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Abstract

Phylogeographic studies uncover hidden pathways of divergence and inform conser-
vation. Brown bears (Ursus arctos) have one of the broadest distributions of all land
mammals, ranging from Eurasia to North America, and are an important model for
evolutionary studies. Although several whole genomes were available for individu-
als from North America, Europe and Asia, limited whole-genome data were available
from Central Asia, including the highly imperilled brown bears in the Gobi Desert. To
fill this knowledge gap, we sequenced whole genomes from nine Asian brown bears
from the Gobi Desert of Mongolia, Northern Mongolia and the Himalayas of Pakistan.
We combined these data with published brown bear sequences from Europe, Asia
and North America, as well as other bear species. Our goals were to determine the
evolutionary relationships among brown bear populations worldwide, their genetic
diversity and their historical demography. Our analyses revealed five major lineages of
brown bears based on a filtered set of 684,081 single nucleotide polymorphisms. We
found distinct evolutionary lineages of brown bears in the Gobi, Himalayas, northern
Mongolia, Europe and North America. The lowest level of genetic diversity and the
highest level of inbreeding were found in Pakistan, the Gobi Desert and Central Italy.
Furthermore, the effective population size (N,) for all brown bears decreased over the
last 70,000years. Our results confirm the genetic distinctiveness and ancient line-
age of brown bear subspecies in the Gobi Desert of Mongolia and the Himalayas of

Pakistan and highlight their importance for conservation.

KEYWORDS
brown bear, evolutionary relationship, historical demography, whole-genome sequencing

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2023 The Authors. Molecular Ecology published by John Wiley & Sons Ltd.

5156 wileyonlinelibrary.com/journal/mec

Molecular Ecology. 2023;32:5156-5169.


www.wileyonlinelibrary.com/journal/mec
mailto:
https://orcid.org/0000-0002-2105-3836
https://orcid.org/0000-0002-7616-0161
https://orcid.org/0000-0003-0216-6867
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:odko2008@yahoo.com
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fmec.17091&domain=pdf&date_stamp=2023-08-01

TUMENDEMBEREL ET AL.

5157
MOLECULAR ECOLOGY V4| LEYJ—

1 | INTRODUCTION

Globally, the current rate of species extinction and declines has ex-
ceeded historic baselines (Cowie et al., 2022) and is largely linked
to anthropogenic causes, including habitat destruction and frag-
mentation, environmental changes and persecution (Ceballos
et al., 2015). Species with limited geographic ranges are especially
vulnerable and are often considered the greatest conservation chal-
lenge (Lester et al., 2007). However, widely distributed species also
present many challenges (Allendorf & Luikart, 2009), including how
and where to focus on conservation efforts. Increasingly, genomic
data are helping to address this issue by providing detailed descrip-
tions of historical and contemporary connectivity, genetic diversity,
demography and, perhaps most importantly, robust assessment of
taxonomic units (Funk et al., 2012). Designation of species, subspe-
cies or evolutionary unique populations leads to the recognition
by the International Union for Conservation of Nature (IUCN), the
Convention on International Trade in Endangered Species of Wild
Flora and Fauna (CITES) and other national and international regula-
tory authorities (Haig et al., 2006). Thus, this information is critical to
conservation managers and decision-makers to help guide conserva-
tion (Allendorf & Luikart, 2009; Funk et al., 2012).

The brown bear (Ursus arctos) is among the most widely distrib-
uted terrestrial carnivores (Nowak, 1999) and is often considered
a generalist (Bojarska & Selva, 2012). However, distinct popula-
tions exhibit unique and specialized adaptations. There are 14-16
identified subspecies that inhabit temperate rainforests to harsh
desert environments (McLellan et al., 2017). Their genetic rela-
tionships, demographics and basic life history have received sub-
stantial attention, making them model species for large mammals
(Davison et al., 2011). Fossil data indicate that brown bears origi-
nated in Asia, and their historic distribution extended throughout
Europe and North America and reached northern Africa during
the Pleistocene (Kurtén, 1968; McLellan & Reiner, 1994). Although
brown bears have a Holarctic distribution, their range has decreased
mainly due to direct persecution over the past two centuries, leav-
ing many fragmented, small populations at risk, especially in Asia
and Europe (McLellan et al., 2017). A recent study based on 95 new
brown bear genomes revealed the range-wide evolutionary history
of the species (de Jong et al., 2023); however, included only one
sample (Himalayan brown bear) from Central Asia and no samples
from Mongolia. Thus, our study remains essential for understanding
phylogeographic history and conserving brown bears, especially in
Central Asia.

