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ABSTRACT

Knowledge about the connectivity among natural populations is essential to identify management units for
effective conservation actions. Conservation-minded management has led to the recovery of large carnivore
populations in northern Europe, possibly restoring connectivity between the two separated, but expanding brown
bear (Ursus arctos) populations on the Scandinavian peninsula to the west and Karelia, a part of the large
Eurasian population, to the east. The degree of connectivity between these populations has been poorly un-
derstood, therefore we investigated the extent of connectivity between the two populations using autosomal
microsatellites and Y chromosome haplotypes in 924 male bears (the dispersing sex), sampled during a period of
12 years (2005-2017) across the transborder area where these two populations meet. Our results showed that the
two populations are not genetically isolated as reported in earlier studies. We detected recent asymmetrical gene
flow at a rate (individuals per generation) of 4.6-5.5 (1%) from Karelia into Scandinavia, whereas the rate was
approximately 27.1-34.5 (8%) in the opposite direction. We estimated historical gene flow of effective number of
migrants to be between 1.7 and 2.5 between the populations. Analyses of Y chromosome markers supported
these results. Successful recovery and expansion of both populations led to the restoration of connectivity,
however, it is asymmetric, possibly due to different recovery histories and population densities. By aligning
monitoring between neighboring countries, we were able to better understand the biological processes across the
relevant spatial scale.

1. Introduction

particular, an increase of genetic variation can substantially increase its
ability to adapt to a changing environment, directly influencing persis-

Since isolation can be detrimental to populations and may ultimately
threaten species survival (Frankham, 2005), wildlife conservation ef-
forts often seek to establish and maintain inter-population connectivity.
It is important to note that demographic connectivity (i.e. the dispersal
of individuals) does not necessarily result in genetic connectivity (i.e.
successful reproduction and gene flow) (Mills and Allendorf, 1996; Lowe
and Allendorf, 2010; Driscoll et al., 2014; Vasudev and Fletcher Jr,
2016; Robertson et al., 2018). Genetic connectivity has substantial
impact on the effective size of a population. For small populations in

tence, viability, and long-term survival (Frankham, 2005; Waples and
Gaggiotti, 2006; Broquet and Petit, 2009; Laikre et al., 2009; Driscoll
et al., 2014). Measuring or monitoring of connectivity may be beneficial
also for recovering populations to evaluate the success of conservation
and management actions (Heller and Zavaleta, 2009; Beger et al., 2010;
Driscoll et al., 2014; Iftekhar and Pannell, 2015; Ralls et al., 2018).
Assessing connectivity can be challenging, especially on broader,
transnational scales, when distances among populations are large and
span beyond the average individual dispersal distance of the target
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species (Flagstad et al., 2003; Vila et al., 2003; Fischer et al., 2017).
Because of this and because connectivity is often not balanced or sym-
metric, transborder assessment of populations across the entirety of their
distribution range is preferable (Beger et al., 2010; Sundqvist et al.,
2016; Thornton et al., 2018). Moreover, uneven sample sizes and
discontinuous sampling, both spatially and temporally, can lead to po-
tential biases (Schwartz and McKelvey, 2008; Frantz et al., 2009;
Puechmaille, 2016). Such biases, sometimes caused by different man-
agement strategies as well as dissimilar monitoring and sampling
schemes, must be addressed (Dallimer and Strange, 2015; Bischof et al.,
2016; Thornton et al., 2018; Gervasi et al., 2019). If the distribution of
the target species straddle administrative boundaries, transboundary
collaboration and harmonization of monitoring may lead to greatly
improved data (Thornton et al., 2018; Gervasi et al., 2019). The devel-
opment of genetic, and specifically non-invasive genetic sampling,
provides managers and researchers with tools necessary for collabora-
tion and harmonization (Schwartz et al., 2007). Once harmonized, ge-
netic information enables the study of the degree of genetic
differentiation and connectivity, i.e. gene flow among nations, regions
and populations. Genetic data is particularly important as demographic
connectivity alone is not a feasible indicator for successful reproduction
and thus genetic connectivity (Allendorf et al., 2010; McMahon et al.,
2014; Shafer et al., 2015).

