire d’Europe 2; 1996.

Conard NJ, Moreau L. Current research on the Gravettian of the Swabian Jura. Mitt Ges Urgesch. 2004;13:29-59.
Kowalski S. Uwagi o osadnictwie paleolitycznym w jaskiniach Ciemnej i Mamutowej w $wietle badar lat 1957-
1974. In: Lech J, Partyka J, editors. Jura Ojcowska w pradziejach i poczatkach panstwa polskiego. Ojcow: Ojcowski
Park Narodowy; 2006. p. 335-54.

Kowalski S. Wstepne wyniki badar archeologicznych w Jaskini Mamutowej prowadzonych w latach 1957-1964.
Mater Archeol. 1967;8:47-54.

Wojtal P. Zooarchaeological studies of the Late Pleistocene sites in Poland. Krakéw: Institute of Systematics and
Evolution of Animals, Polish Academy of Sciences; 2007.

Chmielewski W. Paleolit srodkowy i gorny. In: Hensel W, editor. Prahistoria ziem polskich 1. Paleolit i mezolit.
Wroctaw—-Warszawa—Krakow—-Gdarsk: Ossolineum; 1975. p. 9-158.

Nadachowski A. Fauna kopalna w osadach Jaskini Mamutowej w Wierzchowiu koto Krakowa. Folia Quat.
1976;48:17-36.

Nadachowski A. Late Quaternary rodents of Poland with special reference to morphotype dentition analysis of
voles. Warsaw-Krakéw: Panstwowe Wydawnictwo Naukowe; 1982. p. 109.

Czarnowski SJ. Jaskinie wawozu Stodoliska na prawym brzegu Pradnika pod Ojcowem. Przegl Archeol.
1926,3(7-1):18-33.

Baca M, Popovi¢ D, Baca K, Lemanik A, Doan K, Horacek |, et al. Diverse responses of common vole (Microtus
arvalis) populations to Late Glacial and Early Holocene climate changes: evidence from ancient DNA. Quat Sci Rev.
2020;233:106239.

Valde-Nowak P, Nadachowski A, Wolsan M. Upper Palaeolithic boomerang made of a mammoth tusk in South
Poland. Nature. 1987,329:436-8.

Valde-Nowak P, Nadachowski A, Madeyska T, editors. Obfazowa Cave: human activity, stratigraphy and palaeoenvi-
ronment. Institute of Archaeology and Ethnology, Polish Academy of Sciences: Krakow; 2003.

Trinkaus E, Haduch E, Valde-Nowak P, Wojtal P. The Obtazowa 1 pollical distal phalanx and late Pleistocene distal
thumb proportions. Homo. 2014;65(1):1-12.

Nadachowski A, Harrison DL, Szyndlar Z, Tomek T, Wolsan M. Late Pleistocene vertebrate fauna from Obtazowa 2
(Carpathians, Poland): palececological reconstruction. Acta Zool Cracov. 1993;36(2):281-90.

Sudot M, Cyrek K, Krajcarz M, Krajcarz MT. Around the Bisnik cave: the area of human penetration during palaeo-
lithic. Anthropologie. 2016;54(1):49-60.

Krajcarz MT, Baca M, Baumann C, Bocherens H, Goslar T, Popovi¢ D, et al. New insights into late Pleistocene

cave hyena chronology and population history: the case of Perspektywiczna Cave, Poland. Radiocarbon.
2023,65(5):1038-56.

Krajcarz M, Pacher M, Krajcarz MT, Laughlan L, Rabeder G, Sabol M, et al. Isotopic variability of cave bears (515N,
8130) across Europe during MIS 3. Quat Sci Rev. 2016;131:51-72.

Sudot M, Krajcarz M. Wyniki badan sondazowych w Schronisku w Gérze Smolen Il oraz Schronisku w Smoleniu i,
wojewddztwo $laskie. In: Glanc-Zagaja G, editor. Badania archeologiczne na Gérnym Slasku i ziemiach pogranic-
znych w latach 2011-2012. Katowice: Slgskie Centrum Dziedzictwa Kulturowego; 2014. p. 13-21.

Sudot M, Bokiniec E, Krajcarz M, Krajcarz MT, Trojan A, Grafka O. Human activity traces from shelter in Smolen Il
(central part of Krakow-Czestochowa Upland) from the last centuries of antiquity. Przegl Archeol. 2015;63:177-93.
Krajcarz MT, Szymanek M, Krajcarz M, Pereswiet-Soltan A, Alexandrowicz WP, Sudot-Procyk M. Shelter in Smolen il
a unique example of stratified holocene clastic cave sediments in Central Europe, a lithostratigraphic stratotype
and a record of regional paleoecology. PLoS One. 2020;15(2):e022854.