For the last two decades, maternally inherited mitochondrial
DNA (mtDNA) sequences of brown bears have been used exten-
sively to understand the phylogeography of this species with 9-12
distinct intraspecific clades identified across their current range
(Anijalg et al., 2018; Hirata et al., 2013; Miller et al., 2006; Waits
et al., 1998). However, recent studies based on the Y chromosome
show a different pattern that suggests more connectivity, less
variation and fewer (4-5) haplogroups (Bidon et al., 2014; Hirata
et al., 2017). Brown bears exhibit male-biased dispersal, which can

explain the differences in demography and evolutionary patterns
found between these sex-linked markers (McLellan & Hovey, 2001;
Proctor et al., 2004). The use of multiple biparentally inherited nu-
clear microsatellite loci has been effective for evaluating contempo-
rary population structure, connectivity and demography, but such
data provide limited information about global evolutionary relation-
ships, genetic diversity and historical demography of this species
(Paetkau et al., 1998; Waits & Paetkau, 2005). Genomic data have
been extremely useful for delineating taxonomic units among brown
bears (Hailer et al., 2012; Miller et al., 2012), despite earlier con-
founding factors caused by hybridization and introgression between
brown and polar bears (Cahill et al., 2015; Lan et al., 2022; Miller
et al., 2012).

While genomic data are available throughout much of the spe-
cies’ range, the isolated populations in Central Asia, specifically the
Gobi Desert of Mongolia and the Himalayas of Pakistan, have lim-
ited data, rendering evolutionary relationships among brown bears
in these areas uncertain. Mitochondrial DNA studies have revealed
five maternal lineages for brown bears in Asia (Galbreath et al., 2007;
Lan et al.,, 2017; Masuda et al., 1998; Matsuhashi et al., 2001;
Tumendemberel et al., 2019). Only a few studies, using biparentally
inherited DNA, have focused on brown bears from the Asian con-
tinent. They have shown that brown bears in the Gobi Desert of
Mongolia are isolated from other bear populations in Central Asia
(Tumendemberel et al., 2019), and brown bears on Hokkaido Island,
Japan, are genetically distinct from continental brown bears (de Jong
et al,, 2023; Endo et al,, 2021; Hirata et al., 2017).

To improve our understanding of the evolutionary history of
brown bears with a focus on Central Asia, we generated whole-
genome data from nine brown bears, including samples from the
Gobi Desert in south-western Mongolia, the Himalaya Mountain
Range in Pakistan and northern Mongolia. We combined these data
with previously published whole-genome data for brown and polar
bears across their global ranges. Our objectives were to (1) iden-
tify global evolutionary relationships of brown bears, (2) evaluate
the genomic support for the taxonomic subspecies status of brown
bears in Central Asia, (3) estimate the level of genetic diversity of the
identified lineages and (4) reconstruct historical trends of effective
population size for brown bears. Finally, we discuss the conservation

implications of our findings.

2 | MATERIALS AND METHODS

We collected seven tissue and two hair samples from six geographic
regions in Asia, including the Gobi Desert (n=3), Altai Mountains
(h=1), Sayan (n=1), Khentii (hn=1), and lkh Khyangan (n=1) in
Mongolia and the Himalaya Mountains in Pakistan (n=2; Table S1).
The Mongolian Ministry of Environment and Tourism and the
Institute of General and Experimental Biology, Mongolian Academy
of Sciences, approved the collection of samples and methods. Sample
export and import were permitted by the CITES appendix | (export:
MN1000500, 18/1148; import 12US807212/9 and 8US59229C/9).
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Total DNA was extracted using DNeasy Blood and Tissue kit
(Qiagen Inc.) and checked using a Qubit fluorometer (Invitrogen)
and 1% agarose gel electrophoresis. We prepared ~300ng of pure
DNA in <50uL of EDTA-free buffer for the 150-bp library prepara-
tion. Whole-genome sequencing was conducted using the Illumina
HiSeq4000 (lllumina, Inc.). We retrieved raw whole-genome se-
quencing data for an additional 25 bears from GenBank (https://
www.nchi.nlm.nih.gov/; Table S1) to include in our analyses. These
samples included 15 brown bears (Barlow et al., 2018; Benazzo
etal., 2017; Cahill etal., 2015; Taylor et al., 2018), 4 polar bears (Ursus
maritimus; Miller et al., 2012), 1 Asiatic black bear (Ursus thibetanus),
1 spectacled bear (Tremarctos ornatus), 1 sun bear (Ursus malayanus),
1 sloth bear (Melursus ursinus; Kumar et al., 2017), and the extinct
2 cave bear species; 1 Caucasian cave bear (Ursus kudarensis) and 1
Gamssulzen cave bear (Ursus ingressus; Barlow et al., 2018). We also
downloaded the complete mtDNA genome for 64 brown bears from
GenBank.

