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Abstract
Transboundary connectivity is a key component when conserving and managing animal species that require large areas to
maintain viable population sizes. Wolves Canis lupus recolonized the Scandinavian Peninsula in the early 1980s. The population is geographically isolated and relies on immigration to not lose genetic diversity and to maintain long term viability. In
this study we address (1) to what extent the genetic diversity among Scandinavian wolves has recovered during 30 years since
its foundation in relation to the source populations in Finland and Russia, (2) if immigration has occurred from both Finland
and Russia, two countries with very different wolf management and legislative obligations to ensure long term viability of
wolves, and (3) if immigrants can be assumed to be unrelated. Using 26 microsatellite loci we found that although the genetic
diversity increased among Scandinavian wolves (n = 143), it has not reached the same levels found in Finland (n = 25) or in
Russia (n = 19). Low genetic differentiation between Finnish and Russian wolves, complicated our ability to determine the
origin of immigrant wolves (n = 20) with respect to nationality. Nevertheless, based on differences in allelic richness and
private allelic richness between the two countries, results supported the occurrence of immigration from both countries. A
priori assumptions that immigrants are unrelated is non-advisable, since 5.8% of the pair-wise analyzed immigrants were
closely related. To maintain long term viability of wolves in Northern Europe, this study highlights the potential and need
for management actions that facilitate transboundary dispersal.
Keywords Immigration · Inbreeding · Relatedness · Transboundary connectivity · Canis lupus

Introduction
While many large carnivore species suffer from population
decline there are also species that have recolonized parts of
their historic distribution, especially in Europe and North
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America (Ripple et al. 2014; Chapron et al. 2014). However, the conservation and management of large carnivores
is challenging as most of these species require large amounts
of food and extensive space, often leading to intense conflict
among different interest groups in society and the management authorities (Carbone et al. 1999; Cardillo et al. 2004;
Cardillo 2005). As such, it is likely that many carnivore
populations will remain small and semi-isolated, which is
expected to negatively affect their long-term viability (Kenney et al. 2014). From a conservation perspective it follows
that population connectivity is highly important, not least
when populations are small and recently founded. Immigration of unrelated individuals counteracts genetic drift,
which is often accompanied with higher levels of inbreeding
(Wright 1931; Nei et al. 1975; Allendorf 1986), increased
genetic load, and reduced evolutionary potential (Hedrick
2001; Allendorf and Ryman 2002).
In Europe, the majority of large carnivore populations
are transboundary (Linnell et al. 2008; Chapron et al.
2014). Many of these countries are obligated to ensure
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the long term viability of their large carnivore populations
in accordance with the European Union Habitats Directive (Council Directive 92/43/EEC) and/or the Bern convention; these countries are henceforth referred to as the
member states. Despite these legally binding documents it
is hard or even impossible for some member states to reach
and maintain population sizes that alone can be considered
large enough to have long term viability. Several countries
also practice lethal control to limit population sizes and
distributions in order to mitigate human conflicts around
carnivores, which in turn may reduce connectivity with
neighboring populations and the potential for viability
(Linnell et al. 2008). This gives member states the incentive to facilitate large carnivore transboundary movement
and thus ensuring the connectivity between populations
(Hindrikson et al. 2017). Moreover, member states also
need to consider how population viability is affected by
populations in non-member states (i.e. countries that are
not obliged under the Bern convention or European Union
Habitats Directive) or in member states where the carnivores have different legal status (Trouwborst 2018).
Wolf populations in Northern Europe currently consist of 450 individuals on the Scandinavian Peninsula, i.e.
Norway and Sweden (Wabakken et al. 2020) and approximately 750 wolves in Finland and north-western Russia,
including the Russian oblasts of Murmansk and Karelia in
Russia, hereafter called the Finnish-Karelian wolf population (Linnell et al. 2008; Laikre et al. 2016). These two
populations are separated by a 350 km wide land bridge,
where the national policies of Norway, Sweden and Finland for wolf presence are restricted, in favor of human
semi-domesticated reindeer herding. The population in
Finland and north-western Russia is connected to a more
or less continuous population of about 3600 wolves covering Estonia, Latvia, Lithuania, Poland and the Russian
oblasts of Leningrad, Novgorod, Pskov, Tver, Smolensk,
Bryansk, Moscow, Kaliningrad, Kaluzh, Tula, Kursk, Belgorod and Orel, which in turn are part of Russia’s 52,000
wolves (Linnell et al. 2008; Bragina et al. 2015; Hindrikson et al. 2017).
Although wolves are capable to disperse distances over
1000 km (see Wabakken et al. 2007), and individual wolves
are observed almost annually in northernmost Scandinavia
(Seddon et al. 2006, Fig. 1), the genetic exchange between
the Scandinavian and the Finnish-Karelian populations is
limited, mainly due to a high rate of human-caused mortality of wolves in northern Sweden and Finland (Kojola
et al. 2009; Liberg et al. 2012b). Recent studies also show
indications of decreasing connectivity between Finland and
Russia as well as a reduced effective population size in Finland (Aspi et al. 2006, 2009; Jansson et al. 2012), which in
turn may have a negative effect on the immigration rate to
Scandinavia (Kojola et al. 2009).
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Fig. 1  Last known position and individual identity of 20 Scandinavian immigrants (blue dots) and reference individuals (blue triangles).
For some Russian samples (with number within brackets), the average
location of the site for sampling is given. The grey squares indicated
areas of permanent wolf occurrence (excluding the hatched area) in
accordance with Chapron et al. (2014)