Wojenka M, Wilczyrski J, Sobieraj D. Archaeological excavations in Zarska Cave (Zary, com. Krzeszowice, Krakow
district) in 2011. Recherches Archéologiques. 2011:143-156.

Wojenka M, Wilczyrski J, Zastawny A. Archaeological excavations in Zarska Cave in Zary, Krakéw district,
2012-2015: an interim report. Rech Archeol NS. 2016;8:185-204.

Wilczynski J, Krajcarz MT, Moskal-del Hoyo M, Alexandrowicz WP, Miekina B, Pereswiet-Soltan A, et al. Late Glacial
and Holocene palececology and paleoenvironmental changes in the northern Carpathians: Zarska Cave (south-
ern Poland) case study. Holocene. 2020;30(6):905-22.

Strukova TV, Bachura OP, Borodin AV, Stefanovskii VV. Mammal fauna first found in alluvial-speleogenic forma-
tions of the late Neopleistocene and Holocene, northern Urals, locality Cheremukhovo-1. Stratigr Geol Correl.
2006;14(1):91-101.

Bachura OP, Strukova TV. Mammal remains from the Cheremukhovo-1 site (Excavation 4). In: Fauna in the Urals
during the Pleistocene and Holocene. Yekaterinburg: Universitet; 2002. p. 37-55. [in Russian].

Rupysheva TA, Strukova TV. Small mammal faunas from eastern slope of the Middle Urals in early and middle
Holocene. In: The dynamics of ecosystem in Holocene. Proceedings of the Second All-Russian Scientific Confer-
ence. Ekaterinburg; 2010. p. 165-200. [in Russian].

Strukova TV. Typology of Late Pleistocene and Holocene small mammal faunas of the Middle Trans-Urals. In:
Biosphere and mankind. Proceedings, young scientists’ conference devoted to the memory of N.V. Timofeev-
Resovsky. Ekaterinburg: Ekaterinburg Publishing; 2000. p. 251-260. [in Russian].

Stuart AJ, Lister AM. Extinction chronology of the woolly rhinoceros Coelodonta antiquitatis in the context of late
Quaternary megafaunal extinctions in northern Eurasia. Quat Sci Rev. 2012;51:1-17.



Baca et al. Genome Biology (2026) 27:69

177.

178.

179.

180.

181.

182.

183.

184.

186.

188.

190.

191.

192.

193.

194.

196.

197.

199.

200.

201.

Fadeeva TV, Smirnov NG, Kosintsev PA, Kourova TP, Kuzmina EA. Small mammals of the location of bone remains in
the Rasik Grotto (Perm, the Kama River Basin). In: Goldberg et al., editors. Biosphere and humanity: materials of the
conference of young scientists in memory of N.V. Timofeev-Resovsky. Ekaterinburg: Ekaterinburg Press; 2000. p.
289-294. [in Russian].

Fadeeva TV, Kosintsev P, Lapteva E, Chaikovskiy |, Chirkova E. Environmental changes in the middle Urals during
Briansk interstadial: Makhnevskaya-2 cave (MIS 3, Russia). Quat Int. 2022;633:154-69.

Kaminska L, Koztowski JK, Svoboda J. Pleistocene environments and archaeology of the Dzerava skala Cave, Lesser
Carpathians, Slovakia. Krakow: Polish Academy of Arts and Sciences; 2005.

Horacek I. Small vertebrates in the Weichselian series in Dzerava skala cave: list of the samples and a brief sum-
mary. In: Kaminska L, Koztowski JK, Svoboda JA, editors. Pleistocene environments and archaeology of the Dzerava
skala Cave, Lesser Carpathians, Slovakia. Karkéw, Polish Academy of Sciences; 2005. p. 157-167.

Horacek |, Lozek V, Knitlova M, Jufickova L. Darkness under candlestick: glacial refugia on mountain glaciers. In:
Forgotten times and spaces: new perspectives in paleoanthropological, paleoethnological and archaeological
studies. Brno: Masaryk University; 2015. p. 363-377.

Suérez-Bilbao A, Garcia-Ibaibarriaga N, Castanos J, Castafos P, Iriarte MJ, Arrizabalaga A, et al. A new Late Pleisto-
cene non-anthropogenic vertebrate assemblage from the northern Iberian Peninsula: Artazu VIl (Arrasate, Basque
Country). C R Palevol. 2016;15:950-7.

Suérez-Bilbao A, Garcia-Ibaibarriaga N, Arrizabalaga A, Iriarte-Chiapusso MJ, Murelaga X. Paleoenvironmental and
paleoclimatic approach to the late Pleistocene site of Artazu VIl (Arrasate, northern Iberian Peninsula) using small
mammals. Ameghiniana. 2017;54(6):641-54.

