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ABSTRACT

Aim Using sequences of complete mitochondrial genomes, our aims were: (1)
to investigate the matrilineal phylogeographical structure, migration patterns
and lineage coalescence times in a large, continuous population of brown bears
(Ursus arctos); and (2) to develop a novel spatial genetic method to identify
migration corridors and barriers.
Location North-western Eurasia: from eastern European Russia to the Baltic Sea.
Methods We sequenced the complete mitochondrial genomes of 95 brown
bears. The phylogeographical resolution of complete genomes was compared to
that derived from subsets of the genome, including the most commonly used
shorter sequences. We conducted network and Bayesian phylogeographical
analyses and developed a novel, spatially explicit, individual-based approach
(called DResD) for identifying migration corridors and barriers.
Results Analysis of mitogenome sequences revealed five haplogroups, specific
to particular geographical areas, exhibiting far greater resolving power than
shorter sequences. Estimated coalescence times for the haplogroups ranged from
7.7 to 15.2 ka, suggesting that their divergence took place after the last glaciation. We found several migration trends, including a large westward migration
from eastern European Russia towards Finland. We also found evidence of a
potential barrier and a migration corridor in the south-west of the study area.
Main conclusions The use of complete mitochondrial genomes from a brown
bear population in north-western Eurasia allowed us to identify phylogeographical structure, signatures of demographic history and spatial processes that had
not previously been detected using shorter sequences. These findings have implications for studies on other species and populations, especially those exhibiting
low mtDNA diversity. The relatively recent divergence estimates for haplogroups
highlight the significance not only of the last glaciation but also of climatic fluctuations during the post-glacial period for the divergence of mammal populations in Europe. Our spatial genetic method represents a new tool for the
analysis of genetic data in a geographical context and is applicable to any data
that yield genetic distance matrices, including microsatellites, amplified fragment
length polymorphisms (AFLPs) and single-nucleotide polymorphisms (SNPs).
Keywords
Climate change, Eurasia, isolation by distance, landscape genetics, mitogenomics, molecular clock, phylogeography, post-glacial migration, spatial genetics,
Ursus arctos.
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INTRODUCTION
Mitochondrial DNA (mtDNA) is usually maternally
inherited, making it a particularly useful genetic marker for
studying wide-scale phylogeographical patterns in species
such as the brown bear (Ursus arctos L.) where females are
more philopatric than males (Støen et al., 2006). In such
species, geographical structure in female-specific genetic
markers tends to change more slowly than that in biparental
markers, and is therefore more likely to reflect ancient phylogeographical processes (e.g. Taberlet & Bouvet, 1994; Korsten
et al., 2009). Hence, the patterns of mtDNA diversity exhibited by brown bears have been used to represent models of
post-glacial recolonization by mammals in Eurasia (Taberlet
et al., 1998; Hewitt, 1999; Korsten et al., 2009; Davison et al.,
2011). Inference from mtDNA is limited by the fact that the
molecule represents a single marker and cannot inform
about processes affecting the paternal lineages (for other
problems related to mtDNA, see e.g. Galtier et al., 2009).
Other sources of data have provided insights into geographical variation between different brown bear populations in
Europe: for instance, studies based on microsatellites (e.g.
Tammeleht et al., 2010; Straka et al., 2011; Kopatz et al.,
2012; and several others, summarized in Swenson et al.,
2011) and on diet (Vulla et al., 2009). Nevertheless, mitochondrial phylogeographical data continue to play an important role in guiding conservation and management decisions
and investigating the historical processes acting on populations and species (Davison et al., 2011; Swenson et al.,
2011).
The modern brown bear population in Europe is divided
into two large and highly divergent mitochondrial lineages –
the eastern and western. These correspond to subclade 3a
and clade 1, respectively, according to the nomenclature proposed by Leonard et al. (2000) and developed further by