In Scandinavia wolves were considered functionally
extinct by 1966 and the present population is traced back
to a founder event in south central Scandinavia in 1983,
including only a single pair of Finnish-Russian immigrants
(Wabakken et al. 2001; Vilá et al. 2003). Since then and until
2020, seven more immigrants have managed to reproduce,
and four of these have produced offspring that subsequently
have reproduced successfully in Scandinavia (Seddon et al.
2006; Åkesson et al. 2016; Åkesson and Svensson 2020).
Consequently, the Scandinavian wolf population is highly
inbred (Åkesson et al. 2016; Kardos et al. 2018) and has
shown several signs of inbreeding depression (Liberg et al.
2005; Bensch et al. 2006; Åkesson et al. 2016).
During the last two decades, the Swedish and Norwegian governments have commissioned several investigations
focusing on the viability of the Scandinavian wolf population and the genetic effect of immigration (e.g. Hansen et al.
2011; Bruford 2015; Naturvårdsverket 2015, 2016; Laikre
et al. 2016; Eriksen et al. 2020). These investigations have
clarified that a prerequisite for the Scandinavian wolf population to maintain long-term viability is that it needs to be a
part of a larger ‘functional metapopulation’ in North Europe
(Mills and Feltner 2015; Laikre et al. 2016). This resulted
in a management goal for the population to have at least one
reproducing immigrant every 5-year period, regarded as the
generation time of Scandinavian wolves (Naturvårdsverket
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2016). The range of the larger ‘functional metapopulation’
is however less clearly described, and although Scandinavian immigrants have been studied with regard to population
origin (Ellegren et al. 1996; Sundqvist et al. 2001; Flagstad
et al. 2003; Vilá et al. 2003; Seddon et al. 2006; Smeds et al.
2019), little is known about the immigration from specific
member states, like Finland and non-member states, like
Russia. In order to meet the one-immigrant-per-generation
goal, the cooperation to monitor and facilitate gene flow of
wolves with neighboring countries has intensified during the
last years. This includes the ambition to learn more about
the movements of wolves between Scandinavia, Finland and
Russia.
In this study we address three major hypotheses: (1) The
temporal variation in the genetic diversity among wolves
in Scandinavia between 1983 and 2014 is explained by the
known founder events in the population and by genetic drift
during the first decade of the population history when the
population consisted of < 30 individuals (Wabakken et al.
2001). (2) The immigrants to Scandinavia are likely to
originate from either Finland or the western part of Russia
(see Jansson et al. 2012). (3) Under an assumption that the
source population of immigrants to Scandinavia is large and
panmictic, the immigrants should be largely unrelated to
each other. These hypotheses are tested using 26 autosomal
microsatellite loci from wolves born in Scandinavia in different cohorts, wolves from Finland and the Russian Republic
of Karelia (henceforth called Russia) and wolves that were
genetically identified as immigrants in Scandinavia between
1977 and 2012.

Methods
Population and study site
The wolf population in Norway and Sweden (hereafter
referred to as Scandinavia) has been monitored since 1978;
first based on ground tracking on snow until 1998, and thereafter also by radio telemetry and DNA analysis (Wabakken
et al. 2001; Liberg et al. 2012a).
The Scandinavian wolf population is geographically
separated from the Finnish-Karelian wolf breeding range
(Chapron et al. 2014, Fig. 1) and, until 2015, with a minimum of 800 km distance of land travelling between the two
breeding areas (Wabakken et al. 2007). This area largely
matches the Fennoscandian reindeer herding ground, where
DNA-identified wolves typically have been legally killed
after conflict with the reindeer husbandry, poached or disappeared for unknown reasons without being identified again.
In order to facilitate gene flow, the Scandinavian management authorities captured and translocated three immigrant
wolves during the study period (1977–2014) from reindeer
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herding grounds southwards to the Scandinavian wolf breeding range.

Sampling and extraction
From 1977 to 2014, the genetic monitoring of the wolves
on the Scandinavian peninsula involved the DNA-sampling
of wolves, where Scandinavian origin was originally tested
using Bayesian individual assignment (Rannala and Mountain 1997) and parental assignment (see Åkesson et al. 2016
for detailed description).
The study was based on DNA-samples from 20 immigrant wolves (thus wolves detected in Scandinavia that did
not originate from the Scandinavian population), 143 invasively collected Scandinavian born wolves, 64 invasive tissue samples from Finnish wolves, skin tissue from 19 unrelated Russian wolves (see below) and 27 buccal samples
from dogs C. familiaris. The Scandinavian reference wolves
were grouped into nine cohort classes [1983–1990 (n = 6),
1991–1993 (n = 8), 1994–1996 (n = 9), 1997–1999 (n = 20),
2000–2002 (n = 20), 2003–2005 (n = 20), 2006–2008
(n = 20), 2009–2011 (n = 20), 2012–2014 (n = 20)].

Microsatellite genotyping
DNA samples were genotyped for 26 microsatellite loci
(Online resource 2), located in the autosomal genome:
CXX.20, CXX.123, CXX.204, CXX.225, CXX.250,
CXX.253 (Ostrander et al. 1993), 2001, 2006, 2010, 2054,
2079, 2096, 2137, 2140, 2168, 2201 (Francisco et al. 1996),
(AHT)002, (AHT)004, (AHT)101 (Holmes et al. 1993),
AHT103, AHT119, AHT121, AHT138 (Holmes et al. 1995),
PEZ03, PEZ06 (Neff et al. 1999), vWF (Shibuya et al.
1994). The markers were amplified using PCR followed by
capillary electrophoresis in accordance with Åkesson et al.
(2016), and using the same precautions when genotyping
non-invasive samples. The microsatellite loci were regularly
used to monitor of the wolves in Scandinavia, to reconstruct
the pedigree of the population and study how the variation on these markers are associated with individual fitness
(Liberg et al. 2005; Bensch et al. 2006; Åkesson et al. 2016).

