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ABSTRACT

The Late Pleistocene and Holocene climatic fluctuations profoundly influenced the demographic patterns of many species. Small mammals,
particularly rodents, are well-suited for such studies due to their abundance and high environmental sensitivity. A suitable subject is the tundra
vole, Alexandromys oeconomus, with changing past and present distributions across the Holarctic. Using ancient DNA, we reconstructed its phy-
logeography and identified 12 main lineages, including extinct lineages, which highlight greater historical variability of this species. Our analyses
revealed eastward and westward expansions, extinctions, and lineage replacements driven by climate changes. Originating in Central/Western
Asia, the tundra vole expanded around 110ka (thousand years ago) into Europe, diversifying into multiple lineages. Two migrations from Central
Asia to north-eastern Asia occurred at roughly 70 and 16 ka, and preceded the colonization of North America by 11.5 ka. Europe also experienced
intense population turnovers, with remigrations into Western Asia. Fennoscandia was colonized three times after 15 ka by two distinct routes.
These migrations were tied to climate changes, with population size increasing during warming periods and declining during cooling periods,
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especially during the Last Glacial Maximum. This research provides new findings on how climate and environmental shifts shaped the evolution
and distribution of A. oeconomus, highlighting the resilience and adaptability of small mammals.

Keywords: ancient DNA; migration; phylogeny; phylogeography; Pleistocene; rodents

INTRODUCTION

The Late Pleistocene and the transition from the last glacial (c.
115-11.7 ka) to the Holocene were marked by significant climatic
fluctuations playing a crucial role in shaping population dynamics
of many species (Blois ef al. 2010, Brace ef al. 2012). The rapid
environmental changes led to the extinction of entire genetic lin-
eages and the expansion of others (Stewart ef al. 2010, Cooper ef
al. 2015, Baca et al. 2017, Svenning et al. 2024), which finally
shaped and established the demography of modern species and
populations (Niedziatkowska ef al. 2021, Doan et al. 2022, Rabin-
iak et al. 2023, Rabiniak et al. 2024, Niedzialkowska et al. 2024).

A number of studies about these phenomena are based on
ancient DNA and have focused on megafauna, e.g. horses, bears,
woolly rhinos, mammoths, reindeer, musk oxen and bison, show-
ing that rapid climate fluctuations shaped their population sizes
and ranges but each species responded uniquely to the climatic
and anthropogenic pressures (Campos et al. 2010, Lorenzen et al.
2011, Cooper et al. 2015, Niedziatkowska et al. 2021, Doan et al.
2022, Niedzialkowska et al. 2024). Distinguishing between these
factors is challenging, but studying species minimally impacted
by human activity can provide valuable insights into the relative
importance of natural vs. anthropogenic influences. Small mam-
mals, like rodents, are ideal for such studies as they respond faster
to environmental changes than megafauna.

Recent studies have demonstrated that rodent population
dynamics were mainly driven by climate changes and the avail-
ability of open habitats during the Late Pleistocene (Palkopoulou
et al. 2016, Baca et al. 2023b). Species with similar environmental
requirements responded similarly to climate change. For example,
the time of separation of the three main groups of narrow-headed
voles, the European (Stenocranius anglicus) and the Asian
(Stenocranius gregalis and Stenocranius raddei), coincided with the
time of the separation of the two main groups of collared lem-
mings, the Eurasian (Dicrostonyx torquatus) and North American
(Dicrostonyx groenlandicus and Dicrostonyx hudsonius) (Palkopou-
lou et al. 2016, Baca et al. 2020, Lord 2022, Lord et al. 2022, Baca
etal. 2023a,b).

Another interesting species suitable for research on climate and
environmental impact is the tundra or root vole, Alexandromys
oeconomus (Pallas, 1776), which is widely distributed in the Pale-
arctic from western Fennoscandia and north-eastern Germany,
through the Northern European Plains and Siberia to the Kam-
chatka Peninsula and extending into the Nearctic in Alaska and
western Canada (Shenbrot and Krasnov 2005). Isolated relict
populations in Europe are still present in the Netherlands (Ligvoet
and van Wijngaarden 1994) and western Hungary (Gubényi ef al.
2009, Thissen ef al. 2015). This species was abundant and fre-
quently found in Pleistocene fossil assemblages (Nadachowski
1989, Maul and Markova 2007, Berto and Rubinato 2013,
Banuls-Cardona et al. 2014, Garcia-Ibaibarriaga et al. 2015, Mar-
kova and Puzachenko 2018, Sese et al. 2018, Krokhmal’ et al. 2021,

Krokhmal’ et al. 2023, Stefaniak et al. 2023, Popova
et al. 2025).

The tundra vole belongs to the Arvicolinae subfamily in the
Cricetidae family. Based on morphological studies, it was previ-
ously assigned to the genus Microtus Schrank, 1978 and the sub-
genus Pallasiinus Kretzoi, 1964 (Zagorodnyuk 1990, Rekovets and
Nadachowski 1995, Conroy and Cook 2000, Jaarola et al. 2004).
However, since the 1990s, interspecific crossbreeding experi-
ments, karyological analyses, and molecular studies indicated
closer relationships of Microtus oeconomus to the eastern Palearctic
species of Alexandromys Ognev, 1914, although the monophyly
of Alexandromys was not accepted for a long time (Jaarola ef al.
2004, Galewski et al. 2006, Robovsky et al. 2008, Bannikova et al.
2010, Martinkov4 and Moravec 2012). Recently, Krystufek and
Shenbrot (2022) distinguished three subgenera within the genus
Alexandromys and classified A. oeconomus as a member of the sub-
genus Oecomicrotus Rabeder, 1981.

Previous genetic analyses of A. oeconomus based on cytochrome
b (Brunhoffet al. 2003, Bannikova et al. 2010) identified four allo-
patric mitochondrial lineages: Northern European, Central Euro-
pean, Central Asian, and Beringian. According to the
above-mentioned authors, geographic distribution of these lin-
eages reflects their isolation during glaciations. However, these
studies relied only on modern samples, which may not accurately
reflect phylogeographic patterns or colonization routes due to the
extinction of old lineages.

Despite the abundant Pleistocene fossils of Alexandromys in
Eurasia, almost all are linked to the A. oeconomus lineage. The old-
est remains of Alexandromys ex gr. oeconomus (Markova 1982),
classified as Alexandromys protoeconomus (Rekovets, 1994) occur
in Russia and Ukraine (Agadzhanyan 1992, Rekovets 1994, Mar-
kova 1998) and date to Marine Isotopic Stage (MIS) 21-19, aged
approximately 0.9-0.8 Ma (million years ago) (Velichko et al.
1983, Markova 2005, Krokhmal’ et al. 2021, 2023).