2.1 | Checkingraw data, mapping, and filtering

We checked the sequencing quality of raw fastq files using fastqc
v0.11.3 (Andrews et al., 2011). We trimmed raw reads using Sickle
(Joshi & Fass, 2011), removed index and adapter sequences and
merged paired reads using FastqToSam, MarkllluminaAdapters and
BuildBamlIndex in the Picard tool (Board Institute, 2018). The clean
BAM files were mapped to the grizzly bear (U.a. horribilis) reference
genome (Taylor et al., 2018) using BWA v0.7.17 (Li & Durbin, 2010).
After mapping, duplicates were marked and removed using rmdup
commands in SAMtools (Li et al., 2009) and Picard version 1.106
(Board Institute, 2018).

Aligned reads that were properly paired, mapped uniquely and
had high quality (Phred score >30) were used as input for base
quality score recalibration (Genome Analysis Toolkit v3.7 (GATK);
Danecek et al., 2011; McKenna et al., 2010). To obtain a set of
“known variants” for recalibration, raw variant genotypes were
called using default parameters and a minimum base quality Phred
score of 20 with GATK UnifiedGenotyper, which was followed
by GATK BaseRecalibrator and GATK PrintReads. We checked
recalibration results using Qualimap (Okonechnikov et al., 2016).
After recalibration, we obtained genetic variants, including SNPs
and InDels in each scaffold. Joint genotyping of all 34 samples
was implemented in GATK following the authors recommended
best practices (DePristo et al., 2011; McKenna et al., 2010) using
HaplotypeCaller (Poplin et al., 2017; Van der Auwera et al., 2013).
SelectVariants tool in GATK was run to trim unused alternative
alleles. We used VariantAnnotator in GATK v4.1.4.0 (McKenna
et al., 2010) to add VariantType and AlleleBalance annotations to
the variant call file. We filtered the raw SNPs with the following
criteria using the Variant Filtration tool in GATK: quality by depth
(QD) < 2.0, Phred-scaled p value (FS) > 60.0, root mean square of the
mapping quality (MQ)<40.0, variants with mapping quality rank-
sum test approximation (MQRankSum) <-12.5 and a read position

rank-sum test approximation (ReadPosRankSum)<-8.0. During
this initial filtering step, we retained 63,788,272 variable sites of
64,369,585 SNPs and 10,113,052 InDels. We selected variants
and excluded non-variants using SelectVariants in GATK. We used
VCFtools v0.1.14 (Danecek et al., 2011) to run the next filtering
steps with the following thresholds: genotype quality (minQ) = 30,
the minimum mean depth of coverage (min-meanDP)z 10, the
maximum mean depth of coverage (max-meanDP) <50, no miss-
ing data (max-missing 1.0) and no singletons. Before the genetic
structure and phylogenetic analysis, we further filtered SNPs with
linkage disequilibrium pruning (LD-pruning) with the threshold of
window size =50kb, step size="5kb and r? threshold of .2 in Plink
v1.90 (Chang et al., 2015).

2.2 | Population structure and phylogeny

We evaluated population structure using the LEA R package (Frichot
& Francois, 2015) admixture analysis based on sparse nonnegative
matrix factorization (snmf; Frichot et al., 2014) with 50 repeats for
the full dataset and 10 repeats for the brown bears only dataset
and principal component analysis (PCA) using Plink v1.90 (Chang
et al., 2015). Results were visualized using the ggplot2 package
(Wickham, 2016) in program R v.4.0 (Team R. C., 2017). We used
spectacled bear as an outgroup to conduct phylogenetic analysis.
We converted the SNPs vcf file to sequence format using vcf2pylip.
py v2.0 (Ortiz, 2019) and genoToSequency.py (Martin et al., 2015).
We used PAUP (Swofford, 2002) to calculate Akaike information
criterion (AIC) and Bayesian information criterion (BIC) to iden-
tify an appropriate substitution model, which we used in further
analyses to infer the phylogeny of brown bears. We used: (1) maxi-
mum likelihood (ML) with FastTree (Price et al., 2010) and RAXxML
(Stamatakis, 2014), and (2) coalescent-based SVDquartets method
(Chifman & Kubatko, 2014) in the PAUP v.4 (Swofford, 2002). We
also produced a Neighbour-Net network (Bryant & Moulton, 2004)
based on a generalized time-reversible model (GTR) (Tavaré, 1986;
Yang, 1994) with ML distance and considered empirical substitution
rates using SplitsTree v.4.15 (Huson, 1998).