Genetic analyses
Immigrant detection
Immigrants were detected using Bayesian individual assignment in the program Geneclass 2 (Piry et al. 2004) using
nine cohort classes of Scandinavian wolves, unrelated
Finnish wolves (see below), unrelated Russian wolves (see
below) and dogs as reference populations (Online resource
1: Table 1, Table 2). This involved likelihood estimation of
assignment using Bayesian criteria (Rannala and Mountain
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Table 1  Number of samples (n)
together with mean expected
(He) observed
∼ (Ho) and
corrected (HE ) heterozygosity,
number of alleles (A), allelic
richness (AR), fixation index
(FIS) and linkage disequilibrium
(LD) for 26 microsatellite loci
among immigrants, wolves
from Finland and Russia and
nine temporal samples of the
Scandinavian wolf population
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Immigrants
Russia
Finland
Scandinavia 1983–1990
Scandinavia 1991–1993
Scandinavia 1994–1996
Scandinavia 1997–1999
Scandinavia 2000–2002
Scandinavia 2003–2005
Scandinavia 2006–2008
Scandinavia 2009–2011
Scandinavia 2012–2014

n

HE

HO

HE

A

AR

FIS

LD

20
19
25
6
8
9
20
20
20
20
20
20

0.756
0.756
0.734
0.533
0.612
0.573
0.585
0.579
0.583
0.597
0.584
0.605

0.746
0.755
0.703
0.615
0.707
0.718
0.690
0.615
0.615
0.610
0.638
0.606

–
–
–
0.770
0.769
0.789
0.774
0.783
0.826
0.792
0.812
0.780

6.69
7.46
6.81
2.81
3.46
3.46
3.65
3.62
3.65
4.04
3.65
4.31

5.12
5.23
4.82
2.81
3.34
3.2
3.13
3.06
3.08
3.28
3.1
3.46

0.046
0.063
0.028
− 0.065
– 0.089*
– 0.196*
– 0.154*
– 0.037*
– 0.03
0.004
– 0.068*
0.025

18.1
0.3
7.1
7.1
21.8
12.3
10.5
8.3
10.5
14.5
8.5
16.9

∼

Statistical significance of FIS with 95% confidence is indicated with *. Linkage disequilibrium (LD) is
given in % of 325 locus pairs with significant linkage disequilibrium

1997) and an exclusion test (with α < 0.05) of the likelihood
values based on Monte Carlo resampling to approximate the
distribution of genotype likelihoods that would be found in
the reference populations (Paetkau et al. 2004). The exclusion of Scandinavian origin were based on the cohort class
of Scandinavian wolves prior to the year when the immigrant
was first observed.
Apart from the DNA-sampled immigrants, two more
founders (G1–83 and G1–91) of the Scandinavian population were breeding during the study period (Vilá et al.
2003; Liberg et al. 2005). The genotypes from these first
two males of the Scandinavian wolf population was partly
reconstructed from known offspring (see Liberg et al. 2005
for more details) but was not used in this study because
reconstructed genotypes are heavily biased towards heterozygote loci.
Genetic relatedness
In order to test if wolves were related, we calculated the
maximum likelihood estimates of relatedness using the program ML-RELATE (Kalinowski et al. 2006). The existence
of close relatives among the immigrants was tested by likelihood ratio tests using the maximum likelihood estimates of
a pair being unrelated or being close relatives (i.e. half-sibs,
full sibs or parent-offspring). The possible relationships with
likelihood values within the 95% confidence interval were
calculated in ML-RELATE using 10,000 randomizations to
get the sample distributions for the null hypothesis.
Genetic relatedness was tested among immigrants and
correlated against the absolute difference in years between
observations. The correlation was tested with a Mantel-test
using PASSaGE v2 (Rosenberg and Anderson 2011).
To avoid inflated genetic structure due to biased sampling
of close relatives among the Finnish and Russian wolves
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we preceded the genetic analyses with estimating genetic
relatedness and randomly omitting individuals from pairs of
close relatives (full sibs or parent-offspring) with 95% confidence until none of the individuals were closely related. The
average relatedness was 0.045 (range between 0 and 0.65)
and 86 of 3741 pairs (2.3%) were found to be close relatives.
After randomly omitting individuals with close relatives, the
data set was composed of 44 unrelated wolves, including 25
from Finland and 19 from Russia.
Genetic diversity and linkage disequilibrium
Expected (HE) and observed (HO) heterozygosity among
immigrants, Finnish, Russian and temporally divided Scandinavian wolves was calculated in Genetix 4.05.2 (Belkhir
et al. 2004). Number of alleles (A), allelic richness ( AR),
and private allelic richness (Π) were retrieved from HPRARE 1.0, where AR and Π was estimated using rarefaction
assuming the minimum number of genes (i.e. two times the
number of sampled individuals) from the groups used in the
analysis (Kalinowski 2005). When including Scandinavian
wolves in the analysis, AR was based on the rarefaction of 12
genes, because sample size in one of the cohort classes was 6
individuals. When comparing immigrant, Finnish and Russian wolves, we based the rarefaction on 26 genes because
the lowest sample size at any locus was 13 individuals. The
statistical difference of AR and Π between groups was tested
using the sign test (see Sokal and Rohlf 1995).
The presence of inbred individuals and close relatives in
a sample may cause the estimators of H
 E to be downwardly
biased (DeGiorgio and Rosenberg 2009). To account for this
when comparing the temporal samples of the Scandinavian
wolves
we used an unbiased estimator for heterozygosity
∼
( HE ) corrected for the average pedigree-based relatedness
( RP ) between the individuals in each sample in accordance

with DeGiorgio and Rosenberg (2009). The pedigree-based
relatedness ( RP ) between individuals was calculated using
CFC v1.0 (Sargolzaei et al. 2005) based on the reconstructed
pedigree of the Scandinavian wolves (Åkesson et al. 2016).
For one of the 143 Scandinavian born wolves knowledge of
parental origin was missing and we chose to use the average
relatedness in the cohort class for all pairs including this
individual.
∼
The difference in HE and HE among immigrants, Finnish
wolves, Russian wolves and the temporal samples of Scandinavian wolves were tested using paired t-tests. Inbreeding coefficient ( FIS) with 95% confidence intervals from
bootstrapping over all loci 1000 times was calculated using
Genetix 4.05.2 (Belkhir et al. 2004). Test of linkage disequilibrium between all pairs of loci and overall populations were calculated using 10,000 permutations and 2 randomized initial conditions for the expectation–maximization
(EM) algorithm in Arlequin 3.5.1. 2 (Excoffier and Lischer
2010).
We calculated standardized multilocus heterozygosity
(stMLH) for all the genetically sampled immigrants as proportion of heterozygous loci divided by mean heterozygosity
of typed loci, thus accounting for the variation in the typed
loci (Slate et al. 2004).