Timing of Alexandromys lineages divergence is still controver-
sial. Bannikova et al. (2010) estimated their separation at c. 1.2
Ma, whereas Abramson et al. (2021) proposed an earlier split
(1.8-2.2 Ma). These studies assumed different evolutionary rates,
which also led to varying divergence times for tundra vole lin-
eages. For example, the separation of European and Asian from
American lineages was estimated by Brunhoff et al. (2003) to
0.29-0.49 Ma, whereas by Bannikova ef al. (2010) to 0.14-0.24
Ma. These inconsistencies prevent reliable conclusions about cli-
mate and environmental impacts on migrations and population
changes.

Therefore, the aim of this study is to reconstruct the phylogeny
and evolutionary history of A. oeconomus using ancient DNA sam-
ples. Specifically, we examine population dynamics, migration
routes, and extinction, and compare the results of genetic analyses
with climate changes during the Late Pleistocene and Holocene.
In addition, to the commonly used molecular marker cytochrome
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b, we also studied complete mitochondrial genomes of the A. oeco-
nomus individuals.

MATERIALS AND METHODS
Sample description

We extracted ancient DNA from the first lower molars (m1) mor-
phologically assigned to A. oeconomus (Fig. 1). However, genetic
verification was necessary, as some samples were found to be other
rodents, e.g. Chionomys nivalis. The samples came from 26 locali-
ties of the Late Pleistocene and Holocene age (Supporting Infor-
mation, Table S1). Modern DNA samples were derived from
muscle tissues of individuals, which were collected in the field
from nine localities (Supporting Information, Table S2). The sam-
ples represented various Eurasian regions (Fig. 2).

Radiocarbon dating

Ten samples were selected for dating (see Radiocarbon dating
methods in Supporting Information for details). Their collagen
was extracted and underwent quality assessment using C/N ratios
at the Department of Human Evolution at the Max Planck Insti-
tute for Evolutionary Anthropology (MPI-EVA, Leipzig, Ger-
many). Radiocarbon dating was performed in the Laboratory of
Ion Beam Physics at ETH-Zurich (Switzerland) using the MIni
CArbon DAting System (MICADAS) accelerator mass spectrom-
eter (AMS). The dates were calibrated in Oxcal 4.4 software (Ram-
sey 2009) using the IntCal 20 curve (Reimer et al. 2020) (Table 1).

DNA extraction, sequencing library preparation, and target
enrichment

DNA from 148 subfossil samples was extracted and amplified
(Supporting Information, Table S3) in a dedicated clean room at
the Centre of New Technologies, University of Warsaw (CeNT,
UW). Subfossil molars were rinsed with nuclease-free water and
crushed in sterile tubes. Total DNA was extracted following the
protocol optimized for degraded DNA sequences with negative
controls, i.e. without molars, per batch (Dabney et al. 2013). Mod-
ern DNA from 33 specimens (Supporting Information, Table $4)
was extracted using a Syngen Tissue DNA Mini Kit at the Mammal
Research Institute of the Polish Academy of Sciences in Bialow-
ieza, Poland (Stojak et al. 2015), followed by quality checks on a
1% agarose gel and shearing on a Covaris $220 sonicator to a mean
length of 200 bp at CeNT.

Genomic DNA was converted into double-stranded
dual-indexed libraries following the protocol of Meyer and Kircher
(2010) with modifications (Baca et al. 2019). The libraries were
amplified using AmpliTaq Gold 360 DNA polymerase (Applied
Biosystems) and PS and P7 indexing primers containing a 7-bp long
specific index. An index PCR reaction was performed three times
for every sample to increase the complexity of the resulting libraries.

Mitochondrial DNA (mtDNA) was enriched via target enrich-
ment according to Horn (2012). The bait used in hybridization
was prepared from the mtDNA of five modern vole species
including A. oeconomus. Mitochondrial DNA was amplified in four
overlapping fragments, purified, mixed in equimolar ratios, soni-
cated to the average fragment length of 200 bp, and modified fol-
lowing Maricic ef al. (2010). Hybridization (65°C for 22-24h)
included two rounds for ancient DNA (aDNA) and one round

Phylogeography and evolution of the tundravole « 3

Figure 1. The right mandible with the first (m1), second (m2), and a
fragment of the third (m3) molars of fossil Alexandromys oeconomus
found in layer III of the Oblazowa Cave WE in Poland.

for modern DNA. After each hybridization cycle, the library was
amplified in a post-capture PCR reaction and purified using mag-
netic beads. Enriched libraries were quantified using qPCR (Illu-
mina Library Quantification kit, KAPA) and sequenced in a
paired-end layout on an Illumina NextSeqS50 platform using 150
cycles, MidOutput kits, and a 2x75bp sequencing scheme.
Details about the molecular methods of the samples (DNA
extraction, sequencing library preparation and target enrichment)
are included in Supporting Information.

Sequence data processing

Demultiplexing of raw Illumina sequence reads was conducted in
bcl2fastq Conversion Software v.2.20 (Illumina) with sample-specific
indices. AdapterRemoval v.2 (Schubert et al. 2016) removed adapter
sequences and low-quality nucleotides as well as collapsed
paired-end reads. We mapped reads with the BWA-MEM algorithm
inbwa0.7.17 (Liand Durbin 2010). Initially, the reads were mapped
to mtDNA sequence of closely related species, Alexandromys fortis
(NC_015243), and then to de novo constructed more specific ref-
erences from the high-coverage Eurasian samples of A. oeconomus.
We visualized alignments in TABLET (Milne ef al. 2016) and
removed PCR duplicates, short reads (< 30bp), and low-quality
reads (MAPQ < 30) using SAMtools. Regions with sequencing
coverage lower than 3x were replaced with ‘N’ to indicate uncertain
bases using Bedtools (Quinlan and Hall 2010). The nucleotide vari-
ants and consensus sequences (FASTA) were called using BCFtools
(Danecek et al. 2021). We assessed DNA damage patterns charac-
teristic of ancient DNA with MapDamage v.2 (Ginolhacet al. 2011)
and visualized sequences in AliView (Larsson 2014).
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Figure 2. Distribution of the Alexandromys oeconomus samples included in this study. The red dashed area reflects the modern range of the

tundra vole based on data from the IUCN Red List (www.iucnredlist.org).

Table 1. Radiocarbon-dated samples of Alexandromys oeconomus.