For most of the previous two centuries, large carnivores in Europe
were heavily persecuted and eventually extirpated from many areas,
with only a few fragmented populations surviving (Woodroffe, 2000;
Dalerum et al., 2009). For example, the once continuous Fennoscandian
brown bear (Ursus arctos) population was heavily decimated in Sweden,
and animals could only be found in a few, remote areas (Swenson et al.,
1995). In Norway, one isolated population is assumed to have survived
in southern Norway (Elgmork, 1994), and in Finland, bears were
eventually only present in the eastern regions at the border to Russia
(Kojola and Laitala, 2000). The hunting led to fragmentation of the
Scandinavian and Karelian brown bear populations (Curry-Lindahl,
1972; Swenson et al., 1995), a situation similar to other large carnivores
in the area, such as grey wolves (Canis lupus), Eurasian lynx (Lynx lynx)
and wolverines (Gulo gulo) in northern Europe (Hellborg et al., 2002;
Flagstad et al., 2003; Vila et al., 2003; Flagstad et al., 2004). Although
conservation minded legislation and management in the second part of
the 20th century initiated the recovery of large carnivore populations in
northern Europe (Chapron et al., 2014), several populations are still
threatened by fragmentation and isolation in many regions and also
from increasing conflicts with humans (Ripple et al., 2014). Moreover,
climate change may further challenge the persistence and survival of
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large carnivore populations (Hoffmann et al., 2011; Ripple et al., 2014;
Haddad et al., 2015; Bar-On et al., 2018).

The brown bear (Ursus arctos) population has staged a successful
return across Fennoscandia where the number of individuals on the
Scandinavian Peninsula (Sweden, Norway) in the West and Karelia
(northern Norway, Finland) in the East have increased (Fig. 1), mainly
during the 1990s (Swenson et al., 1995; Szther et al., 1998; Swenson
et al., 1998; Kojola and Laitala, 2000; Kojola et al., 2006; Kojola and
Heikkinen, 2006; Swenson et al., 2017). The Scandinavian population
comprises mainly bears from Sweden but also individuals in the
transborder area in central and southern Norway. The population size
estimates increased from the 1960s until the 2010s by a factor of five
while the eastern population of Karelia including Finland and north-
eastern Norway increased by a factor of ten. A similar pattern was
seen for range expansion, where a documented change factor of four was
reported for Scandinavia and three for Karelia (Chapron et al., 2014).
Latest reports estimated approximately 2877 brown bears in Sweden
(Kindberg and Swenson, 2018) and 2291 in Finland (Heikkinen and
Kojola, 2018) and a minimum number of 125 individuals in Norway
(Flgystad et al., 2018).

During the recovery process, and despite indications of long-distance
dispersal of individuals (Stgen et al., 2006; Manel et al., 2007), several
studies reported considerable genetic differentiation among brown
bears from the Scandinavian and Karelian population. The largest dif-
ferentiation was found between the brown bears from Scandinavia and
individuals from Finland and northwestern Russia (Schregel et al., 2012;
Kopatz et al., 2014; Schregel et al., 2015). Numerous studies have
assessed the genetic structure of the Scandinavian brown bear popula-
tion and reported subdivision into southern, central and northern ge-
netic clusters (Manel et al., 2004; Xenikoudakis et al., 2015; Schregel
et al., 2017). Studies on the genetic structure of the Karelian population
showed that it is subdivided into a northern and southern genetic cluster
in Finland (Tammeleht et al., 2010; Kopatz et al., 2014), but the dif-
ferentiation between these two units has been decreasing (Hagen et al.,
2015), most likely as a result of considerable immigration of bears from
Russia into the southern part of the population (Kopatz et al., 2014).
Despite the quantity of studies assessing connectivity between Scandi-
navia and Karelia, a comprehensive analysis with continuous sampling
has been lacking, especially across the crucial, transborder area between
northern Sweden and northern Finland. Only a single study, analysing Y-
haplotype diversity and distribution among male brown bears in
northern Europe (Schregel et al., 2015), had samples from this area
included. The results corroborated with earlier studies and showed
strong genetic differentiation and low connectivity between the
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Fig. 1. Study area, distribution and estimated population sizes for the brown bear in northern Europe. a) A map of northern Europe indicating b) the current
distribution of the Scandinavian and Karelian brown bear population: permanent (dark blue) and occasional presence (light blue; map by Large Carnivore Initiative
for Europe, modified) and the research area outlined. Previously described population border (Chapron et al., 2014) is indicated by a black, dotted line. ¢) Trajectory
of the estimated number of individuals in Sweden 1976-2017 (dotted), Finland 1978-2017 (solid) and minimum number* for Norway 2008-2017 (grey) based on

harvest and genetic sampling.
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populations from Scandinavia and Karelia.