− 0.019
− 0.004
0.005
0.009
0.013
0.021

0.004
0.006
0.013
0.016
0.03

0.018
0.02
0.004
0.026

0.013
0.012
0.022

0.002
0.015

0.006

0.339
0.395
0.457
0.279
0.064
0.053
0.076
0.065
0.057
0.039
0.015
0.41
0.433
0.489
0.273
0.085
0.031
0.039
0.01
0.031
0.006
0.397
0.429
0.481
0.309
0.091
0.024
0.032
0.05
0.033
0.409
0.414
0.484
0.252
0.106
0.013
0.016
0.044
0.425
0.431
0.479
0.24
0.068
− 0.047

0.15
0.102
0.135
0.155
0.148
0.156
0.152
0.158
0.142

0.096
0.1
0.099
0.099
0.103
0.124
0.112
0.11

0.032
0.026
0.024
0.04
0.034
0.033
0.024

Genetic differentiation and migration

Significant θ-values are written in bold

0.017
0.118
0.084
0.122
0.135
0.133
0.13
0.131
0.136
0.119
Scandinavia

Immigrants
Russia
Finland
1983–1989
1991–1993
1994–1996
1997–1999
2000–2002
2003–2005
2006–2008
2009–2011
2012–2014

0.006
0.011
0.122
0.078
0.115
0.133
0.126
0.129
0.122
0.129
0.102

0.028

0.048
0.072

0.406
0.392
0.478

0.281
0.302
0.353
0.249

0.387
0.408
0.437
0.243
0.084

0.399
0.42
0.456
0.241
0.063
− 0.011
0.01

2003–2005
1997–1999

2000–2002
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1994–1996
1991–1993
1983–1989

Scandinavia
Finland
Russia
Immigrants

Table 2  Pairwise θ (below diagonal) and θʹ (above diagonal) between immigrant, Finnish, Russian and nine cohort classes of Scandinavian wolves

2006–2008

2009–2011

2012–2014
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Pairwise differentiation between populations and between
cohort classes of the Scandinavian wolf population was
based on θ (Weir and Cockerham 1984), an F
 ST-analogue
calculated in FSTAT 2.9.3.2 (Goudet 1995). To account for
within-population diversity (Charlesworth 1998; Hedrick
1999) we also calculated θʹ, where θ was divided by θmax,
calculated by recoding the alleles using RECODE v. 0.1 so
that all populations contains unique alleles and still have the
same within population diversity (Meirmans 2012). Pairwise
tests of θ were conducted in FSTAT 2.9.3.2 and were based
on 1000 randomizations of genotypes and significances
after strict Bonferroni corrections. The temporal variation
in genetic differentiation between temporal samples in Scandinavia was analyzed by correlating the pairwise θ and θʹ
between cohort classes against the temporal distance matrix
(i.e. the difference in years between cohort classes) using the
average year of the cohorts. The correlation was tested with
a Mantel-test based on 10,000 randomizations using PASSaGE v2 (Rosenberg and Anderson 2011).
To estimate the average number of migrants (Nm)
between the Finnish, Russian and “immigrant” populations,
we used the method of Slatkin (1985) in Genepop (Raymond and Rousset 1995). With this method the frequency of
alleles found in only one of the populations, so called private
alleles, is used can be used to quantify Nm.
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Microsatellite clustering analysis and assignment
Bayesian clustering analysis was conducted using STRU
CTURE v2.3.4 (Pritchard et al. 2000) assuming admixture
and correlated allele frequencies. No prior information about
population origin was used and only reference individuals
from Finland and Russia were used to update the allele frequencies. We ran models where the number of assumed
populations (K) ranged between 1 and 10, each replicated
10 times. To detect the most likely genetic structure for each
K, each run consisted of 200,000 Markov chain Monte Carlo
iterations following 100,000 burn-in iterations. The optimal number of clusters (K) was inferred based on the rate
of change in the log-likelihood (LnP(D)) and the standard
deviation between replicates for each K (Evanno et al. 2005).
Individual membership coefficients (q) for the optimal number of clusters (when > 1) were inferred from the 10 replicate
runs using the FullSearch algortim in the program CLUMPP
v1.1.2 (Jakobsson and Rosenberg 2007).
In order to account for the presence of unsampled populations, we conducted an individual-based population assignment in Geneclass 2, using a similar procedure to that
described above but with only unrelated Finnish and unrelated Russian wolves as reference populations, separately
and pooled.
To visualize the assignment of immigrants and the reference individuals while accounting for missing data we used
Geneplot (McMillan and Fewster 2017). The sample sizes
were small in relation to the population sizes, and as recommended we used a prior on allele frequencies defined in
Baudouin & Lebrun (2001) and a leave-one-out approach
(McMillan and Fewster 2017), where the genotype probability for each individual in the reference populations is based
on the posterior distribution of allele frequencies, after the
individual has been excluded in the calculation (McMillan
and Fewster 2017).
The immigrant sharing of alleles that were private to the
Finnish or Russian population, as well as alleles present only
among immigrants was extracted from GenAlEx 6.5 (Peakall
and Smouse 2012).
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and average heterozygosity (HE) increased from 0.533 to
0.605 (t∼= 2.23, df = 25, p < 0.001, Fig. 2). During the same
period HE (corrected for average relatedness) did not show
any significant change from the first to the last cohort class
(t = 0.21, df = 25, p = 0.84, Fig. 2). During the period of no
effective immigration, AR decreased, with lower AR at 18 of
26 loci among individuals sampled 2003–2005 compared
to 1994–1996 (sign test, n = 26, p = 0.02). Recent immigration of four wolves (2008–2013) led to increased genetic
diversity, with a 10% increase in AR and with increasing AR
in 22 of 26 loci (sign test, n∼= 26, p < 0.001). However, no
significant change in H
 E or HE could be observed between
the
two
last
cohort
classes
(HE: t = 1.61, df = 25, p = 0.12;
∼
HE : t = − 1.86, df = 25, p = 0.07).
In Scandinavia, several cohort classes were genetically
differentiated (Table 2) and the time difference between
cohort classes was correlated with both θ (r = 0.58,
p = 0.008) and θ’ (r = 0.66, p = 0.007). Even though the
genetic diversity increased over time in Scandinavia, the latest cohort class (2012–2014) still had lower genetic diversity
than Finland and Russia. Scandinavian wolves in the latest cohort carried on average 2.5 (37%) fewer alleles per
locus compared to wolves from Finland (t = 6.01, df = 25,
p < 0.001) and 3.15 (42%) fewer than Russian wolves
(t = 6.96, df = 25, p < 0.001). The average AR in the latest
Scandinavian cohort was 28% and 34% lower than Finland
and Russia respectively, with lower A
 R at all 26 loci compared to Finland (sign test, n = 26, p < 0.001) and for 25 of