AMS Lab.ID Site C"age Calibrated BP Element concentration
lab. code BP + error - -

95% confidence interval u o  Median C% N% C:N

from to
ETH-105991 MI1040 Shelterin Smolen III ~ 10455+22 12610 12193 12449 134 12483 382 13.1 3.4
ETH-105992 MI1088 Perspektywiczna Cave 39180450 43285 42301 42764 265 42728 43.8 154 33
ETH-110552 MI122S Peyrazet 14106 +103 17417 16911 17171 133 17174 399 13.2 3.5
ETH-110553 MI2190 Oblazowa Cave WE 12567 +£37 15129 14589 14933 130 14961 419 14.6 33
ETH-110554 MI2198 Oblazowa Cave WE 12456 + 88 15031 14202 14628 226 14623 413 14.3 34
ETH-110555 MI2344 Obtazowa Cave WE 12467 +37 14965 14334 14662 168 14644 43.1 1S.1 33
ETH-110536 MI1037 Shelterin Smolen IIT 12418 £36 14867 14280 14559 171 14531 415 141 34
ETH-110537 MI2035 Geiflenklosterle 29338+154 34308 33453 33921 211 33939 425 142 3.5
ETH-110538 MI2349 Zamkowa Dolna Cave 12565+36 15125 14590 14930 129 14959 42.0 14.8 3.3
ETH-110539 MI1560 Makhnevskaya 2 11913 £35 14004 13606 13772 95 13774 425 143 3.5

Phylogenetic analyses large parameter space. Two runs using 32 Markov chains were

We analysed the set (named cytb) including cytochrome b
sequences and the set (named mtDNA) of 37 concatenated mito-
chondrial protein and RNA genes as well as noncoding sequences.
To the newly obtained sequences, we added those from GenBank.
Each set included Alexandromys fortis (NC_015243) as an out-
group. Alignments were generated with MAFFT (Katoh and
Standley 2013). The final cytb alignment with 1143 bp included
320 unique sequences and mtDNA with 16352 bp contained 181
sequences.

We applied three approaches: maximum likelihood inIQ-TREE
(Nguyen ef al. 2015), Bayesian inference in MrBayes (Ronquist
et al. 2012), and PhyloBayes (Lartillot and Philippe 2004). All
potential data partitions were evaluated to identify the optimal
substitution models, with separate partitions defined for each
codon position of protein-coding genes, as well as for individual
RNA genes and non-coding regions. Details about the phyloge-
netic analyses are included in the Supporting Information.

In IQ-TREE, we used ModelFinder (Chernomor et al. 2016,
Kalyaanamoorthy et al. 2017) to select the best substitution mod-
els (Supporting Information, Tables S6, S7) and a more thorough
nearest neighbour interchange (NNI) tree search. Branch support
was assessed via the Shimodaira-Hasegawa-like approximate like-
lihood ratio test (SH-aLRT) with 10000 replicates and the
non-parametric bootstrap with 1000 replicates. In MrBayes, we
used the partitioned scheme of substitution models from Parti-
tionFinder (Lanfear et al. 2012) (Supporting Information, Tables
S6, S7) and applied mixed models to select the models from the

applied for 40 million (for cytb set) or 30 million (for mtDNA
set) generations. In PhyloBayes, we applied the CAT-GTR+T
model and two Markov chains with 100000 generations. A pos-
terior consensus was calculated after the runs converged in these
two approaches. Consensus trees from all methods were obtained
in IQ-TREE. Alternative tree topologies for the cytb set were eval-
uated by five available tests in IQ-TREE and Bayes Factor calcu-
lated in MrBayes using the stepping-stone method.

Molecular dating

Divergence times of A. oeconomus sequences were estimated
using BEAST 1.10.4 (Drummond ef al. 2012) with substitution
models proposed by PartitionFinder (Supporting Information,
Tables S6, S7). Calibration of the tree relied on the uniform
distribution of tip dates from 10 radiocarbon-dated samples
and ranged between 95% confidence intervals of the calibrated
dates. For samples from well-stratified deposits (Dyrovatyy
Kamen, Obtazowa 2, Oblazowa WE, Peyrazet, Rasik series
1-28), we used a uniform distribution between median start
and end dates from the OxCal 4.4 trapezium model based on
existing radiocarbon dates from these deposits. In the case of
samples from Rasik series 29-33, we applied the lognormal
distribution with the median of radiocarbon-dated samples
41907.25 and offset based on the median start date from the
trapezium model for these series (Supporting Information,
Table S8). For other tip dates, we assumed the lognormal dis-
tribution with the median 14801.5, i.e. the median of
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radiocarbon-dated samples, and 97.5% highest posterior den-
sity (HPD) 621000 corresponding to the oldest A. oeconomus
(Markova and Puzachenko 2018).

Posterior distributions of parameters were estimated over 700
million to 1 billion generations sampled every 1000 steps. Con-
vergence and sampling adequacy were verified using loganalyzer
and Tracer v.1.7. All parameters had effective sample size (ESS)
exceeding 200. Consensus trees were summarized in TreeAnno-
tator with a 109 burn-in and assuming common ancestor heights.
The final trees were visualized in FigTree 1.4.3. The effective pop-
ulation size was estimated under the best-fit model in Tracer
assuming 500 bins.

‘We tested various tree and clock models, both strict and lognor-
mal relaxed (Supporting Information, Table S9). The best-fitting
models were selected according to the marginal likelihood values
estimated via path sampling and the stepping stone algorithms
(Xieetal. 2011, Baele et al. 2012) assuming 10 million chain length
and 20 steps. Compared models included: coalescent constant size,
coalescent Bayesian SkyGrid, coalescent GMRF Skyride with
time-aware and uniform smoothing, as well as coalescent Bayesian
Skyline piecewise-constant and piecewise-linear (Supporting
Information, Table S9). The models were compared using Bayes
Factor calculated in BEAST (Supporting Information, Fig. S1).

The results of molecular dating were compared with the §'°0
records from ice cores and benthic foraminifera, commonly used
as climate proxies. The §'*0 curve was compiled from: North
Greenland Ice Core Project 1 and 2 (NGRIP1 and NGRP2)
(Rasmussen et al. 2014, Seierstad et al. 2014), the Combined
Cariaco and Greenland Ice Core Chronology 2005 (GICCO0S)
(Cooper et al. 2015) and the benthic curve (Lisiecki and
Raymo 2005).

Reconstruction of ancestral geographic distribution

Ancestral geographical distributions of phylogenetic lineages were
inferred using BioGeoBEARS, i.e. BioGeography with Bayesian
(and likelihood) Evolutionary Analysis with R Scripts, in RASP
(Matzke 2013, Yu et al. 2015), implemented in R (R Core Team
2022). We tested three biogeographic models: (i) Dispersal-
Extinction Cladogenesis (DEC), (ii) DIVALIKE, similar to the
Dispersal-Vicariance Analysis (DIVA) model but based on the
maximum likelihood method, and (iii) BAYAREALIKE similar
to the Bayesian BayArea model but also based on the maximum
likelihood method. Each of these models was also considered with
the +J version taking into account speciation resulting from the
founder effect. The best model was selected based on the
second-order Akaike Information Criterion weight (AICc_wt).
Analyses were conducted on two chronograms, based on cyto-
chrome b sequences and mitochondrial genomes.

RESULTS
Phylogenetic analyses

Phylogenetic relationships between A. oeconomus samples were
inferred from the molecular marker cytochrome b and complete
mitochondrial genomes. While the former set had more samples,
the latter provided better resolution. Both datasets allowed us to
reconstruct the most probable evolution of A. oeconomus since the
Pleistocene.