To evaluate brown bear maternal lineage relationships, we ob-
tained complete mtDNA, which we filtered through base recal-
ibration stages (Genome Analysis Toolkit v3.7 (GATK); Danecek
et al., 2011; McKenna et al., 2010) from the filtered mapping files of
each of the nine brown bears in Central Asia using mtDNA-Server
protocols (Weissensteiner et al., 2016). Each individual's filtered
contigs were aligned using the command ‘Map to the Reference’
with the same brown bear reference mtDNA genome (NC_003427.1,
Taylor et al., 2018) using Geneious v20.0.5 (https://www.geneious.
com). We removed all sites with ambiguities from the complete
mtDNA genome alignment, resulting in an alignment of 12,990
base pairs (bp) length. We constructed a phylogenetic tree based on
the best-fitting nucleotide substitution model, HKY +G (Hasegawa
et al., 1985), using PAUP v.4 (Swofford, 2002) and MEGA v.X (Kumar
etal., 2018).
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2.3 | Genetic diversity and differentiation

We calculated observed heterozygosity (H,), inbreeding coefficient
(F) and overall pairwise F (fixation index; Weir & Cockerham, 1984)
using VCFtools v0.1.14 (Danecek et al., 2011) and plink v1.9 (Chang
et al., 2015). We included 30 individuals: 24 brown bears, 4 polar
bears, 1 Caucasian cave bear and 1 Gamssulzen cave bear. To focus
on the population structure and genetic distance between brown
bears and the most closely related paraphyletic species, including
the extinct cave bears and polar bears, we excluded samples from
long-diverged Asiatic black bear, spectacled bear, sun bear and sloth
bear (Kumar et al., 2017). The Dxy and = estimates for these 30 indi-
viduals were also calculated across scaffolds using a sliding window
approach in Python (popgenWindows.py, Martin et al., 2015). We
specified all sliding window runs with nonoverlapping 20kb sliding
windows by calculating the number of differences in a minimum of
100 bases.

2.4 | Historical effective population size

We estimated changes in effective population size over time for
10 populations of brown bears (28x coverage) using pairwise
sequentially Markovian coalescent model analysis, PSMC (Li &
Durbin, 2009). We used the samtools mpileup and bcftools call func-
tions to remove sites with mean map and base qualities <20 (-q 20
-Q 20 -C50 -u) from the post-score calibrated data (BSQR) without
GATK filtering and linkage disequilibrium (LD) pruning to obtain the
filtered fasta-like sequence dataset. We defined a generation time
of 10years based on brown bear lifespan (Miller & Waits, 2003;
Paetkau et al., 1998; Tallmon et al., 2004) and a mutation rate of
1><10'8year/site based on previous studies (Kumar et al., 2017;
Miller et al., 2006). When running, we used default parameters and

100 bootstrap replicates.

3 | RESULTS

3.1 | Sequencing, mapping, filtering and variant
calling

We collected tissue and hair samples and sequenced DNA from
nine samples from Central Asia across six geographic regions, in-
cluding the Gobi Desert (n=3; mean depths: 11.5-17) in south-
ern Mongolia, Altai Mountains (n=1; mean depth: 8.03), Sayan
(n=1; mean depth: 6.44), Khentii (h=1; mean depth: 10.1) and lkh
Khyangan (n=1; mean depth: 14.2) in northern Mongolia and the
Himalaya Mountains in Pakistan (n=2; mean depth: 8.55 and 12.5)
at an average of 11x coverage. After mapping and filtering, we
generated 34 individuals' datasets of 684,081 variable nucleotides
from genomes of ~2.3 billion nucleotides for further phylogenetic
analysis. Genetic diversity and population structure were calcu-
lated using the final filtered SNPs from 30 bears of four species,

including 24 brown bears, 4 polar bears and 2 species of extinct

cave bears.

3.2 | Population structure and phylogeny

The admixture snmf analysis with LEA separated 30 individuals into
two groups at K=2: polar bears and all other samples (Figure 1). The
lowest cross-entropy values were obtained at K=3 (Figure S1), and
this placed brown bears of the Gobi Desert and the Himalayas of
Pakistan into their own genetic group separate from polar bears
and all other bears. The PCA results also supported this grouping
(Figure 2). Following the recommendations from previous authors of
admixture analyses (Alexander & Lange, 2011; Evanno et al., 2005,
Frichot & Francois, 2015; Pritchard et al., 2000), we also consider
results of values of K greater than 3, which provide biologically
meaningful information about relationships among brown bear
populations, particularly in light of the recent publication (de Jong
et al., 2023). At K=4, the North American brown bears show distinct
ancestry, and at K=5, Mongolian and European brown bears split off.
At K=6, the Himalayan bears split from the Gobi bears, and at K=7,
the ancient brown bear and cave bears separate (Figure 1). As K val-
ues increased, bears showed more mixed-ancestry coefficients, but
the splits remained biologically meaningful. We present summary
results for seven clusters: polar bears, cave bears and five subgroups
of modern brown bears and ancient brown bears (Figure 2). Similar
structuring results were obtained when the admixture (Figure S2)
and PCA analyses (Figure S3) were conducted on only brown bears.