Given the substantial increase in population size and the associated
range expansion of both brown bear populations (Chapron et al., 2014),
as well as the dispersal capacity of male brown bears (Barton et al.,
2019), it is surprising that earlier studies have shown such low levels of
connectivity. Therefore, we designed a study focusing exclusively on the
dispersing sex with continuous sampling of male brown bears from large
parts of Fennoscandia. In total, we analyzed autosomal microsatellites
and Y chromosome haplotypes of 924 males, sampled during a period of
12 years (2005-2017), representing the upper limit of one brown bear
generation (Tallmon et al., 2004). Our main objective was to address
whether inter-population and transborder connectivity has been
restored by measuring gene flow, and to estimate the number of mi-
grants. Specifically, we tested if migration surpasses the one-migrant-
per-generation rule. That number is the suggested lower limit on the
number of reproducing migrants required to counter negative effects of
reduced genetic variation caused by isolation in small populations (Mills
and Allendorf, 1996), and is also the minimum conservation goal in the
current Swedish brown bear management plan if the estimated popu-
lation size in the country would decrease below 2350 individuals
(Naturvérdsverket, 2016).

2. Material and methods
2.1. Data collection and molecular analyses

We used 12 microsatellite genotypes from 924 individuals. Most
individuals were sampled noninvasively, but some were genotyped from
tissue samples of legally harvested brown bears from northern Sweden,
Norway and Finland. Of the total amount, 32 individuals were geno-
typed with eight microsatellites, instead of twelve. Of the 924 sampled
individuals, 826 individuals were also genotyped at nine Y-chromo-
somal microsatellite loci (see Appendix A Supplementary data,
Table S1). Aligning with data collection patterns and previous studies,
samples of brown bears from Sweden and Norway, i.e. Scandinavia,
were grouped administratively, by county: Vasterbotten, Norrbotten,
Troms and Finnmark. In Finland, we grouped the samples based on
latitude into northern and southern Finland with the 65° latitude as
separator line. The northern part approximately represents the reindeer
husbandry area in Finland, a partly fenced area for semi-domestic
reindeer to roam freely during summer, where special legislation for
large predator removal is keeping the population density for large car-
nivores to a minimum (Fig. S1).

The tissue samples for DNA analysis were collected from dead ani-
mals, harvested legally and provided by the National Veterinary Insti-
tute of Sweden and the Natural Resources Institute Finland. No ethics
permissions were required, as sample collection of tissue and noninva-
sive samples did not involve live animals and was performed by the
respective national monitoring authorities of Sweden, Finland and
Norway.

2.2. Genetic structure

We used a discriminant (DAPC) as well as spatial principal compo-
nents analysis (sPCA) method in the package ADEGENET (Jombart,
2008) in R 3.5.2 (R Development Core Team, 2019) to quantify the
population genetic structure (see Appendix A Supplementary data).
DAPC and sPCA apply multivariate clustering in which individual ge-
notypes are grouped by genetic similarity to visualize hierarchical
structure not assuming any specific population genetic model or arbi-
trarily defined populations (Jombart et al., 2010). We ran the software
STRUCTURE (Pritchard et al.,, 2000) to identify population genetic
clusters (see Appendix A Supplementary data). In STRUCTURE it is
assumed that within populations, the loci are at Hardy-Weinberg equi-
librium and linkage equilibrium. We estimated pairwise Fsy (Weir and
Cockerham, 1984) among the identified genetic clusters with the
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program ARLEQUIN version 3.5.2.2 (Excoffier and Lischer, 2010).
2.3. Gene flow and migration

We assessed connectivity among the geographic regions by esti-
mating self-recruitment and directional gene flow with the program
BAYESASS Version 3 (Wilson and Rannala, 2003). The algorithm applies
a Bayesian, non-equilibrium population assignment method to reveal
recent, unidirectional gene flow among populations. BAYESASS esti-
mates the posterior probability of each genotype’s migration-history
(see Appendix A Supplementary data). The effective number of mi-
grants per generation was estimated for Norrbotten and Finland by
multiplying the migration rate with the estimated population size, as
effective sizes were not available (Kindberg and Swenson, 2017; Heik-
kinen and Kojola, 2018; Kindberg and Swenson, 2018). We repeated the
BAYESASS-analysis for brown bears sampled 2007-2012 and
2013-2017 in Norrbotten, Troms, Finnmark and northern Finland in
order to have even sample sizes between groups to test whether there
may have been a trajectory of migration on a temporal scale. We also
used the private allele method (Slatkin, 1985) included in the program
GENEPOP (Rousset, 2008) to estimate the effective number of migrants
among the regions per generation, and specifically between Norrbotten
and Finland. In addition, we estimated the number of migrants between
the identified genetic clusters in Norrbotten and Finland by applying
Wright’s statistics (Wright, 1949) and utilizing the pairwise Fgr-results.