Phylogeography and evolution of the tundravole « §

Figure 3 shows a simplified consensus of cytochrome b trees
obtained with three approaches, whereas the full consensus tree
is presented in Supporting Information, Fig. S2. The tree identified
12 groups of sequences with shared evolutionary history and/or
geographical locality (Figs 3, 4; Supporting Information, Fig. S2).
Eleven groups were consistent across all three methods and
obtained usually high statistical support. Relationships between
them were also statistically significant in most cases. The earliest
diverged group A included two ancient samples from Denisova
Cave in Central Asia, which clustered together in two Bayesian
approaches but branched sequentially in the maximum likeli-
hood tree.

Other sequences created two main lineages. One included
groups named from B to D, which occurred only in Asia (Fig. 3;
Supporting Information, Fig. S2). Group B contained ancient and
recent samples widely distributed from the Urals to Central Asia.
Within this cluster was embedded group C comprising recent
samples from Northeast Asia. Interestingly, other specimens from
Northeast Asia as well as Kamchatka and the north-western part
of North America were in group D, which was sister to the assem-
blage B+C.

North American sequences belonging to group D were not
monophyletic but instead formed three distinct clusters, as sup-
ported by two or three methods (Supporting Information, Fig.
S2). One clade was dominated by 43 American sequences and
included one from Northeast Asia. The second clade grouped only
two samples from America and 13 from Kamchatka and the Kuril
Islands. The third clade had seven specimens from America and
six from Northeast Asia.

The second main lineage comprised groups E to L, which rep-
resented not only Asia but also Europe (Fig. 3; Supporting Infor-
mation, Fig. $2). Ancient samples from the Central Urals (group
E) were separated first in the phylogenetic trees. MrBayes and
IQ-TREE trees demonstrated early divergence of ancient French
specimens (group F) followed by two sister lineages: G+H +1+]
and K+L but PhyloBayes tree clustered group F with G. The
G +H +1+] lineage was geographically diverse. The ancient sam-
ples of group G from Central and East Europe were represented
by many early diverged branches within this lineage. G evolved
into sister groups H and I +]. The former included recent samples
from East Europe and Fennoscandia, whereas the latter contained
recent samples not only from Fennoscandia (group I) but also
ancient and recent specimens from the Urals and recent ones from
Northeast Europe (group J). According to the IQ-TREE and
MrBayes trees, groups I andJ clustered together, whereas the Phy-
loBayes tree grouped ] with H. Neither relationship received
strong support. Group K was rich in ancient and recent sequences
from Central and Western Europe but also included several recent
samples from Fennoscandia assigned to group L.

The modern Netherlands population was geographically sepa-
rated from others in Europe (Fig. 4). In the phylogenetic tree
(Supporting Information, Fig. S2), its samples clustered with fossil
specimens from Poland. This pattern may suggest that the popu-
lation from the Netherlands constitutes a relic lineage persisting
from the past.

The clades defined in the cytochrome b tree were also indicated
in the tree reconstructed from the mitochondrial genomes (Fig.
S; Supporting Information, Fig. S3). However, these two trees
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Figure 3. Simplified phylogenetic consensus tree obtained in three programs based on Alexandromys oeconomus cytochrome b sequences. The
values at the nodes in the following order indicate: the number of methods (out of three) that calculated a given taxa (sequence) grouping on
the tree, the probabilities calculated in MrBayes and PhyloBayes, as well as the SH-aLRT method, and the bootstrap percentages obtained in
IQ-TREE. Posterior probabilities < 0.5 and percentages < 50% are omitted or marked with a dash “. The colours indicate distinguished groups
marked from A to L. Abbreviations describing the geographical distribution are explained in Supporting Information, Table SS.

differed in the placement of two groups. In the mitogenomic tree,
the earliest lineage was B comprising ancient and recent samples
from the Urals to Central Asia, rather than group A, which
branched later, before group E. Another difference was that group
F, containing ancient sequences from France, was sister to group
Kand did not represent the earliest diverged European lineage. In

the mtDNA tree, the first evolved lineage was group G, which
included ancient samples from Central and East Europe.

Testing alternative tree topologies

Due to some phylogenetic relationships lacking strong support and
differing between the cytochrome b and mtDNA trees, we tested
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Figure 4. Distribution of Alexandromys oeconomus samples assigned to groups distinguished in phylogenetic analyses and marked with colours
and letters. The red dashed area reflects the modern occurrence of the tundra vole based on data from the TUCN Red List (www.iucnre-

dlist.org).

these conflicting topologies. In the cytochrome b tree, we tested
the later divergence of group A, examining its clustering with the
clade containing the E-L groups, as shown in the mitogenome-based
tree (topology t1 in Fig. 6). The maximum likelihood tests did not
reject this possibility, but the Bayesian approach yielded a Bayes
Factor of 3.3, surpassing the threshold of 3 (Kass and Raftery 1995)
and supported the original topology (topology t0 in Fig. 6). The
other topology (t2 in Fig. 6) assuming the sisterhood of group F
and K+ L in the mtDNA tree was not significantly rejected by any
method. We also verified the monophyly of Fennoscandia samples
separated by several Eastern European samples in group H (topol-
ogy t3 in Fig. 6), but it was not significantly rejected either. How-
ever, the monophyly of Fennoscandian sequences from group H
and the sister group I (topology t4 in Fig. 6) was significantly
denied, with Bayes Factor greater than S, indicating an overwhelm-
ing support for the original topology. We also tested if the relation-
ships in the cytochrome b tree were significantly worse than those
in the mitogenome-based tree (Fig. 7). Three tests showed that the
earlier divergence of group A (topology t1 in Fig. 7) in the cyto-
chrome b tree, was significantly less likely than the original topol-
ogy (topology t0 in Fig. 7). However, topology t2, assuming a close
relationship between K and G +H + J with F as their sister group
asin the cytochrome b tree, was significantly rejected by almost all
methods in the mitogenome data. Overall, these tests suggest that
the topology recovered from the mitogenomic dataset cannot be
rejected for the cytochrome b dataset.

Molecular dating

Out of 12 tested models, the coalescent GMRF Skyride model
with uniform smoothing and the constant clock turned out to be
the most appropriate for the data both for the cytb and mtDNA
datasets (Supporting Information, Fig. S1), so the final chrono-
grams are presented for this model (Figs 8, 9; see Supporting
Information, Figs $4, SS for the full version). Most nodes associ-
ated with the separation of main lineages and groups received high
posterior probabilities. The chronogram based on mitogenome
sequences matched the same topology as phylogenetic trees com-
puted on these data, whereas the cytochrome b chronogram dif-
fered only in clustering of groups H and I together with a low
support of 0.42, in contrast to phylogenetic methods that joined
group I with J (MrBayes and IQ-Tree) or H with J
(PhyloBayes).