others (summarized in Davison et al., 2011). The brown bear
population in north-western Eurasia represents a closely
related group of eastern-lineage bears that may have shared a
common ancestor somewhere in Central Europe (Saarma
et al., 2007) or Central Asia (Korsten et al., 2009) during the
last glacial period. The current distribution of mitochondrial
haplotypes in northern continental Eurasia exhibits little spatial genetic structure (Korsten et al., 2009). However, brown
bear phylogeographical patterns have been inferred solely
from analyses of a small portion of the mitogenome (2–
10%). This has usually comprised the 5′ section of the
control region (e.g. Miller et al., 2006; Saarma & Kojola,
2007; Ho et al., 2008; Jackson et al., 2008; Zachos et al.,
2008; Murtskhvaladze et al., 2010), and/or short coding
sequences (most often the cytochrome b gene, e.g. Randi
et al., 1994; Talbot & Shields, 1996; Korsten et al., 2009;
summarized in Davison et al., 2011).
Although short segments of mtDNA can provide an
overview of the phylogeography of lineages that diverged
long ago (e.g. Taberlet et al., 1998), such sequences may have
limited potential to resolve relationships among recently
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diverged lineages, such as those of brown bear populations
in northern continental Eurasia. In these cases, complete mitogenome sequences can offer a considerable improvement.
However, while mitogenomes have frequently been used to
estimate interspecific phylogenies, including the relationships
among ursids (e.g. Yu et al., 2007; Krause et al., 2008), they
have only been used in a limited number of population-level
phylogeographical analyses of non-human mammals. So far,
these have included studies of woolly mammoth (Mammuthus primigenius; Gilbert et al., 2008), cave bear (Ursus spelaeus; Stiller et al., 2009), dog (Canis familiaris; Pang et al.,
2009), cattle (Bos taurus; Achilli et al., 2008), yak (Bos grunniens; Wang et al., 2010) and killer whale (Orcinus orca;
Morin et al., 2010).
In this study we characterize variation in the complete
mitogenomes of 95 brown bears from north-western Eurasia.
We test the conclusions drawn in previous studies (based on
shorter mtDNA sequences) that brown bears in this region
represent a homogeneous population with very limited
spatial genetic structure. Where structure exists, we attempt
to identify important spatial processes by estimating the
directions of population migrations and inferring coalescence
times for different mitochondrial haplogroups. We also
present a novel, spatially explicit, individual-based approach
to identify potential migration barriers and corridors.
MATERIALS AND METHODS
Sample collection, DNA extraction and sequencing
Tissue samples from 95 brown bears, legally harvested for
purposes other than this study, were collected from northwestern Eurasia during 1999–2007. Sampling locations
included Estonia (36), Finland (13) and European Russia
(46) (Fig. 1, and see Table S1 in Appendix S1 of the
Supporting Information). Samples were preserved in 96%
ethanol and stored at 20 °C prior to DNA extraction.
DNA was extracted using the QIAamp DNA Mini Kit (QIAGEN, Hilden, Germany) or the High PCR Template Preparation Kit (Roche Diagnostics, Mannheim, Germany),
following the manufacturers’ protocols.
The complete mitogenomes of all 95 samples were polymerase chain reaction (PCR)-amplified using a newly developed set of 12 primer pairs that yield overlapping fragments,
ranging in size from 1500 to 1800 bp. An additional primer
pair was used occasionally to double-check part of the control region if an equivocal sequence was obtained using the
original primers (Table S2).
PCR was performed in 10 lL containing 20–80 ng of
DNA, 0.5 lm of each primer, 19 Advantage 2 PCR Buffer
(BD Biosciences, Franklin Lakes, NJ, USA), 0.2 mm dNTP
(Fermentas, Vilnius, Lithuania) and 19 Advantage 2
Polymerase Mix (BD Biosciences). Cycling parameters were:
1 min denaturating step at 95 °C; followed by 35 cycles of
20 s at 95 °C, 30 s at 60 °C and 2 min at 68 °C; and concluded with 2 min at 68 °C. For purification, one unit each
Journal of Biogeography 40, 915–927
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Figure 1 Phylogeographical relationships between brown bears (Ursus arctos) in north-western Eurasia (n = 95, Table S1) based on
nearly complete mitogenomes (Dataset 3, Table S3), 16686–16689 bp. Five haplogroups (A–E) are defined and their approximate
distributions are shown in corresponding colours on the map.