2.4. Distribution of male lineages

We used previously published Y-haplotypes (Schregel et al., 2015)
and newly genotyped samples to assess the distribution of male lineages
across the study area using eight Y microsatellite markers (see Appendix
A Supplementary data).

3. Results
3.1. Genetic structure

The mean likelihood of Bayesian clustering was not conclusive for a
specific number of clusters (see Appendix A Supplementary data,
Fig. S§2). The approaches by Evanno et al. (2005) suggested K = 2
(Fig. S3) and Puechmaille (2016) suggested K = 4 as the most likely
number of genetic clusters (Fig. S4). The bar plots illustrating the
assignment of each genotype for the clusters K = 2 to K = 5 are shown in
Fig. S5. Based on previous studies assessing the genetic population
structure of brown bears in northern Europe, K = 2 as well as K = 4
number of genetic clusters are representative of the hierarchical genetic
subdivision present. K = 2 clusters highlights the east-west division,
Scandinavia vs. Karelia, while the substructure with K = 4 clusters is
representative of further genetic differentiation within the main clus-
ters, namely Vasterbotten, Norrbotten/Troms in Scandinavia versus
northern Finland/Finnmark and southern Finland in Karelia (Fig. 2a,
Figs. S6, S7). While most genotypes of the clusters showed a large degree
of geographical grouping (northern Karelia), distribution of genotypes
also displayed clear spatial overlap (northern Karelian and northern
Scandinavian, northern and southern Karelian population; Fig. 2b).
Genotypes sampled in Vasterbotten, Troms, Finnmark and southern
Finland were mainly assigned to one genetic cluster. Overall, we found
72 (7.79%) genotypes with mixed ancestry and thus ambiguous cluster
assignment (¢ < 0.7). In Scandinavia, we identified six genotypes
assigned to genetic clusters in Karelia. Another five genotypes sampled
in Scandinavia were not clearly assigned but showed higher assignment
values (q) for Karelian origin. We found 20 genotypes in the Karelian
population, which originated from Scandinavia, plus six admixed ge-
notypes with a higher assignment for Scandinavia (Fig. 2a, Fig. S7).
Overall, the differentiation among the genetic clusters showed moderate
but significant pairwise Fgr-values; Fsy = 0.09 between Norrbotten/
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Fig. 2. Genetic population structure of the analyzed male brown bears. a) Locations of the male microsatellite genotypes and their assignment to a genetic cluster.
Colors correspond to K = 4 clusters (see also Figs. S6 and S7). Genotypes with unambiguous assignment values (g > 0.7) are shown in circles, admixed genotypes (q
< 0.7) as squares, and b) displaying the left figure as a heatmap to illustrate geographic distribution and density of individuals representing each of the ge-

netic clusters.

Troms and northern Finland/Finnmark in the transborder area
(Table S2).

The DAPC- and sPCA-analysis showed a very similar picture of the
genetic clustering among brown bears. In the DAPC, genotypes from
individuals collected in Scandinavia overlapped and grouped closely
together (Fig. S8), whereas genotypes sampled in Karelia formed three
other clusters with considerable overlap. Also, genotypes from northern
Karelia and northern Scandinavia showed substantial overlap, suggest-
ing connectivity among neighboring populations of brown bears in the
study area. The Monte Carlo simulations of the sPCA suggested highly
significant global structure (p < 0.001) and an absence of local structure
(p = 0.656) and indicated distinct hierarchical clustering. The first four
global PCs were retained as they had the greatest differentiation be-
tween eigenvalues relative to the rest (Fig. 3). No local PCs were
retained. The first PC indicated a strong east-west divide, i.e. Scandi-
navian vs. Karelian population, however, with individuals at the western
edge in northern Finland showing higher similarity to the Scandinavian
population (Fig. 3a). The second PC indicated a strong north-south
divide close to Sweden’s northern border and along that latitude
(Fig. 3b). The three PCs with the Scandinavian, northern and southern
Karelian assigned genotypes are represented in the color plot and
illustrate the immigration of individuals from Scandinavia into northern
Finland, with more genotypes of Scandinavian origin found in northern
Norway and Finland (Fig. 3c).