Supporting Information, Table S10 summarizes the time esti-
mates for tree nodes that corresponded to each other in the two

datasets. On average, divergence times were 15.5 ka older in the
mitogenome-based chronogram. The largest difference reached

¢. 34 ka for the tree root, whereas the smallest was only
118years and referred to the common ancestor of group J
sequences. Generally, younger divergence times showed smaller
differences in age estimates between the datasets. Despite the
differences in median values, the ranges of 95% HPD overlapped
for the corresponding nodes, indicating consistency in the
broader confidence intervals.

Using the molecular dating results, we collected the most prob-
able separation times of the main lineages and groups. The descrip-
tion presented below includes age estimates calculated as medians.
Based on cytochrome b sequences, the earliest lineage, repre-
sented by samples from Denisova Cave in Central Asia from group
A, separated around 107 ka (Fig. 8; Supporting Information, Fig.
S4) and at approximately 97 ka, there was a split into two main
phylogenetic lineages: the Asian-American B-D and the mainly
European E-L. Mitogenome dating provided a slightly older diver-
gence time of the earliest lineage B (c. 142 ka) and the separation
of group A (c. 138 ka), i.e. before the Last Eemian Interglacial (Fig.
9; Supporting Information, Fig. SS5).

The cytochrome b chronogram suggests that group B-D split
into D (Northeast Asia and North America) and B+ C (other
Asian samples) around 70 ka (Fig. 8; Supporting Information, Fig.
S4). Group C, containing additional Northeast Asian samples,
evolved within group B around 16 ka.

The Uralic lineage E, sister to European lineages (F-L), sepa-
rated around 108 ka (mtDNA) or 79 ka (cytb) and disappeared
around 50 ka (mtDNA) or 32 ka (cytb) (Figs. 8, 9; Supporting
Information, Fig. S4, SS). The cytochrome b chronogram showed
group F (France) as the first European lineage, diverging c. 70 ka
(Fig. 8; Supporting Information, Fig. $4), with groups G-J split-
ting from K-L around 62 ka. In contrast, mitogenomes suggest G-J
separated first, c. 95 ka, with F diverging from K about 89 ka (Fig.
9; Supporting Information, Fig. S5).

Differentiation within group G-J started approximately 27-22
ka and was associated with the separation of subgroups H, I, and
J, containing samples from various regions of Fennoscandia,
north-eastern Europe, and the Urals (Figs. 8, 9; Supporting Infor-
mation, Fig. $4, SS). Group G evolved first in the G-J lineage and
became extinct around 26-23 ka. However, the F lineage persisted
until ¢. 15-14 ka. Group L, containing the other Fennoscandian
samples, separated the latest, around 11 ka, coinciding with the
Pleistocene-Holocene transition.
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Figure 5. Simplified phylogenetic consensus tree obtained in three programs based on Alexandromys oeconomus mitogenome sequences. The
values at the nodes in the following order indicate: the number of methods (out of three) that calculated a given taxa (sequence) grouping on
the tree, the probabilities calculated in MrBayes and PhyloBayes, as well as the SH-aLRT method, and the bootstrap percentages obtained in
IQ-TREE. Posterior probabilities < 0.5 and percentages < 50% are omitted or marked with a dash *. The colours indicate distinguished groups
marked from A to L. Abbreviations describing the geographical distribution are explained in Supporting Information, Table SS.

In the cytochrome b chronogram (Fig. 8; Supporting Informa-
tion, Fig. S4) and the consensus tree, North American sequences
were separated into three clades, which also included Asian spec-
imens. This suggested that at least three haplotypes migrated and
diversified in North America. The clade containing most of Amer-
ican sequences diverged around 16 ka and differentiated approx-
imately 14 ka on the American continent. The remaining American
clades split from their Asian counterparts around 13 ka and 10ka.

Reconstructing the geographic distribution of ancestors

After comparing biogeographic models, DEC was the best-fitting for
the cytochrome b chronogram, with a significantly lower AICc value
(Supporting Information, Table S11). For the mitogenome chrono-
gram, the differences between models were smaller, with DIVALIKE
emerging as the best model (Supporting Information, Table S11).
After assigning samples to geographic regions (Supporting
Information, Fig. S6) and using the best models to infer ancestral
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Figure 6. The simplified best tree for cytochrome b sequences (t0) and alternative topologies (t1-t4) assuming other phylogenetic position of
selected groups. Results of tests comparing these topologies are shown in the associated table. The table includes: bootstrap proportion using
the RELL method (bp-RELL), p-values from the Shimodaira-Hasegawa test (SH), the weighted Shimodaira-Hasegawa test (WSH), the
Expected Likelihood Weight test (ELW), and an approximately unbiased test (AU) as well as Bayes Factor (BF) expressed as differences in
natural logarithm likelihood units from the best topology (t0). Values smaller than 0.05, and BF > 3 are presented in red font.

distributions, the cytochrome b chronogram suggested, with a
probability p =0.63, that the ancestor of tundra voles originated
in Central and Western Asia (Supporting Information, Fig. $7),
while the mitogenome chronogram indicated Western Asia with
p=0.5 (Supporting Information, Fig. S8). The common ancestor
of Asian B, C, and D lineages likely lived in Western Asia (p=0.74).
The B lineage ancestor also resided in Western Asia with proba-
bilities of 0.98 (cytb tree) and 1 (mtDNA tree), before its descen-
dants migrated to Central Asia, where their ancestor had a
probability of 0.95 (cytb tree) and 0.57 (mtDNA tree).

Within the B population, the C group emerged and colonized
Northeast Asia, with its ancestor in this region with p=1. The D
lineage ancestor independently migrated to Northeast Asia
(p=0.81), from where its descendants populated North America

three times, as indicated by the Asian geographic distribution of
their ancestors. The common ancestor of the most recently sepa-
rated Asian lineage and the European E-L groups likely lived in
Western Asia, with p=0.78 (cytb tree) and p=0.67 (mtDNA tree).

The population from which the European groups emerged also
occupied Western Asia, with probabilities of p=0.81 (cytb tree)
and p=1 (mtDNA tree). The primary region of differentiation for
groups G and K could be Central Europe, with p=0.87 (cytb tree)
and p=1 (mtDNA tree). From there migrations spread to south-
ern France (group F), south-western Fennoscandia (group L),
and again to the east. The ancestors of the H-J groups initially
inhabited Eastern Europe with a probability of 0.90-1, from where
they spread independently twice to Fennoscandia (groups H and
I) and the Urals. The analyses indicate that emigration to

GZ0Z lequisoa( g0 uo 1sanb Aq 01 L 89E8/YS L1BIZ/¥/S0Z/3191e/UBSUUI00Z/WO0D dNO-oIWspeoe.//:sdny WoJj papeojumoq


https://academic.oup.com/zoolinnean/article-lookup/10.1093/zoolinnean/zlaf154/#supplementary-data
https://academic.oup.com/zoolinnean/article-lookup/10.1093/zoolinnean/zlaf154/#supplementary-data

10 « Zeromskaetal

Figure 7. The simplified best tree for mitochondrial genome
sequences (t0) and alternative topologies (t1 and t2) assuming other
phylogenetic position of selected groups. Results of tests comparing
these topologies are shown in the associated table. The table
includes: bootstrap proportion using RELL method (bp-RELL),
p-values from the Shimodaira-Hasegawa test (SH), the weighted
Shimodaira-Hasegawa test (WSH), the Expected Likelihood Weight
test (ELW), and an approximately unbiased test (AU) as well as
Bayes Factor (BF) expressed as differences in natural logarithm
likelihood units from the best topology (t0). Values smaller than
0.05, and BF > 3 are presented in red font.

north-eastern Europe originated from the Ural region, as the sam-
ples from Europe clustered with samples from the Urals.