The estimates of mean pairwise Fy; and absolute divergence
(Dy) showed that polar bears had the greatest pairwise genetic
differentiation and divergence from other groups (Fs; _ 0.26-0.56;
Dy _0.091-0.113; Table S2 and S3). Gobi and Himalayan bears had
greater differentiation (F;;=0.25-0.61; D,,=0.097-0.115) from
the other brown populations in northern Mongolia, Europe and
North America than pairwise F; between brown bears in northern
Mongolia, Europe and North America (F;;=0.02-0.04; D, =0.103-
0.104). The genetic differentiation between Gobi/Himalaya and
northern Mongolia and Europe was less (Fg;=0.247-0.321) than
between Gobi and Himalaya (Fg;=0.506). In contrast, D, estimates
showed that Gobi and Himalayan bears had slightly less divergence
(Dyy=0.09) than between Gobi/Himalayan and northern Mongolia
and Europe (Dy,,=0.113-0.115).

Maximum-likelihood (ML) and coalescence (based on
SVDquartets) trees were not consistent in placement of the diver-
gent lineages but consistent in identifying at least five distinct di-
vergent groups of modern brown bears (Figure 3a; Figure S4). For
brown bears, the major lineage splits were the same five genetic
groups of modern brown bears as detected in admixture analyses
(i.e. northern Mongolia and Siberian Russia, Europe, Gobi, Himalaya
and North America). The three primary differences between the two
phylogenetic results were (1) the placement of brown bears in North
America, which has shared ancestry to the Gobi/Himalayas in co-
alescence with lower statistical support for this lineage, whereas ML
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FIGURE 1 Population structure results (K=2-10) from snmf analysis with the LEA R package from 24 brown bears (Ursus arctos), two
species of cave bears (U.ingressus and U.kudarensis) and four polar bears (U. maritimus) based on 684,081 nuclear SNPs.
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tree showed that the North American bears have shared ancestry
with northern Mongolia bears; (2) the sample from Kenai, AK was
the ancestral lineage to the Europe and northern Mongolia bears
based on coalescence, while the ML tree supported it to be the same
lineage as the other brown bears in North America; (3) the Ancient
brown bear (the Pleistocene brown bear from Winden Cave, Austria;

C* dated ~41,201 +895years ago) placed as the ancient lineage of
Gobi/Himalaya and North America based on coalescence, whereas
ML showed Ancient and Georgia brown bears were ancestral to the
bears in Europe. Given that SVDquartets is generally more reliable
than ML for inferring species tree estimation from the multilocus
SNPs dataset (Vachaspati & Warnow, 2018) and the support for the
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support values.
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SVDquartets patterns across our other analysis methods, we con-
clude those results are best supported.

The neighbour-net analysis showed that polar bears have an
early divergence from a shared ancestor with brown and cave bear
lineages (Figure 2b). Samples from similar geographic origins were
clustered on the tree, and most samples showed early divergence
with splits occurring close to the centre/origin. Only the Gobi and
Himalayan brown bears had a noticeable amount of shared ancestry
before bifurcating into two distinct lineages.

The ML consensus tree using mtDNA from 54 brown bears in
Asia, Europe, Hokkaido and North America showed 9-10 divergent
clades/subclades. Similar to whole-genome results, the mtDNA tree
clustered Gobi and Himalaya as a divergent monophyletic group
with two geographically distinct subclades (Figure 2c¢). However, this
tree placed the Gobi and Himalaya as the sister lineages of all other
brown bears. This tree also showed divergent lineages on Hokkaido
Island, Japan, but we did not have a whole genome from this region
to compare.

3.3 | Genetic diversity

Among extant brown bear populations, observed heterozygosity
(Ho) and nucleotide diversity (z) were lowest for Central Italy, Gobi
and Himalayan brown bears (H,=0.037-0.055, z=0.047-0.050)
and polar bears (H,=0.045-0.056, z=0.057) (Table S4). Diversity
estimates for the extinct Pleistocene brown and cave bears were

even lower (Hy=0.001-0.065, 7z=0.041-0.069). However, the
brown bears in most of Europe, northern Mongolia and Siberian
Russia had relatively higher genetic diversity (H,=0.051-0.108,
7=0.101-0.108, Figure 4, Table S4).