Results
Genetic diversity and temporal variation
in Scandinavia
The genetic diversity significantly increased after the
founder event in 1983 in Scandinavia. Between cohort
classes 1983–1990 and 2012–2014 (Table 1) the number of
alleles (A) increased at 23 loci while remaining unchanged at
3 loci (sign test, n = 26, p < 0.001). Also, the allelic richness
(AR) increased at 19 of 26 loci (sign test, n = 26, p = 0.01)
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Fig. 2  Mean expected heterozygosity (HE), observed heterozygosity
(H
∼ O) and average pedigree-based relatedness ( RP ) and heterozygosity
(HE ) corrected for RP among cohort classes in the Scandinavian wolf
population
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26 loci compared to Russia (sign test, n = 26, p < 0.001).
Also, H E was substantially lower among Scandinavian
wolves (0.605 ± 0.107 S.D.) compared to Finnish (mean difference = − 0.129, t = − 5.57, p < 0.001) and Russian wolves
(mean difference = − 0.151, t = − 6.51, p < 0.001).
Incidentally, both founder events in 1991 and 2008 were
followed by a decrease in F
 IS (Table 1), which is in agreement with previous findings of heterozygote advantage in the
population after founder events (Bensch et al. 2006; Åkesson
et al. 2016).
Also the incidence of linkage disequilibrium (LD)
between loci differed between cohort classes (Table 1),
where the proportion of locus pairs in linkage disequilibrium
among cohort classes increased with decreasing average
pedigree based relatedness R
 P (Pearson r = − 0.86, p = 0.003,
n = 9, Table 1).

Genetic structure among Finnish and Russian
wolves
Overall, we found very weak signs of genetic differentiation between Finnish and Russian wolves (Table 2). The
genetic composition differed somewhat though, with 21 of
26 loci having higher AR in Russia than in Finland (sign
test, n = 26, p < 0.001, Table 1). The incidence of LD
among the 365 locus pairs was slightly more pronounced
in Finland (7.1%) compared to Russia (0.3%). Heterozygosity among Finnish ( HE = 0.734 ± 0.018 S.E.) and Russian
wolves (HE = 0.756 ± 0.019 S.E.) was not significantly different (t = 1.45, df = 25, p = 0.16) and the genetic differentiation between Finnish and Russian wolves was low and
non-significant (θ = 0.02), indicating considerable gene flow
between the two countries (Table 2). With a mean frequency
of private alleles of 0.045 between Finland and Russia, the
estimated average number of reproducing migrants per generation was 2.92. FIS of Finnish and Russian wolves was
non-significant, indicating random mating between wolves
with respect to relatedness (Table 1). With STRUCTURE
assignment, the most parsimonious model with Finnish and
Russian wolves consisted of one cluster (K = 1), suggesting
no cryptic population structure (Online resource 1: Table 3).

Immigrant wolves to Scandinavia
During the study period (1977–2014) we found DNA in
Scandinavia from 20 wolves that was not born in the Scandinavian population (Online resource 1: Table 1). Using
Bayesian individual assignment, the probability of assignment to Scandinavian wolves and dogs were < 0.01, demonstrating that they were wolves with non-Scandinavian origin
(Online resource 1: Table 1). Invasive samples (blood or
tissue) were collected from 14 of the 20 immigrant wolves,
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while six wolves were sampled 1–9 times non-invasively
from fecal material found during snow tracking.
Among the Scandinavian immigrants, the average A
 R was
5.12, which was higher in 17 of 26 loci (sign test, n = 26,
p = 0.047) than Finnish wolves (average AR = 4.82) and
non-significantly different (sign test, n = 26, p = 0.12) from
Russian wolves (average AR = 5.23). The proportion of loci
in LD among immigrants was 18.1%, thus higher than both
Russia and Finland (Table 1). The LD was partly explained
by the relatedness between some of the immigrants (see
below) as the proportion of loci in LD was reduced to 6.4%
when using only immigrants that was not closely related
(n = 15). The average heterozygosity among immigrants
was 0.756 ± 0.016 (S.E.) with FIS being non-significantly
different from zero (Table 1). The individual standardized
multilocus heterozygosity (stMLH) of immigrants ranged
between 0.53 and 1.24 and was not dependent on the year
of detection (linear regression; t = − 1.31, df = 19, p = 0.21).
From an individual-based population assignment with a
priori determined source populations, we found that immigrants assigned with the Russian population in 8 of 20 cases
(Table 3). In three of these cases the probability of Finnish
origin was < 0.01. In 10 of 20 cases immigrants assigned
better with the Finnish population, but none of these cases
with < 0.01 probability of Russian origin. For two individuals (M-09-03 and G52-09) both Finnish and Russian origin
was excluded statistically. These two individuals maintained < 0.01 assignment probability when Finnish and
Russian wolves were pooled (Online resource 1:Table 4).
When visualizing the log10 genotype probabilities (LGP) of
assignment to Finland and Russia, the same two immigrants
showed profiles below the 1% quantile of both populations
(Fig. 3).
To test if immigrants had admixed origin with regard
to the Scandinavian population we extended the STRU
CTURE-analysis by including Scandinavian wolves from
the cohort class 2003–2005, thus representing the later
part of the period before the last two founder events. Two
genetic signatures were evident, where the Scandinavian
born wolves defined one distinct cluster, and the Finnish
and Russian wolves defined the other (Fig. 4A, B, Online
resource 1: Table 5). One Russian wolf (V39_RU) showed
an admixed genotype, as did some of the immigrants, including the founding female in 1983 (D-85-01) as well as an
immigrant (D-77-01) observed before the population establishment. The two latter wolves could not have been truly
admixed, as they were sampled before the reestablishment
of the Scandinavian population, but carried alleles that later
became common in Scandinavia. Also after 2003 some
level of admixture with Scandinavian wolves were evident
among the immigrants where M-09-03 and G13-04 showed
the highest values (Fig. 4C).
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Table 3  Population assignment
of 20 Scandinavian immigrant
wolves, 1977–2014, ordered
chronologically in accordance
with year of first observation
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D-77-01
D-79-01
D-85-01b
G36-03
M-02-15
G10-03
D-05-18
G12-04
G13-04
M-05-01
G42-06
M-07-02
M-09-03 b
M-10-10b
G3-08
G52-09
G107-10
G82-10
G23-13b
G31-13b
All