Fluctuations in effective population size over time

Changes in effective population size over time are presented for
the mitogenome data, which contained more sites in the analysis
and better reflected population variability than cytochrome b data
(Fig. 10). These fluctuations were compared with the §'*O curve,
representing global temperature changes. Generally, lower values
corresponded to cooling and higher values to warming. Significant
decreases and increases in these values could be linked to cold
stadials and warm interstadials, respectively.

From the Eemian Interglacial (MIS Se) through MIS Sa-d, pop-
ulation size showed only slight changes due to limited data for this
period. A clear increase began from the Greenland interstadial 22
(GI 22; Andersen et al. 2006), continuing until the middle of a
cold MIS 4, followed by a decline to a local minimum at GI 14 in
MIS 3. From this period, the effective population size rose again
to a large local maximum around 35-30 ka, with a brief decline
between stadials GS 10 and GS 9. At the end of MIS 3 the popu-
lation size sharply diminished until the LGM in MIS 2 reached a
minimum at the beginning of GS 2.1. As the isotope curve rose,
the population size fluctuated, peaking during interstadial 1
(Bolling-Allered) and decreasing in stadial 1 (Younger Dryas).
After reaching a global maximum around 5 ka, it declined and then
slightly increased.

Diversity at the population level of groups

The distinguished groups of A. oeconomus exhibited varying diver-
sity at the nucleotide level (Fig. 11). The results are similar for
cytochrome b sequences and mitogenomes. The greatest variabil-
ity was shown by group B, containing samples from Asia, and
group F, represented by extinct samples from southern France.
Taking into account cytochrome b sequences, the least diverse
were groups I (samples from northern Fennoscandia), ] (samples
from the Urals and north-eastern Europe), and L (samples from
south-western Fennoscandia), as well as group A (samples from
Denisova Cave). Groups D (sequences from north-eastern Asia
and North America) and H (sequences from various areas of

Fennoscandia and eastern Europe) also demonstrated relatively
high values of diversity.

We conducted Fu and Tajima neutrality tests to assess if sub-
populations followed the neutral mutation theory and were in
equilibrium with genetic drift. The Fu test for cytochrome b data
showed significant deviations with negative values for groups B,
C,D,G,H,1J,and K. Group D (-103.2) had the highest negative
values, followed by C (-33.6). In contrast, the Tajima test was
more conservative, with significant deviations from the expected
valuesin groups D (-2.2),] (-1.9),and K (-2.1) (Supporting Infor-
mation, Table $12). Analyses of mitogenome data provided sim-
ilar results. The Fu and Tajima tests exhibited significantly low
values for groups J and K, whereas the Fu test indicated significant
negative deviations for group G. The lowest values were shown by
group K with Fu’s Fs=-33.7 and group J with Tajima’s D =-2.2.
Group F showed positive values in both tests (Supporting Infor-
mation, Table S13).

DISCUSSION

Evolution of Alexandromys oeconomus populations in time
and space

Phylogenetic analyses, based on three methods on the popular
marker cytochrome b and complete mitochondrial genome
sequences, allowed the distinction of 12 main groups of A. oecono-
mus and the reconstruction of their relationships. While cyto-
chrome b-based data included many more sequences with greater
geographic diversity, the mitogenomic data provided better-resolved
phylogenies. Moreover, molecular dating analyses revealed diver-
gence times for individual groups, which were compared with §*0
records, commonly used as climate proxies.

Our results are generally consistent with other authors (Brun-
hoff et al. 2003, Bannikova et al. 2010), who identified four main
allopatric phylogenetic lineages in the tundra vole. However,
thanks to aDNA, we have distinguished additional groups, high-
lighting greater past variability in the species and reconstructed
the migration routes of A. oeconomus populations (Fig. 12). Gen-
erally, the analysed sequences can be divided into two large
groups, including Asian-American and European samples. Their
ancestor most likely lived in the areas of Central and Western Asia.
However, it cannot be excluded that the ancestor of the tundra
vole may have been a large, mobile population, like contemporary
related species, and could have inhabited vast areas of Asia
(Garcia-Rodriguez et al. 2024).

The earliest separated groups A and B evolved across large areas
of Asia from the Urals to the central part of Siberia. The separation
of these lineages from other groups occurred at the end of the
penultimate glacial period (MIS 6), c. 142-138 ka, based on the
mitogenomic data. The A lineage became extinct earlier than B,
which remained the only one group in Central Asia. This extinc-
tion may have been linked to Eemian warming and the expansion
of forests, which were unfavourable conditions for the studied
species. However, given the small number of samples for the A
lineage, the details about their extinction remains speculative.

The common ancestor for the European F-L lineages diverged
from the Uralic group E during a relatively warm period at the end
of MIS Se and the beginning of MIS Sa-d, around 108 ka. After
migrating west, the tundra vole spread across Europe and

GZ0Z lequisoa( g0 uo 1sanb Aq 01 L 89E8/YS L1BIZ/¥/S0Z/3191e/UBSUUI00Z/WO0D dNO-oIWspeoe.//:sdny WoJj papeojumoq


https://academic.oup.com/zoolinnean/article-lookup/10.1093/zoolinnean/zlaf154/#supplementary-data
https://academic.oup.com/zoolinnean/article-lookup/10.1093/zoolinnean/zlaf154/#supplementary-data
https://academic.oup.com/zoolinnean/article-lookup/10.1093/zoolinnean/zlaf154/#supplementary-data
https://academic.oup.com/zoolinnean/article-lookup/10.1093/zoolinnean/zlaf154/#supplementary-data

Phylogeography and evolution of the tundravole « 11

Figure 8. Chronogram obtained for the cytochrome b sequences of Alexandromys oeconomus. The colours indicate distinguished groups marked
from A to L. Abbreviations describing the geographical distribution are explained in Supporting Information, Table SS. Lower part of figure
shows a range of different periods and epochs, as well as the §'*0 curve. The numbers on the selected nodes correspond to those given in
Supporting Information, Table S10. MIS—Marine Isotope Stage; LGM—Last Glacial Maximum.
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Figure 9. Chronogram obtained for the mitogenome sequences of Alexandromys oeconomus. The colours indicate distinguished groups marked

by A, B, E-H, J and K. Abbreviations describing the geographical distribution are explained in Supporting Information, Table SS. Lower part of
figure shows a range of different periods and epochs, as well as the §'*O curve. The numbers on the selected nodes correspond to those given in

Supporting Information, Table S10. MIS—Marine Isotope Stage; LGM—Last Glacial Maximum.

diversified to individual lineages. From Central Europe, early
migrations took place to south-western Europe and later to North-
ern and Eastern Europe, reaching the Urals (Fig. 12). MIS Sa-d
was also the period when, at approximately 95-89 ka, new Euro-
pean groups (F, G-J, K-L) separated and differentiated.