Suérez-Bilbao A, Elorza M, Castafos J, Arrizabalaga A, Iriarte-Chiapusso MJ, Murelaga X. The late Pleistocene
avifauna from Artazu VIl (Basque Country, northern Iberian Peninsula). Hist Biol. 2020;32(3):307-20.

de Lombera-Hermida A, Rodriguez-Alvarez X-P, Ameijenda-lglesias A, Diaz-Rodriguez M, Rey-Rodriguez |, Valverde-
Tejedor |, et al. Between two worlds: Cova Eirés and the Middle-Upper Palaeolithic transition in NW Iberia. CR
Palevol. 2021;42(10):859-86.

Rodriguez—A\varez XP, de Lombera HA, Fabregas Valcarce R, Lazuén FT. The Upper Pleistocene site of Cova Eirds.
In: de Lombera HA, Fabregas Valcarce R, editors. To the West of Spanish Cantabria: the Palaeolithic settlement of
Galicia. Oxford: BAR; 2011. p. 123-32.

Rey-Rodriguez |, Lopez-Garcia JM, Bennasar M, Bafiuls-Cardona S, Blain H-A, Blanco-Lapaz A, et al. Last Neander-
thals and first anatomically modern humans in the NW Iberian Peninsula: climatic and environmental conditions
inferred from the Cova Eirds small-vertebrate assemblage during MIS 3. Quaternary Sci Rev. 2016;151:185-97.
Cuenca-Bescés G, Marin-Arroyo AB, Martinez |, Gonzélez-Morales M, Straus LG. Relationship between Mag-
dalenian subsistence and environmental change: the mammalian evidence from EI Mirén (Spain). Quat Int.
2012;272-273:125-37.

Alfaro-Ibanez MP, Cuenca-Bescos G, Bover P, Gonzélez Morales M, Straus LG. Implications of population changes
among the Arvicolinae (Rodentia, Mammalia) in El Mirén cave (Cantabria, Spain) for the climate of the last c.
50,000 years. Quat Sci Rev. 2023;315:108234.

Clark G, editor. The North Burgos Archaeological Survey. Bronze and Iron Age archaeology on the Meseta del
Norte (Province of Burgos, North-Central Spain). Arizona State University, Dept. of Anthropology; 1979. p. 18-156.
Apellaniz JM, Domingo D. Estudios sobre Atapuerca (Burgos): Il. Los materiales de superficie del Santuario de la
Galerfa del Silex. Cuad Arqueol Univ Deusto. 1987;10:1-342.

Minguez M. Estudios sobre Atapuerca (Burgos): lll. Los materiales del Bronce Final de “El Portalén”de Cueva Mayor.
Cuad Arqueol Deusto. 2005;20:1-385.

Ortega Al, Juez L, Carretero JM, Ortega MC, Arsuaga JL, Pérez-Gonzélez A. El Neolitico en la nueva secuencia
estratigréfica del yacimiento del Portalén de Cueva Mayor (Sierra de Atapuerca, Burgos). In: Herndndez MS, Soler
JA, Lépez JA, editors. IV Congreso de Arqueologfa Peninsular. Alicante: MARQ, Museo Arqueoldgico de Alicante;
2008. p. 221-229.

Ortega Al, Juez L, Carretero JM, Arsuaga JL, Pérez-Gonzélez A, Ortega MC, et al. A new Holocene archaeological
sequence from Portalén of Cueva Mayor (Sierra de Atapuerca, Burgos, Spain). In: UISPP Proceedings of the XV
World Congress, Early Neolithic in the Iberian Peninsula. BAR Int Ser. 2008;1857(18):3-10.

Lopez-Garcia JM, Blain H-A, Cuenca-Bescos G, Ruiz-Zapata MB, Dorado-Valifio M, Gil-Garcia MJ, et al. Palaeoen-
vironmental and palaeoclimatic reconstruction of the latest Pleistocene of El Portalén Site, Sierra de Atapuerca,
northwestern Spain. Palaeogeogr Palaeoclimatol Palaeoecol. 2010;292:453-64.

Vera JA, editor. Geologfa de Espafa. Madrid: Instituto Geolégico y Minero de Espafia/Sociedad Geoldgica de
Espafa; 2004.

Vaquero M, Alonso S, Alonso C, Ameijenda A, Blain HA, Fabregas Valcarce R, et al. Nuevas fechas radiométricas
para la Prehistoria del noroeste de la Peninsula Ibérica: la cueva de Valdavara (Becerred, Lugo). Trab Prehist.
2009;66:99-113.

Lopez-Garcia JM, Blain H-A, Cuenca-Bescos G, Alonso C, Alonso S, Vaquero M. Small vertebrates (Amphibia,
Squamata, Mammalia) from the late Pleistocene-Holocene of the Valdavara-1 cave (Galicia, northwestern Spain).
Geobios. 2011;44:253-69.

