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A B S T R A C T   

Information on genetic population structure provides important knowledge for species conservation. Yet, few 
studies combine extensive genetic data to evaluate the structure and population dynamics of transboundary 
populations. Here we used single nucleotide polymorphisms (SNPs), microsatellites and mitochondrial haplo
types to analyze the genetic population structure of wolverines (Gulo gulo) across Fennoscandia using a long-term 
monitoring dataset of 1708 individuals. Clear population subdivision was detected between the Scandinavian 
and the eastern Finnish population with a steep cline in the contact zone. While the Scandinavian population 
showed isolation by distance, large swaths of this population were characterized by high connectivity. Areas with 
high resistance to gene flow are likely explained by a combination of factors, such as historical isolation and 
founder effects. From a conservation perspective, promoting gene flow from the population in eastern Finland to 
the northwest of Scandinavia could augment the less variable Scandinavian population, and increase the de
mographic resilience of all subpopulations. Overall, the large areas of low resistance to gene flow suggest that 
transboundary cooperation with aligned actions of harvest and conflict mitigation could improve genetic con
nectivity across Finland, Sweden, and Norway.   

1. Introduction 

Genetic diversity is fundamental for both the short-term and long- 
term viability, and thus resilience of a population or a species (Frank
ham, 2005). Genetic diversity is influenced by a multitude of factors, 
one of which is fragmentation of populations. Fragmentation potentially 
causes limited connectivity among populations, leading to isolation. 
Knowledge of the genetic composition and connectivity of a species or 
population is therefore crucial for its conservation and management 
(Laikre et al., 2009). One way to study genetic variation is to assess the 

population structure, and how the degree of structuring is enhanced by 
limited genetic connectivity and thus low gene flow among regions. Low 
gene flow can have a direct impact on evolutionary and ecological 
processes within subpopulations, causing loss of adaptive potential and 
increase of deleterious effects of inbreeding and drift (Lowe and Allen
dorf, 2010). Movement of individuals, e.g. due to (natal) dispersal, fol
lowed by settlement and reproductions of these dispersers, can lead to 
exchange of genetic material between different populations. Increasing 
dispersal then can result in constant exchange of individuals and thus 
high genetic connectivity safeguarding long-term genetic benefits for 
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the populations (Lowe and Allendorf, 2010). 
All populations are genetically structured at different spatial scales 

(Chakraborty, 1993). Thus, one of the key aspects of conservation ge
netics is to identify the relevant scale of subdivision occurring and where 
conservation measures can be most effectively applied to preserve ge
netic variation (Anderson et al., 2010). The relevant spatial scale varies 
depending on the ecology of the focal species, which will be reflected in 
the genetic structure. Considering large carnivores, for example, genetic 
structure needs to be studied on adequate geographic scales to account 
for potential large home range sizes and long-distance dispersal capac
ities (Anderson et al., 2010; Cayuela et al., 2018). Such factors can lead 
to spatial population subdivision reflected by large-scale genetic clusters 
further shaped by historical events (e.g. post-glacial recolonization: 
Taberlet et al., 1998; Hewitt, 1999), natural barriers (e.g. large open 
waters: Hapeman et al., 2011), anthropogenic disturbances (e.g. habitat 
fragmentation caused by resource extraction: Singh et al., 2017), and 
ecological heterogeneity (Dures et al., 2020). As an example, the pop
ulation structure in the continuous range of moose (Alces alces) reflects a 
bidirectional recolonization of Fennoscandia; from the east via Russia 
and from the southwest via Western Europe (Kangas et al., 2015). On the 
other hand, genetic structure might also prevail due to anthropogenic 
effects, such as regional variation in harvest rates. For example, large 
carnivores are regularly legally harvested in the reindeer husbandry 
area in northern Finland to mitigate for depredation losses on semi- 
domesticated reindeer (Kojola et al., 2006; Kopatz et al., 2021), but 
not in regions outside the reindeer husbandry area. 