A similar pattern of the mtDNA lineages was observed in Euro-
pean (Stenocranius anglicus) and Asian (8. gregalis) narrow-headed
voles (Baca et al. 2023a), the common vole Microtus arvalis (98-83
ka) (Baca et al.,2023b), and the collared lemming Dicrostonyx tor-
quatus (109-92 ka) (Palkopoulou ef al. 2016, Lord et al. 2022).
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Figure 10. Effective population size (Ne) obtained for the chronogram of mitochondrial genomes compared to the §'*O curve. The range of
different time periods is shown at the top of the figure. MIS—Marine Isotope Stage; LGM—Last Glacial Maximum. The numbers above and
below the isotope curve correspond to selected Greenland stages (below) and interstadials (above). Dashed lines correspond to 95% HPD.

Figure 11. Diversity at the nucleotide level (r) in the distinguished groups of Alexandromys oeconomus for two datasets. The diamonds indicate

the mean value and the whiskers mark the standard deviation.

This may be related to the Brerup Interstadial (10488 ka) marked
by dense forests (Helmens 2014), which were unfavourable for
rodents adapted to open steppe habitats and could have led to the
fragmentation of their populations and the emergence of new
lineages.

Group D was more expansive. It separated approximately 70
ka from Central Asian groups B-C, settled in north-eastern Asia
and later migrated to North America (Fig. 12). In the cold period
of MIS 4, no major groups formed, and at the beginning of MIS
3, atapproximately 50 ka according to mitogenome data, the Ural
E group disappeared. During the relatively warmer MIS 3,
approximately 40-33 ka, the ancestor of the H-J groups separated
from the Central and Eastern European group G. The ancestral
population H-J migrated after 25 ka into the Urals and

north-eastern Europe ( J) and Fennoscandia (H and I). The initial
north-eastern European population most likely lived near the
Urals, and the settlement of the Fennoscandian Peninsula took
place from Eastern Europe via the Finnish-Karelian Massif. The
relationships between H, I, and J remain unclear, although most
data (two methods in phylogenetic analyses and one chrono-
gram) indicate that groups I and J are more closely related, with
H being a sister group. Nevertheless, Fennoscandian sequences
from groups H and I are not monophyletic because they are sep-
arated by sequences from Eastern Europe. Thus, we can assume
that H and I inhabited Fennoscandia independently. A similar
pattern of colonization was observed for other rodents, such as
Microtus agrestis and Clethrionomys glareolus (Herman et al. 2014,
Markova et al. 2020).
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Figure 12. Probable phylogeographic relationships and potential migration directions of distinguished groups of Alexandromys oeconomus
shown in selected periods. The names of the groups correspond to the designations on the presented phylogenetic trees and chronograms.

Most changes in the mtDNA lineages of the narrow-headed
vole, common vole, and lemmings also occurred at the end of
MIS 3 between 45 and 30 ka (GS 12 to GS 5.1) (Palkopoulou
etal. 2016, Lord et al. 2022, Baca et al. 2023a, Lord et al. 2025).
For all these rodent species, the time of greatest diversification
coincides with the Hengelo-Charbon interstadials (43-41 ka)
and Denekamp-Grand Bois (36-33 ka), i.e. brief warmings with
the appearance of forests (Helmens 2014). During this time, at
the end of MIS 3, between 40 and 26 ka, extinctions or

replacements of megafauna genetic lineages occurred (Cooper
etal. 2015).

During the very cold Last Glacial Maximum (LGM), approx-
imately 26-23 ka, the last representatives of the early lineages of
the Central and Eastern European G group became extinct, and
its descendants in the H-J groups survived. Group K was the sole
lineage in Central Europe. At the end or after the LGM, i.e. 16 ka,
a second group called C diverged in Central Asia within B, and
like D, independently emigrated to north-eastern Asia (Fig. 12).
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During the LGM, when the climate was harsh, but stable com-
pared to the end of MIS 3, tundra and steppe-tundra environments
spread over most of Europe and Western Asia. Two turnovers of
mtDNA lineages were also recorded in collared lemming popula-
tions, when Eurasian groups became extinct and new ones
appeared rapidly in the area, c. 22-20ka (Palkopoulou et al. 2016).
Baca et al. (2023a) estimated such population replacement of the
narrow-headed vole, Stenocranius gregalis from the northern and
central Urals at approximately 24-23 ka. This suggests that
short-term environmental changes may have affected much of the
Eurasian steppe-tundra biome during the LGM.

After the LGM, the tundra vole population expanded from
isolated refugia in Central and Eastern Europe across a wider area
in these territories and also migrated to Northern Europe (Fig.
12). Another migration occurred also from Central to
north-eastern Asia and next to North America.

Reconstruction of the ancestral distribution of American lin-
eages indicates that this continent was settled at least three times
from north-eastern Asia. About 15 ka, the main clade of North
American populations separated and migrated to this continent
before 11.5 ka. These results are consistent with the emergence
of a land bridge across the Bering Strait connecting Asia with
North America between 30 and 11 ka, during the climate cooling
and the accumulation of large masses of water in the ice sheets
(Hu et al. 2010). It is estimated that the lowest sea level and the
widest bridge existed approximately 25-1S5 ka. The geographic
distribution of specimens from this group around the Bering
Strait follows the traditional boundaries of the Beringjan refugium
including Eastern Siberia, Alaska, and north-western Canada. The
same pattern has been observed in other species, including the
Nearctic lemming (Lemmus trimucronatus) (Fedorov et al. 1999).

Group F, represented by specimens from southern France, per-
sisted for a relatively long time, which agrees with fossil records
of A. oeconomus from this region dated to at least MIS 4 (Discamps
and Royer 2017), Representatives of this group most likely
reached the north of Spain, where the remains of A. oeconomus
were also found (Cuenca-Bescds et al. 2009, Ferndndez-Garcia et
al. 2016, Laplana et al. 2016, Garcia-Morato et al. 2024). Our esti-
mations suggest that group F became extinct around 15-14 ka but
it could survive longer, into the Belling-Allered Interstadial and
possibly until the Younger-Dryas cooling event, according to fossil
findings (Royer ef al. 2016, 2021). The continuous presence of
the A. oeconomus lineage in south-western Europe parallels the
persistence of the Stenocranius gregalis lineage during the same
period and in the same region (Baca ef al. 2023a). The population
from the Netherlands is currently geographically isolated from
other populations and likely represents a relic surviving lineage
that diverged from an extinct Central European population around
15.5 ka.