of shrimp alkaline phosphatase and exonuclease I (Fermentas) was added to 10 lL of PCR post-reaction mix, which
was then incubated for 30 min at 37 °C, followed by 15 min
inactivation at 80 °C.
Journal of Biogeography 40, 915–927
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DNA cycle sequencing was performed in 10 lL using the
Big Dye Terminator v.3.1 Cycle Sequencing Kit (Applied
Biosystems, Foster City, CA, USA), following the manufacturer’s protocols. Initial denaturing was at 96 °C for 60 s;
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followed by 25 cycles at 96 °C for 10 s, 50 °C for 15 s and
60 °C for 4 min. Sequences were resolved on the ABI 3130xl
automated DNA sequencer (Applied Biosystems). Both DNA
strands were sequenced using the respective primers used for
primary amplification (Table S2).
Overlapping sequences from each individual were assembled and visualized using Phred (Ewing et al., 1998), Phrap
and Consed 19.0 (Gordon et al., 1998). Sequences were
aligned using Clustal W 1.81 (Thompson et al., 1994) and
edited manually using BioEdit 7.1.3.0 (Hall, 1999).
All sequences have been deposited in GenBank (accession
numbers HQ685901–HQ685964, Table S1).
Datasets
We trimmed the aligned sequences to different lengths,
representing subsets of the mitogenome (see also Table S3).
This produced five datasets, each consisting of sequences
from the same 95 bears. Dataset 1 comprised 257 bp of 5′
control region, which has been the most commonly used
sequence in phylogeographical studies of brown bears,
although there is some variation between studies (for details,
see Davison et al., 2011). Dataset 2 comprised 1942 bp,
spanning the complete cytochrome b gene, 5′ control region
and flanking regions. This is the longest sequence previously
used (Korsten et al., 2009); note that the size is 1942 bp
rather than the 1943 bp reported by Korsten et al. (2009),
where a single monomorphic site was accidentally duplicated.
Dataset 3 comprised nearly complete mtDNA, henceforth
referred to as NCmtDNA (16686–16689 bp). The majority of
our analyses and interpretation concentrate on this dataset.
In comparison to entire genomes, this dataset excludes some
short segments in the control region due to their potentially
high level of homoplasy (nucleotide positions 15531–15540,
16149–16211 and 16418–16427 of complete mtDNA
sequence HQ685901; see Table S1). Note that these sections
were also excluded in the shorter datasets. Network analysis
was also carried out on Dataset 4, comprising the complete
protein-coding regions (11406 bp) of the mitogenome (i.e. a
concatenated sequence containing all protein-coding genes),
and on Dataset 5, comprising complete mitogenomes (16760–
16793 bp).
Population and phylogenetic analyses
Nucleotide diversity, haplotype diversity, the number of
haplotypes and the number of polymorphic sites were calculated for each dataset using DnaSP 5.10 (Rozas et al., 2003).
Fu’s FS (Fu, 1997), implemented in Arlequin 3.11 (Excoffier
et al., 2005), was used to test hypotheses of selective neutrality and to detect past population growth (Ramı́rez-Soriano
et al., 2008). The number of simulated samples was set to
5000. In this test, negative values suggest a recent population
expansion resembling positive selection (or, under certain
circumstances, negative selection), whereas positive values
suggest recent bottlenecks or purifying selection.
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Phylogenetic relationships between haplotypes were
inferred using median-joining network analysis (Bandelt
et al., 1999) in Network 4.5.0.1 (http://www.fluxusengineering.com/, Fluxus Technology Ltd., 2004). Network
analysis was performed on each of the five datasets described
above, in order to evaluate the strength of their phylogeographical signal.
Bayesian phylogenetic analysis was performed on the
NCmtDNA dataset using the program MrBayes 3.1.2 (Ronquist & Huelsenbeck, 2003). The homologous mitochondrial
sequence from a brown bear from the Russian Far East
(Magadan oblast) was used as the outgroup, while the
HKY + G model of nucleotide substitution was determined
as the best-fitting model according to the Bayesian information criterion (using jModelTest 1.0.1; Posada, 2008).
Posterior distributions of parameters, including the tree, were
estimated using Markov chain Monte Carlo (MCMC)
sampling. Samples were drawn every 100 MCMC steps over
a total of 1,000,000 steps, with the first 25% of trees
discarded as burn-in.
Phylogeographical history – patterns and time-scale
In order to investigate phylogeographical processes and the
time-scales over which they arose, we performed Bayesian
phylogeographical analysis on the protein-coding genes using
beast 1.6.1 (Drummond & Rambaut, 2007). A separate
HKY model of nucleotide substitution was specified for each
of the three codon positions, as chosen using the Bayesian
information criterion. The data were analysed using a discrete phylogeographical model, which allows rates of pairwise
spatial diffusion to be estimated (Lemey et al., 2009). The 95
sampled bears were grouped into eight geographical categories, comprising two regions in Estonia (northern and southern), four in Russia (western, northern, central and eastern),
and two regions in Finland (southern and northern). Forward and backward diffusion rates between each pair of locations were allowed to differ (Edwards et al., 2011), while
non-zero diffusion rates were identified using Bayes factors
(with a cut-off value of 5.0). All diffusion rates were assumed
to be equally likely, such that geographical distance did not
inform their prior probabilities.
To obtain a calibration for the age of the root node, a separate analysis was performed after including two sequences
from the extinct European cave bear (U. spelaeus), EU327344
(Bon et al., 2008) and NC_011112 (Krause et al., 2008), the
mitochondrial sister species of the brown bear. Here, the age
of the brown bear–cave bear divergence was calibrated with
reference to the fossil record. A normal prior, with a mean
of 1.45 Ma and standard deviation of 125,550 years, was
specified for this divergence event, following Korsten et al.
(2009). To minimize the impact of purifying selection, which
can influence age estimates of recent evolutionary events (Ho
et al., 2005), we limited this analysis to the third codon sites
of the mitochondrial protein-coding genes. This practice has
been suggested in several recent studies (e.g. Endicott & Ho,
Journal of Biogeography 40, 915–927
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2008; Endicott et al., 2009; Subramanian et al., 2009). The
resulting estimate for the age of the most recent common
ancestor (MRCA) of the 95 sampled brown bears – with a
mean of 26,580 years and standard deviation of 5514 years –