Baca M, Bujalska B, Popovi¢ D, Golubiriski M, Alves PC, Bard E, Berto C, Cuenca-Bescés G, Dalén L, Fewlass H,
Fadeeva T, Herman J, Horacek |, Krajcarz M, Law M, Lemanik A, Lopez-Garcia JM, Luzi L, Murelaga X, Mahmoudi

A, Peresani M, Parfitt S, Pauperio J, Pavlova SV, Pazonyi P, Rodriguez IR, Searle JB, Stojak J, Strukova T, Wojcik JM,
Nadachowski A. Evolutionary history of field voles. 2024. European Nucleotide Archive. 2024. https://www.ebi.ac.
uk/ena/browser/view/PRJEB67915.

Liu'S, Zhou C, Meng G, et al. Whole genome sequencing data of genus Neodon and related species in Arvicolinae in
China. European Nucleotide Archive. 2020. https://www.ebi.ac.uk/ena/browser/view/PRINA564473PRINA290426.
University of Liverpool. De novo assembly of the field vole (Microtus agrestis) genome; produced as part of a study
into the diversity and evolution of immune genes in wild rodents. European Nucleotide Archive. 2015. https://
www.ebi.ac.uk/ena/browser/view/PRINA290426.

Page 26 of 27


https://www.ebi.ac.uk/ena/browser/view/PRJEB67915
https://www.ebi.ac.uk/ena/browser/view/PRJEB67915
https://www.ebi.ac.uk/ena/browser/view/PRJNA564473PRJNA290426
https://www.ebi.ac.uk/ena/browser/view/PRJNA290426
https://www.ebi.ac.uk/ena/browser/view/PRJNA290426

Baca et al. Genome Biology (2026) 27:69 Page 27 of 27

202. Baca M, Bujalska B, Popovi¢ D, Golubinski M, Alves PC, Bard E, Berto C, Cuenca-Bescés G, Dalén L, Fewlass H,
Fadeeva T, Herman J, Hor&cek |, Krajcarz M, Law M, Lemanik A, Lépez-Garcia JM, Luzi L, Murelaga X, Mahmoudi
A, Peresani M, Parfitt S, Pauperio J, Pavlova SV, Pazonyi P, Rodriguez IR, Searle JB, Stojak J, Strukova T, Wojcik JM,
Nadachowski A. Alignment of mtDNA sequences used to reconstruct field vole phylogeny. RepOD. 2024. https://
doi.org/10.18150/DNEOTW.

203. Baca M, Bujalska B, Popovi¢ D, Golubinski M, Alves PC, Bard E, Berto C, Cuenca-Bescos G, Dalén L, Fewlass
H, Fadeeva T, Herman J, Horacek |, Krajcarz M, Law M, Lemanik A, Lépez-Garcia JM, Luzi L, Murelaga X, Mahmoudi
A, Peresani M, Parfitt S, Pauperio J, Pavlova SV, Pazonyi P, Rodriguez IR, Searle JB, Stojak J, Strukova T, Wojcik JM,
Nadachowski A. Scripts used in the “the evolutionary history of the field vole species complex revealed by mod-
ern and ancient genomes”. RepOD. 2024. https://doi.org/10.18150/DFUJ4M.

204. Baca M, Bujalska B, Popovi¢ D, Golubinski M, Alves PC, Bard E, Berto C, Cuenca-Bescos G, Dalén L, Fewlass
H, Fadeeva T, Herman J, Horacek |, Krajcarz M, Law M, Lemanik A, Lépez-Garcia JM, Luzi L, Murelaga X, Mahmoudi
A, Peresani M, Parfitt S, Pauperio J, Pavlova SV, Pazonyi P, Rodriguez IR, Searle JB, Stojak J, Strukova T, Wojcik JM,
Nadachowski A. GitHub. 2024. https://github.com/mateuszbaca/FieldVoles.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.18150/DNEO1W
https://doi.org/10.18150/DNEO1W
https://doi.org/10.18150/DFUJ4M
https://github.com/mateuszbaca/FieldVoles

	The evolutionary history of the field vole species complex revealed by modern and ancient genomes
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Mitochondrial and nuclear genome sequencing
	Mitochondrial phylogeny
	Population structure, gene flow and demography based on nuclear data
	Divergence dating

	Discussion
	Conclusions
	Methods
	Samples
	DNA extraction, library preparation, enrichment and sequencing
	Sequencing data processing
	Radiocarbon dating
	Phylogenetic analyses based on mtDNA
	Generation of genomic SNP dataset
	Population structure
	Demographic reconstruction and divergence dating
	Gene flow between the field vole lineages

	Acknowledgements
	References