3.2. Gene flow and migration

All runs with BAYESASS were consistent and convergent (Table 1,
Figs. §9, S10) and showed that self-recruitment was lowest in northern
Finland with 68% and Troms with 82%. High self-recruitment was found
with about 89% in Norrbotten, 91% in Vasterbotten, 93% in Finnmark
and 98% in southern Finland. While we estimated about 8% influx per
generation from Norrbotten into northern Finland, the influx from
northern Finland into Norrbotten was 0.1%. The results show that
Norrbotten receives about 0.3% of genes from Finnmark and 0.6% from
southern Finland, which sums up to 1% of influx of eastern genotypes
into Norrbotten per generation. Relatively high rates of immigration
were estimated for Troms with approximately 9% from Norrbotten, 4%
from Finnmark and 1% from northern Finland per generation. Northern
Finland also seemed to receive considerable gene flow from several di-
rections. In addition to Norrbotten (8%), high rates of gene flow were
also estimated from Finnmark and southern Finland (12% and 9%,
respectively). On a temporal scale gene flow between Norrbotten and
northern Finland appeared stable with low influx of bears from Finland
to Sweden. Gene flow from the east to the west further north, however,
may have increased, as suggested by the directional migration rates from
northern Finland and Finnmark into Troms (Table S3).

We identified 8 migrants (four FO- and four F1-migrants) from the
Karelian population in Scandinavia and 24 migrants (15 FO- and 9 F1-
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Fig. 3. Spatial Principal Component Analysis (sPCA) of the analyzed male brown bears. a) sPCA 1 displaying the east-west divide while b) sPCA 2 shows the north-
south divide. Both sPCAs represent genetic differentiation on the global scale while c) the third sPCA shows little sub-differentiation within the Scandinavian and
Karelian population, at the local scale.
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Table 1
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Percentage of self-recruitment and directional migration of male brown bears in northern Europe. Self-recruitment estimates are presented in the diagonal cells (in
bold), directional migration estimates are given above and below the diagonal including standard deviations (SD) among the regions; incl. Vasterbotten (VB), Troms
(TR), Norrbotten (NB), northern Finland (NF), Finnmark (FM) and southern Finland (SF).

Population

Scandinavian

Karelian

From VB SD From TR SD

From NB SD From NF SD From FM SD From SF SD

Population Scandinavian To VB 0.906 0.024 0.006 0.006
To TR 0.018 0.016  0.823 0.038

To NB 0.082 0.013  0.018 0.005

Karelian To NF 0.010 0.008  0.011 0.007

ToFM  0.004 0.003  0.013 0.006

To SF 0.002 0.002  0.002 0.002

0.073 0.024 0.005 0.005 0.005 0.005 0.005 0.005
0.093 0.037 0.012 0.011 0.043 0.021 0.011 0.011
0.891 0.014 0.001 0.001 0.003 0.002 0.006 0.002
0.083 0.017 0.680 0.011 0.125 0.022 0.091 0.019
0.019 0.008 0.031 0.013 0.931 0.015 0.004 0.004
0.002 0.002 0.008 0.006 0.002 0.002 0.983 0.007

Standard deviations (SD) in italics.

migrants) from Scandinavia were identified in the Karelian population
(Tables S4, S5). Estimates of the number of brown bears in the region
reported 463-549 brown bears in Norrbotten and 326-415 bears in
northern Finland (reindeer-husbandry area) and 1965-2279 bears in the
southern part of Finland (Kindberg and Swenson, 2017; Heikkinen and
Kojola, 2018). Based on these numbers and our estimates of gene flow,
Norrbotten received 0.46-0.55 effective immigrants from northern
Finland, 1.39-1.65 bears from Finnmark, and, 2.78-3.29 bears from
southern Finland per generation. The total sum of brown bears immi-
grating from the neighboring populations in the east to Norrbotten thus
adds up to 4.6-5.5 individuals effectively per generation. In the opposite
direction, from Norrbotten, 27.1-34.5 bears immigrate into northern
Finland and 3.9-4.6 bears into southern Finland per generation.

The private allele method estimated Nm = 1.70 as the effective
number of migrants between Norrbotten and northern Finland
(Table S6). The number of effective migrants between southern Finland
and Norrbotten was Nm = 0.57 and between Finnmark and Norrbotten
Nm = 1.05 bears. When comparing only Norrbotten and the whole of
Finland, Nm = 1.27 was the estimated effective number of migrants.
Based on the pairwise Fgr-values the estimate of the effective number of
migrants between the genetic cluster of Norrbotten/Troms versus
northern Finland/Finnmark was Nm = 2.53 and between Norrbotten/
Troms and southern Finland Nm = 1.67.