Around 11 ka, during MIS 1 warming, the third colonization
of Fennoscandia from Central Europe took place by group L,
which evolved within the European K group (Fig. 12). This migra-
tion likely occurred via land bridges across the area of the Jutland
Peninsula, which existed between Sweden and Denmark 11.2-8.2
ka (Bjorck 1995, 1996). Today, southern Sweden is separated from
continental Europe by the Oresund Strait, although fossil data
from Denmark and Sweden indicate that A. oeconomus migrated

Phylogeography and evolution of the tundravole « 15

along this route at the end of the Pleistocene (Liljegren 1975),
which is additionally confirmed by the results of our analyses.

Previous studies based on modern sequences suggested that
the main phylogeographic structure of the modern tundra vole
was formed before the last glaciation (Brunhoff ef al. 2003). In
contrast, our studies indicate that only the Asian—European split
occurred at that time, whereas most diversification took place
during the last glacial. While earlier works proposed colonization
of Northern Europe from Central European refugia, our results
also support two additional migrations into Fennoscandia from
Eastern Europe.

Brunhoff et al. (2003) and Iwasa ef al. (2009) investigating
cytochrome b noticed a high similarity between specimens from
Alaska and north-eastern Russia, suggesting a recent colonization
of North America from a relatively homogeneous ancestral pop-
ulation during the last Wisconsin ice age (Rausch 1963). Our
findings, however, point to at least three, later migration waves
into North America.

The rate of evolution and population diversity of
Alexandromys oeconomus

We observed fluctuations in the effective population size (N ) of
the tundra vole over time not always aligning in the same way as
changes in the oxygen isotope curve. It should be taken into
account that changes in N could have occurred with a delay rela-
tive to the isotope curve variations and environmental changes in
different regions may not have responded directly to global climate
change due to the high resilience of ecosystems (Holling 1973).
However, certain trends can be observed. Generally, the increase
in the effective population size was associated with climate warm-
ing, and its decrease with cooling, with the greatest reduction
occurring during the LGM. Short-term cooling (stadials) and
warming (interstadials) had less impact than longer periods on
the tundra vole population, though intense changes may have been
more influential than temperature extremes.

It should be also considered that the appearance or decline of
certain types of environments can be more significant in the dif-
ferentiation of A. oeconomus than only changes in climatic param-
eters. During warming periods, dense forest clusters of the
temperate zone may have appeared, dividing vole populations into
smaller ones, preferring open steppe-tundra areas. This could have
led to greater genetic diversity due to the isolation of the popula-
tions. In turn, excessive warmth or forest cover could reduce suit-
able habitats, limiting population size. Similarly, extreme climate
cooling, e.g. in the LGM, made the conditions too restrictive,
which also limited the population size.

Studies of rodents from the stadial 2 (GS-2) to interstadial 1
(GI-1) transition at the end of the last glacial showed that trans-
formations in fauna and environment began over 2 ka earlier and
more clearly than the global warming around 14.7 ka (Lemanik
et al. 2020). This suggests that the climate shift may have occurred
in Central Europe (or even across a larger area of this continent)
before changes in the §'*O recorded in the Greenland glacier at
the GS-2a/GI-1e boundary. It is also possible that subsequent
changes in fauna were not caused by temperature oscillations, but
changes in other climatic parameters, such as precipitation and
humidity.
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Nucleotide sequence analysis revealed that populations with
broader geographic ranges and longer evolutionary histories tend
to exhibit higher genetic diversity. This applies especially to group
B with both along evolutionary history and wide distribution from
the Urals to Central Asia as well as group H, which spread across
Fennoscandia and Eastern Europe and group D migrating to North-
east Asia and North America. Additionally, low and significant
values in two tests for group D suggest that it recently and rapidly
spread across Northeast Asia and reached North America, diverging
after the LGM, though it split from other Asian lineages around 70
ka. Fossil samples from southern France (group F) also show a high
variability, suggesting a larger historical range in western Europe.

Conversely, groups with the lowest variability, e.g. I and L in
Fennoscandia, and J in north-eastern Europe to the Urals, evolved
more recently after the LGM in the newly settled areas, likely from
small, rapidly expanding populations. The rapid post-LGM expan-
sion from small populations or a bottleneck event that reduced
genetic diversity is supported by two neutrality tests for groups J
and K. For group J, this likely relates to the migration into
north-eastern Europe and the Urals, whereas for group K, it
reflects recent spread across currently occupied areas of Central
and Western Europe. These findings align with estimated diver-
gence times for both groups.

However, the results should be interpreted cautiously, as classical
population genetics parameters may be biased due to heterochrony
in the datasets (Depaulis et al. 2009). Since the samples within each
group represent a narrow period, this effect is likely minimal.

The influence of datasets on the estimation of divergence
times

Testing different models of evolution showed that the studied
sequences most likely evolved with a constant substitution rate,
possibly due to the relatively recent evolutionary timeframe of just
over 100 ka. Smaller variability of estimated times when consid-
ering longer sequences, i.e. entire mitochondrial genomes, rather
than a shorter marker cytochrome b are most likely due to the
lower variance and higher accuracy of model parameter estimation
compared to the shorter sequence with fewer sites in the sequence
alignment.

Bannikova ef al. (2010) estimated the divergence time of Euro-
pean and Asian lineages at 190 ka, whereas both the division of
the European population into Russian and Western European
lineages as well as the split of the Asian lineage into Siberian and
Beringian lineages occurred around 110 ka. These dates were
inferred based on cytochrome b sequences from a multi-species
Microtus tree, and the clock calibration assumed radiation of the
main Microtus lineages at 2.2 Ma. Our estimates were later: 142
ka, 95 ka, and 70 ka, respectively. The earlier overestimations may
result from reliance only on modern sequences, rough calibration
assumptions, and variability in substitution rates across multiple
species.

Even earlier times were obtained by Brunhoff et al. (2003) using
simple calculations based on the rate of substitutions in cyto-
chrome b. According to them, the northern European group sep-
arated from the Central Asian group 490-290 ka, and the
separation of two European groups (northern and central)
occurred 330-200 ka, whereas the Central Asia and Beringia
groups diverged 350-210 ka. All these estimates are much older

than the separation of even the main European and Asian groups
calculated based on our analyses and Bannikova et al. (2010).
Therefore, it seems unlikely in the light of our results that voles
could have entered North America earlier and not diversified on
both sides of the strait due to migrations that would allow for
population mixing (Brunhoff et al. 2003).
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