Sex Year N loci stMLH Most
likely
origin

Score (%) − ln(L)

M
F
F
M
M
M
M
M
M
M
M
M
M
M
M
M
F
F
M
F

100
100
83.4
96.9
81.1
99.3
99.5
91.3
78.3
100
75.8
100
–a
72.3
100
–a
50.5
99.7
99.9
88.2

1977
1978
1982
1982
2001
2002
2004
2004
2004
2004
2005
2005
2006
2006
2007
2009
2010
2010
2012
2012

26
26
26
12
25
19
25
12
12
26
10
26
26
26
25
17
10
26
26
26

1.03
1.13
1.24
0.89
0.92
0.98
0.97
1.00
1.12
1.03
0.53
1.13
1.08
1.08
0.86
0.78
1.15
1.08
0.93
0.77

RU
RU
SF
RU
SF
SF
SF
RU
SF
RU
RU
SF
–a
RU
RU
–a
SF
SF
SF
SF

Probability of Private
assignment
alleles

RU

FI

RU

FI

RU FI IM

38.2
40
37.9
16.4
39.2
24.9
37.1
14.9
14
38.2
10.1
37
46.2
35.7
31.1
30.3
11.8
34.2
35.3
38.5

42.5
43.5
37.2
17.9
38.6
22.8
34.7
15.9
13.4
42
10.6
32.3
42.5
36.1
35.8
30
11.8
31.6
32
37.6

0.145
0.070
0.159
0.097
0.045
0.485
0.114
0.262
0.399
0.143
0.848
0.22
0.002
0.323
0.669
0.005
0.497
0.486
0.364
0.127

0.003
0.001
0.054
0.014
0.011
0.388
0.077
0.092
0.504
0.004
0.757
0.383
0.003
0.089
0.056
0.002
0.300
0.464
0.408
0.046

2
3
0
0
1
1
1
1
0
3
0
1
2
2
1
0
0
1
0
1
15

0
1
2
0
1
0
1
0
0
1
0
1
3
0
0
0
1
2
1
0
6

2
0
0
2
1
0
0
0
0
2
0
0
2
0
0
3
0
0
1
3
11

The assignments were done in GeneClass2 and included the most likely origin of Finnish (FI) and Russian
(RU) populations, the assignment score, the − ln likelihood of populations assignment (− ln(L)) and the
probability of assignment based on 10,000 permutations, where values < 0.01 are highlighted in bold. For
each individual and for all immigrants (IM) in total, the number of unique alleles that was private to Russian and Finnish wolves or only existed among immigrants is given

a

b

Both populations are excluded as potential populations of origin
Successful immigrant breeder

Several alleles carried by the immigrants were private to
either Finnish (n = 6) or Russian (n = 15) wolves (Table 3).
Noteworthy, 11 alleles (carried by eight immigrants) were
present neither in Finland nor Russia. When accounting for
sample size, based on the minimum sample size of 26 genes,
private allelic richness (Π) was higher in Russia (average Π
of 1.51) than in Finland (average Π of 0.77) on 21 of 26 loci
(sign test, n = 26, p < 0.001). When including immigrants, the
average Π was reduced by 55% in Russia (average Π = 0.83)
and 52% in Finland (average Π = 0.41), indicating that the
immigrants carried alleles that where private for both Russian
and Finnish wolves. In a scenario where immigrants would
originate also from other non-sampled and differentiated
populations, we would expect that Π would be higher among
immigrants compared to Finnish and Russian wolves. The
average Π among immigrants was 1.08 and not significantly
different among loci (sign test, n = 26, p = 0.15) from Finnish
and Russian wolves combined with average Π of 1.06. When
treating Finnish and Russian wolves separately, immigrants
with average Π of 1.24 had higher Π among loci (sign test,
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n = 26, p = 0.047) than Finnish wolves while no difference in
Π among loci was found between immigrants (average Π of
0.92) and Russian wolves (average Π of 1.27).
The average relatedness among the immigrants was 0.043
(range between 0 and 0.75) and for 11 out of 190 pairs (5.8%)
we found indications of close relationships (including half-sib,
full-sib and parent–offspring relationships, Online resource 1:
Table 6). The pairwise difference in the years of first observation and the pairwise relatedness between immigrant individuals were negatively correlated (r = − 0.246, t = − 3.37,
p < 0.001). When close relationship was confirmed statistically
the time between first-time observations of the two involved
individuals was never more than 3 years (Fig. 5).