In addition to such large-scale genetic structures reflecting popula
tion subdivision, local processes (e.g. territoriality or family group 
structures) may impact gene flow resulting in fine-scale genetic clusters 
(Schregel et al., 2018). Recently developed methodologies can reveal 
these fine-scale genetic clusters within populations, using, for example, 
deviations from the isolation by distance (IBD) trend (Keis et al., 2013; 
Tang et al., 2019), a pattern where genetic differentiation increases with 
geographic distance (Wright, 1943). IBD residuals can be used to reveal 
areas with restricted and enhanced gene flow. Such IBD resistance 
mapping has proven useful to pinpoint the key areas of interest to pre
serve or stimulate genetic diversity (Schregel et al., 2018). 

Assigning genetic population structure based on Bayesian clustering 

methods might be challenging when sampling is discontinuous (Brad
burd et al., 2018), which is a common feature while studying animals in 
the wild using non-invasive methods. Spurious genetic clusters might be 
detected, especially when IBD is present (Frantz et al., 2009; Schwartz 
and McKelvey, 2009). To illustrate, studies on brown bears (Ursus arctos) 
using nuclear DNA revealed genetic clustering within an otherwise 
continuous Fennoscandian range without obvious geographical barriers 
(Kopatz et al., 2014; Schregel et al., 2017). However, a more recent 
study using IBD resistance mapping demonstrated that part of the 
structure was an artefact of IBD (Schregel et al., 2018). 

As a typical representative species of the northern taiga and tundra, 
the wolverine (Gulo gulo) is relatively widespread throughout the 
northern parts of Fennoscandia (Fig. 1), although at low densities 
(Chapron et al., 2014). Like all large carnivores in northern Europe, 
wolverines declined dramatically during the 20th century but have 
gradually recovered, likely due to complete national protection in 1968 
in Sweden, and in 1982 in Norway and Finland (Chapron et al., 2014; 
Persson et al., 2015). The current distribution is geographically 
continuous within Fennoscandia and eastwards. Estimates of present 
numbers (in 2021) are 390–400 individuals in Finland (mainly based on 
winter wildlife triangle counts; Kojola et al., 2021), 639–724 individuals 
in Sweden and 358–418 in Norway (obtained using genotype-based 
capture-recapture modelling; Kleven et al., 2022). Population numbers 
east of Fennoscandia are much more uncertain, but are estimated to 
450–610 individuals in north-western Russia (combining estimates of 
two regions from Danilov et al., 2018). Two populations are defined in 
EU policy (Boitani et al., 2015), the Karelian and the Scandinavian 
population (Fig. 1b). Population genetic studies on Fennoscandian 
wolverines have revealed that genetic variation and effective population 
sizes are low (Walker et al., 2001; Ekblom et al., 2018; Lansink et al., 
2020; Sugiyama et al., 2022). In Fennoscandia, wolverines have low 
mitochondrial diversity with a single haplotype found throughout 
Scandinavia (Walker et al., 2001; Ekblom et al., 2014) and one addi
tional in Finland (Lansink et al., 2020). Two genetic clusters have been 
detected within Finland based on microsatellites, separating northern 
and eastern Finland (Lansink et al., 2020). In addition, a small popula
tion in south-western Finland was found to carry the genetic signature of 
northern Finland due to translocations that were conducted between 

Fig. 1. Location of the study area, Fennoscandian wolverine range and multi-year DNA-based sampling scheme. a) Map of Europe indicating Fennoscandia. b) The 
wolverine range in Fennoscandia with two populations as defined in EU policies (Boitani et al., 2015). The wolverine range for 2012–2016 is depicted at a 10 × 10 
km grid scale with permanent occurrences (i.e. reproducing individuals documented) in dark grey and sporadic occurrences (i.e. wolverine presence without 
documented reproductive events) in beige following Kaczensky et al. (2021). The southern borders of the reindeer husbandry area (crossed pattern) are marked in 
yellow. National inland borders for Finland, Norway and Sweden are marked in red. c) Map of study area including all wolverine sample locations (N = 1708) and the 
pre-defined sampling regions. The 11 sampling regions follow the continuity of the population throughout Fennoscandia. A separate region “TL” (yellow) represents a 
region with translocation history in western Finland. The geographically continuous sampling regions are coloured by populations Scandinavia (dark grey) and 
eastern Finland (pink), aside from the contact zone in southern Finnish Lapland (light grey). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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1979 and 1998 (Lansink et al., 2020). 
The previous studies on genetic population structure of wolverines in 