3.4 | Historical demography

The trajectory of historical effective population sizes (N,) for
all brown bears with >8x coverage genomes was inferred using
pairwise sequential Markovian coalescent (PSMC) analysis (Li &
Durbin, 2011). Brown bears across all regions showed an overall
decrease in N,, with highs ~1mya and lows most recently ~10ka.
Across time, we observed two bottlenecks. However, three different
patterns of N, were identified among the individuals; (1) the Gobi,
Central Italy in Apennine and Alps Mountain Ranges; (2) Slovenia,
Khentii and Khyangan in Mongolia and Himalaya; and (3) Sweden
and North America (Figure 5, Figure S5). The N, of group 1 showed
a relatively steep decrease between ~1 mya and ~200ka. Group 2
showed a modest decrease starting from ~800 to 200ka. Group 3
decreased slightly, starting ~300-400ka until ~100ka. Between ~80
and 120ka, N, estimates of group 1, including the Gobi and most
European brown bears, increased to >40,000 individuals, while
the other brown bears had lower N, (~10,000-25,000 individuals).
Throughout time, brown bears (n=2) in both ABC and mainland

North America had lower N, than brown bears in Eurasia.
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FIGURE 4 Observed heterozygosity (H) estimates for the 6 populations from 24 brown bears (Ursus arctos), ancient brown bears,
2 species of cave bears (U.ingressus and U. kudarensis) and 4 polar bears (U.maritimus) based on 684,081 nuclear SNPs. Dots show the

estimates for each corresponding individual.
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4 | DISCUSSION

Our work provides a comprehensive whole-genome assessment
of brown bear evolutionary history, genetic diversity and genetic
structure and offers new insights for isolated populations of con-
servation concern in Central Asia. All analyses based on our whole-
genome dataset of 684,081 unlinked nuclear SNPs divided modern
brown bears into five distinct groups, including populations in (1) the
Gobi Desert, Mongolia, (2) the Himalayas of Pakistan, (3) northern
Mongolia and Russia, (4) Europe and (5) North America (Figure 1 and
2, Table S2 and S3, Figure S2). These whole-genome results differ
from mtDNA or Y chromosome studies on placement and number
of groups and divergent lineages. Mitochondrial DNA studies tend
to identify more haplogroups, which are specific for regional levels
such as clade 3a2, 3b2 and 3d for Hokkaido brown bears (e.g. Anijalg
et al., 2018; Hirata et al., 2013; Keis et al., 2013; Lan et al., 2017,
Miller et al., 2006; Tumendemberel et al., 2019; Waits et al., 1998).
Y chromosomal studies show male-mediated gene flow of brown
bears, less variation and more complicated phylogeography with
less clear regional differences (Bidon et al., 2014; Hirata et al., 2017).
These differences reflect differing movement patterns between
sexes; female brown bears are highly philopatric, while males tend
to disperse long distances (Proctor et al., 2004; Stoen et al., 2006;
Swenson et al., 1998; Zedrosser et al., 2007).

Our nuclear SNPs phylogenetic results indicated that all North
American brown bears shared the same ancestry, which is consistent
with recent studies (de Jong et al., 2023; Lan et al., 2022). MtDNA
phylogeography studies suggest that brown bears in North America
arrived in three different temporal migration waves from Asia ~34-
279 kya, representing clades 2a, 3 (subclades 3a and 3b) and 4
(Anijalg et al., 2018; Miller et al., 2006; Waits et al., 1998). Y chro-
mosome studies also indicate multiple migrations and have found
two haplotypes (BR1 and BR4) in mainland North America and one
haplotype (BR5) found only in ABC island bears (Hirata et al., 2017).
Although we found all North American brown bears share the same
lineage based on nuclear SNPs, we do not believe this refutes the
hypothesis of multiple migrations but rather supports substantial
admixture following migrations. Pairwise genetic differentiation

between ABC and mainland North America was lower than others,
which may be the result of more recent splits and continued low lev-
els of male-mediated gene flow between these groups, despite being
separated by the ocean. Interestingly, according to the SVDquartets
tree, the brown bear in Kenai was placed as a sister lineage to the lin-
eages of Europe and northern Mongolia, which may be a remnant of
one of the multiple migrations from Asia. Our admixture and phylo-
genetic results suggest that some modern brown bears in Eurasia, at
least those in the Sayan region in Mongolia and Caucasus, Georgia,
retain higher levels of ancestral alleles compared to the bears in
Altai, Russia, Central Italy and Sweden. All results are consistent
with the hypothesis that brown bears migrated to North America
from Asia (Anijalg et al., 2018; Keis et al., 2013; Kurtén, 1968, 1976;
Tumendemberel et al., 2019).