was used to inform the lognormal prior distribution of the
corresponding node in the Bayesian phylogeographical analysis.
A constant-size coalescent prior was chosen for the tree
and node times. In order to obtain estimates of the MRCAs
of clades of interest, monophyly was enforced on the five
major haplogroups identified in both the network analysis
and the MrBayes phylogenetic analysis described above. A
strict molecular clock was assumed and rates were allowed to
differ among the three codon positions.
Posterior distributions of parameters, including the tree,
were estimated using MCMC sampling. Samples were drawn
every 5000 MCMC steps over a total of 50,000,000 steps,
with the first 10% of samples discarded as burn-in. Convergence to the stationary distribution and sufficient sampling
were checked using Tracer 1.5 (Rambaut & Drummond,
2007).
Spatially explicit analysis to identify potential
migration barriers and corridors
To complement the Bayesian phylogeographical reconstruction, which estimates the strength and direction of migration
between predefined groups of bears, we developed a spatially
explicit, individual-based approach to identify regions or
features of the study area that might represent corridors or
barriers to migration (DResD procedure, i.e. distribution of
residual dissimilarity). By interpolating the variance of pairwise genetic dissimilarity between individuals throughout the
study area, we aimed to identify geographical regions where
genetic dissimilarity between individuals was significantly
higher or lower than expected from the effect of isolation by
distance (IBD) alone (the null model), representing possible
migration barriers or corridors, respectively.
For this analysis, we used only those samples whose
locations were recorded with a precision of less than 25 km,
resulting in a sample size of 82 individuals. Based on the
NCmtDNA dataset, a sample-wise matrix of the Jukes–Cantor index was calculated using mega 5 (Tamura et al., 2011).
To remove the effect of IBD, an asymptotic curve, modelling
genetic dissimilarity in relation to geographical distance, was
fitted through the points. Residual values from the fitted
model (IBD residuals) were used as a measure of genetic dissimilarity with the effect of IBD accounted for. Using the
locations of midpoints between sample pairs, we estimated
the inverse distance-weighted average of sample-pair IBD
residuals over a grid of points (step of 10 km) covering the
entire study area. The resulting values of mean genetic
dissimilarity at grid points were tested for significant deviation from a random pattern using 1000 iterations of the
genetic dissimilarity data, while retaining the spatial layout
of sample points. The statistical power to detect differences
Journal of Biogeography 40, 915–927
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from a pattern of IBD alone was estimated at each grid point
based on empirical values using 250 bootstrap iterations.
See Appendix S2 for a more detailed explanation of the
DResD procedure and of the algorithm in R 2.14 language
(R Development Core Team, 2011).
RESULTS
General characteristics of the brown bear
mitogenomes
We obtained 95 mitogenome sequences from north-western
Eurasian brown bears (Table S1) using a newly developed set
of primer pairs (Table S2). Sequence lengths varied from
16760 to 16793 bp, with length variation largely occurring in
the control region (e.g. indels in the pyrimidine tract or
length variation in tandem repeats). We also identified two
indels in tRNA-Ser and in 12S rRNA (Table S4). Nucleotide
diversity varied considerably along the mitogenome (Appendix S1).
Phylogeographical structure: comparison of datasets
of different sequence length
Five datasets comprising the same bear individuals but different sections of mtDNA were analysed to compare their
power to resolve phylogeographical structure (Table S3). The
coding of haplotypes is such that their identities are traceable
between different sets (e.g. haplotypes 1a–c in NCmtDNA
set, shown in Fig. 1, are all derived from individuals with
haplotype 1 in Fig. S1b). Approximately linear relationships
existed between the sequence length on one hand and the
number of parsimony-informative sites and the average
number of nucleotide differences (k) on the other (Table S3,
Fig. S2). However, haplotype diversity increased rapidly
between the first two sequence lengths (257 bp to 1942 bp)
before reaching a plateau and increasing no further for
longer sequences (coding, NCmtDNA, complete mtDNA).
Comparison of the phylogenetic resolution achieved by datasets 1–3 is summarized in Fig. 2. Here we restrict our
detailed analysis to Dataset 3, containing the nearly complete
mtDNA; detailed comparisons of networks 1, 2, 4 and 5 are
provided in Appendix S1.
The network based on nearly complete mtDNA
(NCmtDNA, Fig. 1; defining mutations are shown in Fig.
S3) contained 37 different haplotypes, with 117 variable sites,
of which 85 were parsimony-informative (Table S3). In contrast to the networks derived from shorter sections of the
mitogenome, the much larger number of characters in this
dataset (16686–16689 bp) meant that phylogeographically
distinct clusters could be identified, although the centre of
the network consisted of several median vectors (i.e. unsampled or extinct haplotypes). Compared with the other
networks, the most significant change was that the haplotypes were divided among five divergent, geographically
confined and partially overlapping haplogroups (each
919
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haplogroup representing a separate lineage radiating from
the centre of the network, defined as A, B, C, D and E;
Fig. 1). A Bayesian phylogenetic tree inferred from the
NCmtDNA dataset (Fig. S4) also supported the haplogroups
identified in the network analysis.
Among the haplogroups identified, C was largely located in
the east of the study area, whereas the other four haplogroups
(A, B, D and E) were located primarily in the west. The highest genetic diversity was observed in the eastern haplogroup
(C) (Table 1), which also had the widest distribution (Fig. 1).
Although the largely Estonian-based haplogroup B was the
largest in terms of the number of samples analysed (35), it
had smallest distribution and the lowest haplotype diversity
(Fig. 1, Table 1). The central haplogroup (E) also had a limited distribution and low haplotype diversity. Haplogroup A
consisted of two divergent subgroups, both present in the
western part of the study area. The Finland-specific haplogroup (D) included three haplotypes that were present in
more than half of the Finnish samples analysed and were distributed throughout the country. All haplogroups underwent
a demographic expansion, with the strongest expansion
detected in the Estonian haplogroup B (Table 1).