3.3. Distribution of male lineages

Based on the eight Y chromosome microsatellites, we identified a
total of 28 different haplotypes, of which seven (five in Karelia, two in
Scandinavia) had not been detected previously (Fig. 4, Fig. S11). The
Karelian population displayed a high diversity of Y-haplotypes with 26
haplotypes identified, while we found only six haplotypes present in

Scandinavia. Six individuals carrying haplotype 2.07 and 1.01, previ-
ously detected only in Karelia, were sampled in Norrbotten and Troms.
One haplotype previously detected only in the Russian Republic of Komi
(haplotype 2.28; Schregel et al., 2015), was detected in an individual
sampled in Troms. Haplotypes 2.05 and 2.08 were dominant in the
Scandinavian population and we found 20 individuals carrying haplo-
type 2.05 in Finland and 10 in Finnmark (Fig. 4a). Also, we identified
four individuals with haplotype 2.08 in northern Finland, suggesting
gene flow from Scandinavia into the Karelian population (Fig. 4b).

4. Discussion

The successful recovery and range expansion of the Karelian and
Scandinavian brown bear populations led to the restoration of the once
lost connectivity and we identified individuals migrating from Karelia to
Scandinavia for the first time. Connectivity and gene flow were asym-
metric with a higher immigration rate of individuals from Scandinavia
to Karelia than the opposite direction. The analysis of male lineages
supported these results with comparably more brown bears carrying
distinctive haplotypes from Scandinavia that were identified in the
Karelian population than vice versa.

Overall, the genetic structure was characterized by a distinctive and
strong east-west-subdivision between the brown bear populations of
Scandinavia and Karelia. The north-south division within the Scandi-
navian and the Karelian population represents further, internal sub-
structure with considerable geographical overlap (Figs. 2, 3, Figs. S6,
S7) and has been documented by earlier studies. These suggest that the
underlying genetic subdivision is still pronounced (Manel et al., 2004;
Tammeleht et al., 2010; Kopatz et al., 2014; Schregel et al., 2017), likely
caused by long-term historical-ecological processes (Xenikoudakis et al.,
2015), and possibly also stabilized by the effect of regular, annual
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Fig. 4. Sampling locations of the brown bears carrying the different male Y-haplotypes found (number in brackets) in the study area. a) Scandinavian, with six
different Y-haplotypes, and b) Karelian brown bear population, with a total of 26 different Y-haplotypes identified.
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harvest in this largely human-dominated landscape (Klemen and
Adamic, 2008; Krofel et al., 2012; Kojola et al., 2020). This indicates a
possibly time-lagged response to population expansion (Ewers and
Didham, 2006). Our results showed higher values for immigration from
the two expanding populations since the previous assessment, where
immigration of eight brown bears from Scandinavia into the Karelian
population was reported (Kopatz et al., 2014). However, in the latter
and another previous study (Schregel et al., 2012), connectivity between
Scandinavia and Finland has not been assessed with continuous sam-
pling suggesting that an earlier reconnection may have been missed. In
addition, our results suggest a migration corridor through the north-
ernmost parts of Norway as a few individuals from Troms were assigned
to Karelia and some in Finnmark were assigned to Scandinavia by mi-
crosatellite as well as Y chromosome data. Genetic differentiation in our
study was also slightly lower compared to the numbers reported in an
earlier study (Schregel et al., 2012). However, Fgr is determined based
on the frequency of common alleles, which usually have been in the
population already for many generations and therefore the method is
reflective of long, historical time periods (Whitlock and McCauley,
1999; Yamamichi and Innan, 2012). Thus, the Fgr most likely retains the
signal from the severe demographic bottleneck and subsequent separa-
tion experienced in the past rather than reflecting recent changes.

Recent, directional migration rates per generation were suggestive of
asymmetrical gene flow between the Scandinavian and Karelian popu-
lation. Considering the size of the populations, the estimated migration
rates are rather low indicating that the successful restoration of con-
nectivity is likely to be a relatively recent event. Estimates of gene flow
based on the private allele method were lower than the estimates based
on Bayesian analyses. Both estimates suggest recent establishment of
connectivity, as private alleles in large populations have usually been
introduced to the gene pool relatively recently, thus rare and therefore
the method should be sensitive to contemporary migration (Slatkin and
Takahata, 1985; Slatkin, 1987; Yamamichi and Innan, 2012). Albeit low
and stable across the study period, the level of gene flow from the
Karelian population into Scandinavia surpassed the suggested one-
migrant-per-generation rule and thus meets the minimum conserva-
tion goal (Mills and Allendorf, 1996; Wang, 2004; Naturvardsverket,
2016).