Discussion
We analyzed the genetic effect of immigrants in the
recently founded wolf population in Scandinavia, where
gene flow is central for the population viability (Bruford
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Genetic diversity and temporal variation
in Scandinavia

Fig. 3  Genotype probability for 20 immigrant wolves (green diamonds) to originate from a population in Finland (blue circles) and
Russia (red squares) respectively, where the probabilities of the reference individuals are based on the estimation of allele frequencies
from leaving the one individual out. Genotypes with missing data
on any of the 26 microsatellites are indicated with an asterisk. Equal
probability to belong to either population is illustrated from the thick
diagonal line, while 9 times the probability to belong to one of the
populations is illustrated from the thin diagonal lines. The dashed
lines correspond to the 1% and 99% quantiles of Log10 genotype
probabilities for the Russian (horizontal lines) and Finnish (vertical
lines) wolves respectively

2015; Mills and Feltner 2015; Laikre et al. 2016). Overall
the genetic diversity increased since recolonization in the
early 1980s as a response to the successful reproduction
of seven immigrants during the study period (Vilá et al.
2003; Bensch et al. 2006; Åkesson et al. 2016). However,
after more than three decades since the first reproduction in 1983, the population had still not reached the levels observed among wolves in the source population of
Finland and western Russia. Moreover, there were also
indications of allelic loss occurring during a period when
there was no immigration. We found no strong indications that immigrants originated from other differentiated populations than those represented by our sampled
wolves from Finland and north-western Russia and several immigrants were closely related. Although it may be
desirable to distinguish between immigrants originating
from Finland and Russia respectively, an accurate assignment of immigrants to either country proved difficult to
achieve with 26 microsatellite loci, due to a near absence
of genetic differentiation.

Even though at least 20 wolves crossed the border to Scandinavia during the 30-year study period, only seven individuals, including a pair that was translocated together,
reproduced in Scandinavia. Supporting our first hypothesis, the genetic diversity increased during this period with
increasing heterozygosity and allelic diversity, especially
after founder events in 1991 and 2008 (Table 1, Fig. 2).
The genetic differentiation between several cohort
classes (Table 2) and the strong correlation with time differences between cohort classes indicated a gradual change
in genetic variation in the Scandinavian wolf population,
emphasizing the importance of genetic drift. Indeed, during periods of small population size without gene flow
from neighboring populations, there was a significant
loss of genetic diversity (e.g. 1997–2007; Åkesson et al.
2016). Founder effects were also important to explain the
observed patterns. After the founder events in 1991 and
2008, new alleles arrived in the population, followed by
an increase in founder representation, leading to higher
frequencies of the immigrant alleles (Åkesson et al. 2016).
The negative FIS-values on the time periods following the
founder events, indicate an excess of observed heterozygote genotypes (Wright 1965), likely resulting from the
founder events, but also from the higher breeding success
of early descendants to the founders (Bensch et al. 2006;
Åkesson et al. 2016). A longer time period passed before
Hardy Weinberg (HW) equilibrium was reached after the
1991 founder event compared to the 2008 events. This was
likely due to different levels of genetic drift as the population size in 2008 were 15-fold larger than 1991 (Wabakken
et al. 2001; Åkesson et al. 2016). The time to reach HW
equilibrium may also have been affected by a change in
generation time, e.g. due to the increased culling rate and
faster turnover of breeding pairs during the study period
(Liberg et al. 2020; see also Wikenros et al. 2021).
The founders also seemed to affect the proportion of loci
in linkage disequilibrium (LD), as indicated by the strong
negative correlation between LD and average relatedness
(RP) among individuals in different cohort classes. Decreasing RP and increasing proportion of loci in LD coincided,
as expected, with the successful immigrant reproductions
in 1991, 2008 and 2013 (Slatkin 2008). Both gene flow and
the relatively higher reproductive success of immigrants and
their descendants (Åkesson et al 2016) may have caused
the temporal variation in LD. It is also possible that other
processes in the population caused LD (see Bensch et al.
2006), including genetic drift as the population grew from
only one founder pair (Hill and Robertson 1968) and variation in breeding population size due to anthropogenic culling
(Milleret et al. 2017; Liberg et al. 2020).
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Fig. 4  Population structure based on analysis in STRUCTURE using
26 microsatellite loci. Based on the replicated modelling of ten scenarios were the assumed number of clusters (K) was set to values 1 to
10, the average likelihood LnP(D) (A) and its standard deviation was
used to decide the most parsimonious number of clusters (K = 2). The

ancestry of wolves from Finland, Russia and Scandinavian cohort
class 2003–2005 when assuming K = 2 is illustrated (B) as well as the
ancestry of wolves immigrating to the Scandinavian Peninsula (C).
The immigrants are presented chronologically and the dashed line
divides immigrants that was first observed before and after 2003

The origin of Scandinavian immigrants

test resulted in immigrants confidently assigning with either
Finnish or Russian wolves, although the power to distinguish
between countries with F
 ST < 0.05 is questionable (Paetkau
et al. 2004). While the immigrant group was not significantly
differentiated from the Russian wolves (Table 2), Russian
origin could be excluded for two (10%) immigrants. Interestingly, these two individuals (G52-09 and M-09-03) did not
assign with either Finnish or Russian wolves, which may
indicate that the individuals originated from a differentiated population that is not represented in the study, such as
northern Karelia, the Kola Peninsula, the Baltic population,
or even further east (Fig. 1). A Scandinavian-born female
wolf, dispersing from the western parts of the Scandinavian
breeding range to the northeastern Finnish-Russian border,
travelled more than > 10,000 km during a 9-month period
(Wabakken et al. 2007). This illustrates the potential for
Scandinavian immigrants also to have dispersed from outside the range of the Finnish-Karelian population included
in this study, which is not extending more than 760 km from
the Scandinavian border. An alternative explanation to the
rejected population assignments of G52-09 and M-09-03
could be that they had admixed origin with respect to the
Scandinavian population, e.g. involving the breeding of