We identified three primary brown bear lineages/groups in
Eurasia using whole-genome data: Europe, northern Mongolia and
Siberian Russia, and the Gobi and Himalaya. Within Europe and
northern Mongolia, we identified a secondary split. This distinction
between Europe and northern Mongolia (including Siberian Russia)
was supported by all our results, including phylogenetic trees,
admixture and genetic distance/divergence estimates. Previous
mtDNA studies suggested brown bears in Europe (eastern lineage)
and northern Mongolia and Siberian Russia were a continuous large
population that shared similar matrilineal mtDNA haplotypes be-
longing to clade 3al, which is also the most widely distributed sub-
clade throughout Eurasia, Russian Far East, Sakhalin Island in Russia
and western Alaska (Anijalg et al., 2018; Hirata et al., 2013; Keis
etal., 2013; Miller et al., 2006). However, a recent mtDNA study that
used additional samples from Central Asia showed a split between
northern Mongolia and Siberian Russia and eastern Europe based
on 3b and 3al haplogroups, respectively (Salomashkina et al., 2014;
Tumendemberel et al., 2019), which is consistent with our ge-
nomic study. The recently published whole-genome study (de Jong
et al., 2023) has also shown the same result. Shared historical ances-
try and connectivity throughout the larger brown bear populations
in Siberian Russia were also supported by the estimates of lower
genetic divergence between Europe and northern Mongolia than in
North America and Europe. Further studies with more continuous
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sampling of this region may help identify the geographic area coin-
ciding with this split.

Mainland Asia is a hotspot of phylogenetic diversity having three
distinct lineages corresponding to three geographic regions: north-
ern Mongolia and Siberian Russia, Gobi and Himalaya. Most north-
ern Mongolian and Siberian Russian bears were a sister clade to the
European bears. Interestingly, the samples from Altai and Sayan
showed similar ancestry to other northern Mongolian brown bears
but had admixture with the ancient Pleistocene brown and cave
bear samples. Contemporary gene flow seems to occur through-
out northern Mongolia, except for Gobi and Himalayan populations
(Tumendemberel et al., 2019). In the southern range, the Gobi and
Himalayan brown bears are monophyletic sister groups that share
a common lineage. This evolutionary pattern has also been found in
the grey wolf (Canus lupus), another Holarctic-distributed carnivore,
which showed early divergent clades in the southern range, includ-
ing Tibetan and Indian wolves (Pilot, 2021). Similarly, snow leopards
(Uncia uncia) also showed genetic differentiation among northern
(Mongolia), central (Himalaya and Tibetan plateau), and western
(Tian Shan and Pamir) populations, each of which is considered sub-
species (Janecka et al., 2017).

Both whole-genome SNPs and the larger mtDNA dataset sup-
ported the monophyletic lineages of Gobi (clade 6a) and Himalaya
(clade 6b) samples. Previously, mtDNA studies of the partial con-
trol region, cytochrome B and COII did not detect distinct phylo-
genetic lineages between Gobi and Himalayas of Pakistan despite
having different haplogroups (Galbreath et al., 2007; Lan et al., 2017;
Tumendemberel et al., 2019). Matrilineal lineage clade 6 was placed
as the sister lineage to all other currently existing brown bear
lineages in previous studies (Lan et al., 2017; Tumendemberel
et al., 2019). However, this study suggests that Gobi and Himalayan
bears are sisters to the North American lineage and are the most
genetically divergent groups. This likely indicates their early diver-
gence and long-term isolation.

Despite the Gobi and Himalayan bears being sister taxa, the cur-
rent gene flow does not appear to exist between these groups. In
fact, we found greater genetic differentiation based on F; between
the brown bears in Gobi and the Himalayas than between Gobi and
others in northern Mongolia and Siberia or Europe. Geographic iso-
lation, possibly exacerbated by anthropogenic influences and adap-
tations to the different environmental conditions in the Gobi and
Himalayas, may have played an important role in separating these
lineages. The combination of restricted gene flow and small popula-
tion sizes (Tumendemberel et al., 2021) likely increased genetic drift
leading to low genetic diversity and further genetic differentiation.
Previous research using microsatellites demonstrated that Gobi
bears were the most divergent of all groups sampled in Central Asia
(Tumendemberel et al., 2019). Our results suggest more connectiv-
ity between the bears in the Gobi Desert and the Altai Mountains
of Mongolia, which are geographically close (~300km). Interestingly,
previous work found an admixed individual (~100-year-old sample)
between the Altai Mountains and the Gobi Desert (Tumendemberel
etal., 2019).

Around the Pleistocene epoch ~100-120ka, the historical
N, of brown bears in Gobi increased in a manner consistent with
European bears (Apennines and Alps) while N, of Himalayan and
northern Mongolian bears remained lower. Frequently, individuals
with similar patterns of N, indicate shared evolutionary histories,
including demography and genetic connectivity (Nadachowska-
Brzyska et al., 2016). However, the phylogeny suggests earlier di-
vergence between Gobi and European than between Gobi and
Himalayan bears. This may reflect more suitable climatic conditions
(Janz et al., 2021) in regions at lower elevations inhabited by Gobi
and European bears which allowed for population increase, while
the colder climate at higher elevations (Altai-Sayan, Khentii, lkh
Khyangan Mountains in northern Mongolia as well as the Himalayas)
restricted the Himalayan and northern Mongolian bear populations.