Phylogeographical analysis of migration routes
and coalescence-time estimates
Bayesian phylogeographical analysis of the NCmtDNA dataset supported six pairwise spatial diffusions out of a possible
total of 56 (Fig. 3). The most strongly supported diffusions,
with Bayes factors (BF) > 10, were those from northern Estonia to southern Estonia (BF = 173), eastern Russia to northern Russia (BF = 109) and southern Finland to northern
Finland (BF = 81). The other three diffusions above the cutoff level (BF > 5) were from northern Russia to southern
Finland (BF = 10), southern Estonia to western Russia
(BF = 7) and central Russia to western Russia (BF = 6). The
location of the root node could not be confidently assigned
to any of the eight geographical regions, with a relatively
uniform posterior probability across these regions.
The mean mutation rate across all three codon positions was
estimated to be 3.485 9 10 8 mutations/site/year (m/s/y).
The rate at third codon positions was 7.543 9 10 8 m/s/y,
with a 95% highest posterior density (HPD) interval of
3.843 9 10 8–1.176 9 10 7 m/s/y. The median posterior
coalescence time for all analysed brown bears was 20.4 ka,

Figure 2 Comparison of phylogenetic
resolution between mtDNA datasets 1–3 of
different length (257 bp, 1942 bp and
NCmtDNA 16686–16689 bp; Table S3)
derived from 95 brown bears (Ursus arctos)
in north-western Eurasia. The colours of
haplotypes correspond to those in Fig. 1.