We did not find any indications that Finnish and Russian
wolves were genetically differentiated (Table 2). The genetic
differentiation θ = 0.017 was lower than previously reported
(FST = 0.151; Aspi et al. (2009); FST = 0.086; Jansson et al.
(2012)), but this could be explained by the higher overall
diversity for the markers used in this study (Charlesworth
1998; Hedrick 1999). The lack of differentiation was supported also from the Bayesian clustering analysis which gave
support for only one cluster (Online resource 1: Table 3).
Little or no genetic structure suggest considerable gene flow
between the two countries. According to the private allele
method (Slatkin 1985), Finland received approximately three
reproducing immigrants per generation from Russia, similar to the numbers presented in Aspi et al. (2009), which
should be sufficient to avoid loss of genetic variation. Still,
the allelic diversity was higher among Russian wolves, possibly indicating gene flow from areas surrounding the Russian republic of Karelia.
In this study, we also found support for our second
hypothesis that Scandinavian immigrants originate from
either Finland or Russia. An individual based assignment
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Fig. 5  Association between pairwise relatedness and the absolute
difference in year of first observation between immigrants. Filled
circles represent pairs where the most likely relationship was significantly different from the likelihood of the pair being unrelated. The
correlation coefficient (− 0.246) was significant using a Mantel test
(t = − 3.378, P < 0.001)

Scandinavian born and Finnish-Russian wolves outside
the breeding range of Scandinavia, giving descendants that
immigrated to Scandinavia. We did not find significant
results supporting this alternative (Fig. 3), but the power to
detect admixture events more than one generation back could
be low. Indeed, M-09-03 had an estimated admixture of 0.19
(credible interval: 0.00–0.46) with the cluster dominated by
Scandinavian wolves (Fig. 3), supporting the possibility of
partial Scandinavian ancestry. In a recent study, Smeds et al.
(2020) found three wolves of Scandinavian origin among
wolves sampled in Finland, demonstrating that migration
between Scandinavia and the neighboring populations to the
East indeed is bi-directional.
The immigrants carried alleles that were private for both
Russian and Finnish wolves. Also, we found no support
for immigrants having higher Π than Finland and Russia
combined, as would be expected if a large proportion of
the immigrants originated from an unknown differentiated
population. This is in agreement with a recent study on ca
1500 Y-chromosome linked SNPs on samples from Finnish,
Scandinavian and eight immigrant wolves (all immigrants
also represented in this study), showing that the haplotypes
found among Scandinavian and immigrant wolves were all
represented among Finnish wolves (Smeds et al. 2019). Still,
the higher A
 R and Π among immigrants compared to Finnish wolves alone, would indicate that Finland is not the only
origin of immigrants to Scandinavia.
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Previous studies have suggested that the immigration rate
from Russia to Finland has decreased (Jansson et al. 2012).
A decreasing number of immigrants from Russia to Scandinavia was also indicated in our study, where the proportion
of detected immigrants that assign with the Russian wolves
was 40% during the period 2001–2006 and 17% during the
period 2007–2012 (Table 3). Based on a study of 35 dispersing wolves, radio-collared in Finland between 2000 and
2006, none was found to cross the border into Sweden and
Norway, partly because of high mortality in the Finnish reindeer management areas (Kojola et al. 2009). However, a few
years later the wolf breeding range in Finland has moved
closer to the Swedish border (Heikkinen et al. 2020). It is
therefore likely that the Scandinavian wolf population now
rely more on immigration from Finland rather than from
Russia. With lower immigration rate from Russia, we expect
effective population size of wolves in the Fennoscandian
region to be lower (Laikre et al. 2016). On the other hand,
we did not find that stMLH of immigrants decreased significantly with year of detection in Scandinavia, as would
be expected from a decreasing proportion of Russian immigrants (Jansson et al. 2012).

Genetic relatedness of Scandinavian immigrants
A long-term decrease in inbreeding among Scandinavian
wolves will require immigration from less related individuals. Our present knowledge about the inbreeding status in
Scandinavia is based on the assumption that the founders
were unrelated (Liberg et al. 2005; Bensch et al. 2006;
Åkesson et al. 2016). However, under a scenario where the
North European metapopulation becomes smaller and less
connected, the inbreeding level and relatedness may need
to be accounted for when evaluating the genetic viability
of the population (Laikre et al. 2016). If not, inbreeding
among Scandinavian wolves is likely to be underestimated
(see Kardos et al. 2018). Among the immigrants in this
study, 15 of 20 were closely related (half sibs, full-sibs or
parent-offspring) with at least one of the other immigrants,
thus rejecting our third hypothesis. Expectedly, temporal
proximity of first year of observation between two immigrants explained the degree of relatedness, where close
relatives tended to be found within the typical generation
time for wolves, i.e. < 5 years (Mech et al. 2016). The average relatedness among immigrants that was first observed
within 5 years were 0.08 (0.16 S.D.), thus higher than the
overall average relatedness of 0.04. In Finland, the average
relatedness within cohorts has previously shown to vary
between − 0.03 and 0.03 (Jansson et al. 2012). A higher
average relatedness among the Scandinavian immigrants
compared to Finnish wolves may suggest that some family groups in Finland or Russia have a higher probability
than an average family group to contribute with offspring
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that disperse to Scandinavia. Geographic proximity and
dispersal routes less affected by human-mediated mortality are likely to be important factors affecting this pattern.

Implications to conservation
The present and future conservation status of wolves in
member states under the legislations of the European
Union and/or the Bern Convention are threatened by e.g.
overharvesting, low public acceptance, conflicts due to
livestock depredation and poor management (Hindrikson et al. 2017). Moreover, the conservation of wolves in
several of these countries also depends on immigration
from countries that are not bound by the above mentioned
legislations, and sometimes manage populations in a manner that does not promote the viability and connectivity
of shared wolf populations. Here we present compelling
evidence that immigration from the Finnish-Russian wolf
population has a positive effect on the genetic diversity in
the Scandinavian wolf population, a finding that also have
positive fitness effects (Åkesson et al. 2016). Our results
also confirm that the conservation status of the Scandinavian wolf population is dependent on the immigration
from both Russia and Finland. This finding emphasizes
the need for transboundary wolf management strategies
guided by the connectivity among biological rather than
national wolf populations (Linnell et al. 2008; Quevedo
et al. 2019). However, with the assumptions of unrelated
founders being violated in our study, it also means that
immigration rate needed for long term viability may have
to be re-evaluated. By using genetic tools to measure transboundary dispersal patterns over different legislative areas
(Mason et al. 2020) our study have the potential to contribute to a more informed understanding and proactive strategy when facilitating the connectivity of wolves in Europe.
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