We found extremely low genetic diversity and high inbreeding in
smaller geographically isolated brown bear populations in the Gobi
Desert in Mongolia, the Himalayas in Pakistan and the Apennines
in Central Italy, and relatively high genetic diversity in larger, more
connected populations in northern Mongolia and Siberian Russia,
Europe and North America. Another small and isolated brown bear
population, which also has concerningly low genetic diversity based
on a previous whole-genome study is in the Pyrenees Mountain
range in Spain (F=0.57; Benazzo et al., 2017). Hokkaido brown bears
are also isolated but have a large population size and were previously
found to have an intermediate level of genetic diversity (H,=0.10-
0.11) compared to estimates for other brown bears (H.=0.05-0.18;
Endo et al., 2021). Our low diversity and high inbreeding estimates
for polar bears, ancient Pleistocene brown bears and cave bears
were consistent with previous studies (Cahill et al., 2015; Hailer
etal., 2012; Miller et al., 2012).

Two additional geographically isolated Asian brown bear pop-
ulations exist in Hokkaido and Tibet that were not represented
in this study. Based on a recent whole-genome sequencing study,
Hokkaido brown bears are a separate lineage from the continental
brown bears (Endo et al., 2021), and brown bears in Tibet are in a
separate maternal lineage (clade 5, Figure 2) but have shared an-
cestry with brown bears in southern Hokkaido (Hirata et al., 2013).
Including whole-genome samples from across species distributions
will continue to increase our understanding of brown bear evolu-
tionary history in Asia and worldwide.

Conservation of a species as a whole can benefit from identi-
fying and understanding differences among intraspecies taxa, such
as subspecies (Mace, 2004). Characteristics leading to subspecies
designation include (1) unique evolutionary lineages (Lidicker, 1962;
Smith & Patton, 1980), (2) divergence between the monophyletic
lineages (Orr, 2005; Wright, 1969), (3) genetic differentiation consid-
ering both adaptive and neutral loci (Hey & Pinho, 2012; Hohenlohe
et al., 2010), (4) phenotypic differences (Haig et al., 2006) and (5)
geographic separation (Lande, 1988). Previous work based on partial
mtDNA (927 base pairs) illustrated that Gobi and Himalayan brown
bears were genetically unique from other brown bear populations
(Lan et al., 2017; Tumendemberel et al., 2019). Subsequently, this
study confirmed these results, but Gobi and Himalayan brown bears
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are unique monophyletic groups in both mtDNA and nDNA. In com-
bination with morphological and ecological differences (Bold, 1967),
and geographic separation (McLellan et al., 2017; Sokolov &
Orlov, 1992), our work confirms the subspecies status of brown
bears in the Gobi Desert (U.a.gobiensis; Shiirevdamba et al., 2013)
and those in the Himalayas (U.a.isabellinus; Galbreath et al., 2007,
Lan et al., 2017). We also found brown bears in Europe and north-
ern Mongolia and Siberian Russia represent divergent monophyletic
lineages in mtDNA and nDNA, lending some credence to European
brown bears (U.a.arctos) and East Siberian brown bears (U.a.col-
laris; Heptner, 1998), but these bears exist in populations without
distinctly defined geographic limits, possibly overlapping (McLellan
et al.,, 2017). Further studies based on genomic, demographic and
movement data are needed to clarify the connectivity.

Our study provides new insights into the evolutionary history of
brown bears through the use of whole-genome data and the inclu-
sion of previously unsampled populations in Central Asia. Conserving
each of the distinct lineages is important for the long-term evolution
of the species since each contains unique evolutionary potential
(Waples & Gaggiotti, 2006). However, many of these unique lineages
persist in small, isolated populations at risk of extinction (O'Brien &
Mayr, 1991). Additionally, several small populations in the species'
southern range were found to have low genetic diversity at the ge-
nome level, potentially reducing their adaptive and functional capac-
ity. Historically, all brown bear lineages had large fluctuations in N,
but current N, is lower than at any time in the past. The question
remains if populations can be sustained at this low N,. Maintaining
connectivity that currently exists and possibly restoring historical
connectivity may help prevent further declines and provide oppor-
tunities to transfer genetic variation and adaptive traits. This work
has increased our understanding of the phylogeography of brown
bear populations globally and provides a valuable genomics dataset
for future studies in specific conservation and evolutionary-related

questions, such as local adaptations to diverse environments.
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