Table 1 Comparison of population genetic statistics for different haplogroups of the brown bear (Ursus arctos) in north-western
Eurasia, calculated using the nearly complete mitogenome dataset (Dataset 3, Table S3).
Haplogroup (n)

h

Hd (SD)

p (SD)

k

V

A (21)
B (35)
C (22)
D (7)
E (10)

8
7
15
3
4

0.886
0.511
0.965
0.667
0.644

0.0006 (0.00004)
0.0002 (0.00004)
0.00067 (0.00006)
0.0003 (0.00006)
0.00015 (0.00009)

9.924
3.284
11.186
4.857
2.556

26
12
59
9
12

(0.036)
(0.093)
(0.022)
(0.160)
(0.152)

Fu’s FS
12.990*
26.154*
13.463*
3.080*
9.165*

h, number of haplotypes; Hd, haplotype diversity; p, nucleotide diversity; SD, standard deviation; k, average number of nucleotide differences; V,
total number of variable sites.
Statistical significance: *P < 0.05
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Figure 3 Migration trends (pairwise diffusions) among brown bears (Ursus arctos) in north-western Eurasia estimated using Bayesian
phylogeographical analysis of nearly complete mtDNA (Dataset 3, Table S3). The 95 sampled bears were grouped into eight discrete
geographical categories (see also Table S1), comprising two regions in Estonia (northern: NEst and southern: SEst), four in Russia
(western: WRus, northern: NRus, central: CRus, and eastern: ERus), and two regions in Finland (southern: SFin and northern: NFin).
Six pairwise diffusions were strongly supported, as indicated by Bayes factor values > 5. Arrow thickness corresponds to Bayes factor
values, which are also displayed alongside the arrows.

while the median posterior coalescence times of individual haplogroups ranged from 7.7 to 15.2 ka (Table 2).
Spatially explicit, individual-based approach to
identify potential migration barriers and corridors
Spatially explicit, individual-based analysis (DResD) of the
NCmtDNA dataset indicated three areas where the interpolated mean Jukes–Cantor distance was at least 1.2 9 10 4
mutations per site lower than the value expected from isolation by distance alone (Fig. 4a). The statistical significance of
these deviations indicated a possible migration corridor in
the area between western Vologda oblast, Leningrad oblast
and Estonia (Fig. 4c). On the other hand, an area of high
mean Jukes–Cantor distance (at least 2.2 9 10 4 units above
Journal of Biogeography 40, 915–927
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the IBD curve, and with high statistical power; Fig. 4b) indicated a possible migration barrier in Pskov oblast. Relatively
high genetic dissimilarity between sampled bears was also
apparent in south-eastern Finland, near the gulf of Finland
(interpolated IBD residual up to 1.4 9 10 4 and significantly
deviating from random), again indicating the possible presence of a migration barrier.
DISCUSSION
Phylogeographical resolution derived from complete
mitogenomes
The mitogenomes of all studied brown bears from northwestern Eurasia belonged to a monophyletic and relatively
921
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Table 2 Bayesian phylogenetic estimates of time since most
recent common ancestor (TMRCA) for major mitochondrial
haplogroups of the brown bear (Ursus arctos) in north-western
Eurasia.
TMRCA (years)
Haplogroup

Median

95% HPD intervala

A
B
C
D
E
All individualsb

15,179
8,538
11,154
7,737
9,346
20,429

6820–24,527
2504–16,888
5077–19,447
2934–14,875
3454–18,081
12,206–29,737

a

95% highest posterior density interval.
This node was used for calibration. Its age was assigned a lognormal
prior with a mean of 10.163 and standard deviation of 0.218. This
prior distribution was informed by a separate analysis calibrated
using the age of the divergence between brown bears and cave bears.
See the main text for further details.