Connectivity enables gene flow between populations, thereby
increasing genetic variation and the ability of a population to react to a
changing environment. This is especially important for small and fluc-
tuating populations as they often require a higher number of migrants
for successful, long-term connectivity and enhancement of genetic di-
versity (Vucetich and Waite, 2000; Greenbaum et al., 2014). However,
the brown bear population size in northern Europe has been increasing
steadily for two decades, with a current estimate of more than 5000
bears (Heikkinen and Kojola, 2018; Kindberg and Swenson, 2018). As
such, one reproducing migrant per generation in both directions should
ensure the maintenance of genetic variation and long-term viability of
Fennoscandian populations (Frankham, 2005). For deeper assessment
on the asymmetry of dispersing individuals, spatially explicit methods
should be applied to understand the potential effects of environmental
features and landscape resistance (Elliot et al., 2014; Oriol-Cotterill
et al., 2015) on connectivity. We found several F1-migrants indicating
successful reproduction of immigrants in both populations. Therefore,
data from female brown bears should be included in future analyses, as
the detected gene flow should lead to juvenile females with mixed
ancestry (Vasudev and Fletcher Jr, 2016; Robertson et al., 2018). An
analysis that explicitly combines genetic and geographical information
would give further important insights, enabling further investigation of
connectivity across northern Europe.

The uneven distribution of Y-haplotypes corresponded to the asym-
metric gene flow identified. An earlier study assessing the Y-haplotype
distribution of brown bears across northern Europe and northwestern
Russia (Schregel et al., 2015) detected four different Y-haplotypes in
Scandinavia, of which, two were distinctive for brown bears in
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Scandinavia and two were found across Fennoscandia (Schregel et al.,
2015). Our results further reveal that migration of Scandinavian brown
bears into the northern Karelian population occurred. Additionally, we
identified seven new haplotypes, five of which were found in the
Karelian population and two in Scandinavia. The striking difference in
haplotype diversity between the Scandinavian and Karelian population
is highly suggestive of differing population histories and recovery pro-
cesses. The Karelian population is supported by a large influx of bears
from Russia (Kopatz et al., 2014) and this strong connection seems
consistent over several decades as indicated by records of observed
border crossings of individuals from Russia to Finland (Pullianen, 1990).
The Scandinavian population on the other hand seems to have primarily
recovered independently from the Karelian population as indicated by
the prominent genetic structure and low variation of Y-haplotypes pre-
sent. Nonetheless, two haplotypes are shared between both populations
and, although rare, single immigration events from Karelia to Scandi-
navia may have occurred in the past. Further investigation into this is
warranted and can be achieved by genotyping historical samples
(Schregel et al., 2015; Xenikoudakis et al., 2015).

Earlier studies on the matrilineal phylogeography of brown bears in
northern Europe identified two highly divergent clades: bears from
northern Scandinavia and Karelia belonging to the eastern lineage and
bears from southern Scandinavia belonging to the western clade (Tab-
erlet and Bouvet, 1994; Taberlet et al., 1995; Davison et al., 2011; Ers-
mark et al., 2019). Our study did not include samples from the southern
part of the Scandinavian population. Nonetheless, previous mtDNA-
analyses and mitogenomic data showed differences in haplotype di-
versity between Scandinavia and Finland and genetic substructure,
similar to the subdivision identified by autosomal markers and
explained by natal philopatry of female bears (Saarma et al., 2007; Keis
et al., 2013; Norman et al., 2013; Xenikoudakis et al., 2015). Due to the
pronounced display of philopatry by female bears (Swenson et al., 1998;
Stgen et al., 2006), we focused in our study on the dispersing sex in order
to be able to identify gene flow and individual migrants. A targeted
study, assessing maternal lineages may however illuminate the role and
challenges of female bears in the region, especially within the contact
zone.

Asymmetric connectivity is not uncommon, especially between
transboundary populations that are managed differently (Beger et al.,
2010; Sundqvist et al., 2016; Thornton et al., 2018). However, the rea-
sons for the asymmetry in our study remains underexplored and is likely
related to varying brown bear densities in Scandinavia and Karelia,
specifically in the zone connecting both populations, namely the
neighboring areas of Norrbotten in northern Sweden and the reindeer
husbandry region in northern Finland. No density estimates from these
regions are available, however, estimates on population sizes resulted in
a higher number of individuals in northern Sweden and may indicate a
higher density of bears compared to the reindeer husbandry area in
northern Finland (Heikkinen and Kojola, 2018; Kindberg and Swenson,
2018). While the number of bears in Sweden are kept stable with
regulated hunting quotas, the number of bears in the Finnish reindeer
husbandry area is kept to a minimum due to special management and
legislation for large carnivore removal to counter damages by predation
on semi-domestic reindeer (Kojola and Heikkinen, 2006; Kopatz et al.,
2012; Kojola et al., 2020). Also, brown bears in northern Finland have
been less frequently observed than in central and eastern Finland (Kojola
et al., 2006), partly due to the low density of volunteers and lack of will
among reindeer herders to actively contribute to the large carnivore
observation network (Rasmus et al., 2020). Nonetheless, the data
available suggests a much lower density of brown bears, especially of
females that could produce migrating males, in that region, reflected in
the relatively low self-recruitment rate for northern Finland. The Finnish
reindeer husbandry area has therefore been characterized as a periph-
eral part of the Finnish brown bear population (Kojola et al., 2020).
From these lines of evidence, it appears that the possibility of migration
and thus gene flow between Karelia and Scandinavia through this area
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seems rather limited. All knowledge considered indicates that the rein-
deer husbandry region can be characterized as a sink-area with constant
removal of individuals (Lowe and Allendorf, 2010; Stoner et al., 2013).
However, this area is receiving migrants compensating for low local
recruitment with bears from the neighboring regions of higher bear
densities and stable populations in Sweden, Norway and likely Russia as
well as the expanding population in southern Finland (Kojola et al.,
2003; Kindberg et al., 2011; Hagen et al., 2015). Source-sink-dynamics
in the northern European brown bear should be investigated further
through analyses of individual dispersal and migration of also female
bears.