b

young subclade (3a; see Davison et al., 2011). To illustrate
the improvement in phylogeographical resolution achieved
using the complete mitogenomic dataset, we analysed
mtDNA datasets of different length. Neither the 257 bp nor
the 1942 bp set was able to resolve phylogenetic relationships
between bears in north-western Eurasia. Both exhibited a
single star-like haplogroup, implying a single origin and
recent demographic expansion, with some haplotypes present
throughout the entire study area in both cases (Fig. 2).
Moreover, in their analysis covering all of northern continental Eurasia using the same 1942 bp, Korsten et al. (2009)
recorded the same haplotypes as far apart as Finland and the
Russian Far East. A reasonable conclusion from these patterns might be that this population is fairly homogeneous,
perhaps only structured by isolation by distance, and that
recent common ancestry is the major factor determining the
population genetic pattern.
In contrast, using the nearly complete mitogenome (Dataset
3, Table S3) we identified five haplogroups, with no haplotypes that were distributed throughout the entire study area.
Instead, haplogroups were restricted to particular regions,
exhibiting various degrees of overlap with one another, primarily in the western part of the study area. The assignment
of shorter sequences (Fig. S1 in Appendix S1 of the Supporting Information) did not always correspond, even coarsely,
to the results from the nearly complete mitogenomes
(Fig. 1). For example, haplotype 13 in the 1942 bp dataset
(Fig. S1b) is divided between two different haplogroups in
the NCmtDNA dataset (Fig. 1).
The use of complete mitogenomes is highly applicable to
studies on many other species or populations, especially
those exhibiting low mtDNA diversity (e.g. Eurasian lynx;
Hellborg et al., 2002). Moreover, it may reveal previously
unrecorded but important phylogeographical processes in
species or populations for which analysis has been based on
relatively short mtDNA sequences.
922

Processes influencing the genetic diversity of brown
bears in north-western Eurasia

Demographic history and isolation by distance
In general, the demographic history of brown bears is
believed to have been more stable in the northern than in
the western and southern parts of the study area (Pazhetnov,
1993). Populations in Estonia, Finland and some oblasts in
western Russia (including Tver oblast) experienced strong
demographic bottlenecks during the 19th and 20th centuries,
from which they have at least partially recovered (Pazhetnov,
1993; Valdmann et al., 2001; Saarma & Kojola, 2007). Correspondingly, all haplogroups in this study were recorded to
be undergoing demographic expansion. However, the Finnish
bear population was surprisingly heterogeneous (high haplotype and nucleotide diversity). This perhaps reflects the
observation that the recovery of this population was assisted
by migration from neighbouring Russian Karelia (Kojola
et al., 2003).
Despite geographical subdivision of haplogroups, the correlation between genetic and geographical distance was significant but not strong (r2 = 0.179, P < 0.0001), suggesting
that isolation by distance explains only a small proportion of
the observed phylogeographical pattern.

Post-glacial migration
Previous work has used mtDNA to show that European bears
belonging to the eastern lineage (part of clade 3a, including
the bears in this study) shared a common ancestor about 25
ka, whereas the formation of the western lineage and the
whole European population took place around 75 and 175 ka,
respectively (Saarma et al., 2007). The large-scale westward
migration from eastern European Russia towards Finland,
apparent in the Bayesian phylogeographical analysis, is consistent with a pattern of recolonization from a glacial refugium
located in Asia (Korsten et al., 2009; Davison et al., 2011).
The coalescence times for five eastern-lineage haplogroups
from north-western Eurasia calculated here are consistent
with the notion that some genetic diversity within this population reflects migration patterns following the last glaciation.
It should be noted that our analysis was reliant on a single
fossil calibration (the divergence between cave bear and
brown bear), and the timings should therefore be treated
with a degree of caution. However, the relatively recent
divergence estimates for haplogroups (Table 2) potentially
highlight the significance not only of the last glaciation but
also of post-glacial conditions on mammals in Europe. It is
interesting to note that the youngest and northernmost haplogroup (D) formed about 7.7 ka, close to the beginning of
the Atlantic, the warmest and moistest post-glacial period,
whereas the largest haplogroup (C) formed at approximately
the time of the Younger Dryas (11.5–12.8 ka), the coldest
post-glacial period. It is possible that during the cold postglacial periods part of the European brown bear population
Journal of Biogeography 40, 915–927
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Figure 4 Putative migration corridors and barriers for brown bears (Ursus arctos) in north-western Eurasia, inferred using spatially
explicit, individual-based analysis (DResD). Panel (a) shows the distribution of the test value: the average Jukes–Cantor distance between
sample pairs, corrected for isolation by distance and interpolated across the study area using inverse distance weighting; a value of 0
corresponds to the estimated value falling exactly on the isolation-by-distance (IBD) curve and values above and below zero represent
estimated IBD residuals; (b) shows the distribution of the post hoc statistical power i.e. the probability of detecting significant deviations
from IBD in the test value; and (c) shows the distribution of significance and direction of deviations from IBD in the test value. White
lines in panels (a) and (b) indicate areas where the significance P  0.05; the hatched and red areas in panel (c) denote a putative
migration corridor and a barrier, respectively. See the Materials and Methods and Appendix S2 for further details of the calculations.

was again restricted to a refugium in the east, while during
the relatively warm periods some lineages were able to colonize the northern territories. Recent studies on field voles
Journal of Biogeography 40, 915–927
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(Herman & Searle, 2011) and least weasels (McDevitt et al.,
2012) also discuss the importance of the Younger Dryas stadial in the divergence of European mammal lineages.
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Geographical barriers to gene flow and migration corridors
It seems highly plausible that water bodies, and especially
Lake Peipsi, act as an effective barrier to gene flow between
Estonia and Russia, while the Baltic Sea (Gulf of Finland)
restricts migration between Finnish and Estonian bear populations. The relative isolation and low genetic diversity of the
Estonian haplogroup, and the analogous pattern in microsatellites (Tammeleht et al., 2010), suggest that this population
is partially restricted by barriers to dispersal. This is clearly
supported by our spatially explicit DResD analysis (Fig. 4),
which indicated a significant change in genotype dissimilarity
around the southern part of Lake Peipsi and the eastern part
of the Gulf of Finland. The absence of a diffusion link
between Central Russia and Estonia (Fig. 3) in the Bayesian
analysis further supports this interpretation.
As well as putative barriers, we identified several regions
of high gene flow or possible migration corridors. The spatially explicit analysis indicated a possible migration corridor
situated between north-west Vologda oblast and Estonia (the
hatched area in Fig. 4c), which coincides with the southern
border of the taiga forest biome (after Olson et al., 2001).
The Bayesian analysis also indicated moderate diffusion
between southern Estonia and western Russia, which probably represents the same area. Finally, both modelling
approaches provided clear evidence of unhindered gene flow
within Estonia.
It is unsurprising that the greatest power to detect significant patterns in population genetic history was in the most
intensively sampled part of the study area (the south-west).
We anticipate that a sampling regime with more complete
spatial coverage, and the use of genetic markers such as microsatellites and single-nucleotide polymorphisms (SNPs),
might improve our power to detect the genetic effects of
contemporary and past corridors and barriers.
The DResD procedure indicated several large areas where
deviation from the null model of IBD alone had strong statistical significance. The significance of IBD residual values
in areas surrounded by few samples was generally low. Even
relatively high absolute values of IBD residual in such areas
was considered statistically insignificant because the statistical
power was low (Fig. 4). Nonetheless, the ability of this technique to detect relatively fine spatial scale population structuring is also supported by preliminary results on the grey
wolf (Canis lupus) (M. Hindrikson et al., unpublished). The
signature of barriers was detected on landscape components
where movement of wolves is known to be limited – large
water bodies and dense human settlement – while movement
corridors were apparent in large natural habitats.
The DResD procedure represents a tool for the analysis of
genetic data in a geographical context that is applicable to
any data that yield genetic distance matrices, including
microsatellites, amplified fragment length polymorphisms
(AFLPs) and SNPs. We consider the DResD procedure to
provide several benefits in landscape genetics analysis: it uses
an individual-based, geographically explicit approach, treats
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population genetic composition as a continuous spatial variable, and accounts for the effect of IBD in calculations.
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