The process of population recovery from the severe demographic and
genetic bottleneck (Swenson et al., 1998; Kopatz et al., 2014; Xeni-
koudakis et al., 2015) seems to have begun earlier in the Scandinavian
population (Fig. la; Swenson et al., 2017), and thus allowed the
expansion front to reach the boundary areas to the east sooner, therefore
enabling earlier immigration of individuals into the Karelian population
(Kopatz et al., 2014). This earlier start might now be reflected in the
asymmetrical migration rates, with more individuals from Scandinavia
entering Karelia. The Karelian brown bear population has also been
recovering as suggested by an increasing estimated population size and
expansion towards the west since the early 2000s (Kojola et al., 2006;
Kojola and Heikkinen, 2006). Based on our results, the Karelian
expansion front is only presently reaching northern Scandinavia and is
represented by a few Karelian individuals detected in northern Scandi-
navia (Hagen et al., 2015; Kopatz et al., 2017).

4.1. Implications for conservation management

Brown bears are capable of long-distance dispersal (Barton et al.,
2019). However, due to a high conflict level with humans, and poten-
tially substantial environmental and climatic changes, large carnivore
populations will remain vulnerable and continued responsive manage-
ment and conservation is therefore necessary (Heller and Zavaleta,
2009; Hoffmann et al., 2011; Ripple et al., 2014; Haddad et al., 2015;
Iftekhar and Pannell, 2015; Bar-On et al., 2018). Also the brown bear’s
reproductive rate is sensitive to high harvest quotas (Bischof et al.,
2018), therefore the populations should be closely monitored and
carefully managed. A next step could be the development of a collabo-
rative, regular transborder monitoring and management program across
northern Europe (Liu et al., 2020; Mason et al., 2020), taking scale-
dependent processes into account, such as inter-population but also
local and intra-population processes (Kool et al., 2012). Here specif-
ically, the establishment of a DNA-based monitoring program including
regular sampling of non-invasive genetic material and assessment of the
brown bear population in Finland, as is currently applied in Sweden and
Norway, would enable close monitoring of the whole Fennoscandian
population, and with that, allowing for further study on the trajectory of
the recently established connectivity including the number of immi-
grants. Indeed, such an approach would enable continuous assessment
of migration and if it remains sufficient, which is important as a single
effective migrant per generation may not be sufficient to counter
possible negative genetic effects (Nathan et al., 2017). Prioritization of
such an effort would also contribute with important data for manage-
ment decisions to protect family groups in the Finnish reindeer hus-
bandry area (Kojola et al., 2020) and give valuable insights into
population expansion dynamics.

5. Conclusions

Genetic data enabled us to study and quantify population level
processes across political borders of three nations with different man-
agement regimes. Without genetic information and use of several
methods, such an assessment would be challenging. We achieved
continuous sampling in the study area through intensified and focused
sampling of the dispersing sex allowing us to assess gene flow
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effectively. Our research took advantage of regular and harmonized
DNA-based brown bear monitoring in Sweden and Norway and illus-
trates its benefits for large scale transborder assessment of wildlife
populations (Cayuela et al., 2018; Lamb et al., 2019) and how stan-
dardized genetic tools allow transnational evaluation of conservation
and management actions (McMahon et al., 2014; Ralls et al., 2018; Liu
etal., 2020; Mason et al., 2020). Our study highlights that conservation-
driven management can lead to successful population recovery and
restoration of connectivity for fragmented populations, including those
of large carnivores.
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