Fennoscandia were conducted either on a national scale (Lansink et al., 
2020) or within one population (Walker et al., 2001; Flagstad et al., 
2004; Ekblom et al., 2018). To examine the genetic population structure 
of wolverines across Fennoscandia, we took advantage of an extensive 
dataset including 1708 individuals, predominantly non-invasively 
sampled throughout Finland, Norway and Sweden during the last two 
decades. This data set was available from present, transboundary 
collaborative DNA-based monitoring and data sharing among these 
countries (e.g. Gervasi et al., 2016; Bischof et al., 2020). We specifically 
investigated if the patterns of population structure could have emerged 
purely via the effect of geographic distance on genetic variation (i.e. 
IBD) or if they reflect population subdivision on one or multiple scales, 
or are a combination of both. Our study illustrates the importance of 
transboundary collaboration to conserve the wolverine, which is listed 
as Endangered in Norway (Henriksen and Hilmo, 2015) and Finland 
(Hyvärinen et al., 2019), and Vulnerable in Sweden (Swedish Species 
Information Centre, 2020). 

2. Material and methods 

2.1. Sampling 

Wolverine samples in Finland, Norway and Sweden were collected 
through non-invasive, nationwide monitoring programs focusing on 
scat, hair, and urine collection (Fig. 1c) (Bischof et al., 2020; Lansink 
et al., 2020). Tissue samples from dead individuals were also included. 
The majority (96%) of the samples were collected between 2009 and 
2019, while the remaining samples were from 1999 to 2008. Wolverine 
generation time is approximately six years (Rauset et al., 2015), thus, 
samples were mainly from the two most recent wolverine generations. 
The older samples were both from Sweden and Finland (Table S1). DNA 
from the samples was extracted with various established protocols using 
commercial kits (Appendix A Supplementary data, Sampling). 

2.2. Molecular analyses 

A total of 1708 individuals (Sweden (N = 815); Norway (N = 705); 
Finland (N = 188)) were genotyped with a recently developed Fluidigm 
SNP array (G. Spong, O. Kleven, Ø. Flagstad, A. Norman, B. Schiffthaler, 
I. Kojola, S. Kokko, J. Kindberg, unpublished data). Briefly, the SNP 
array consisted of 96 single nucleotide polymorphisms (SNPs), including 
one polymorphic mitochondrial marker (16S rRNA), three mono
morphic Y-chromosome markers used for sexing and 92 autosomal 
markers. The autosomal SNPs had been identified by Restriction site 
Associated DNA (RAD) sequencing 96 wolverines from across Fenno
scandia and selected primarily based on high minor allele frequency 
(>0.2) to facilitate individual identification and relatedness estimation. 
The samples were genotyped on a 96.96 Dynamic Array using the Flu
idigm Biomark or EP1 instrument according to the manufacturer's pro
tocol and scored using the Fluidigm SNP genotyping analysis software. 

All individuals included were previously genotyped with at least 14 
wolverine- or mustelid-specific microsatellite loci (for details see Lan
sink et al., 2020). For non-invasive samples, a consensus genotype was 
created based on at least three independent PCR replicates. To calibrate 
microsatellite genotypes across laboratories, 16 Finnish individuals 
were genotyped in both Norway and Finland, and 10 Finnish individuals 
in both Sweden and Finland. For calibration between the laboratories in 
Norway and Sweden, 20 Norwegian wolverines were genotyped in both 
laboratories. After quality control (Appendix A Supplementary data, 
Molecular analyses), the final dataset consisted of 88 autosomal SNPs, 1 
mitochondrial SNP and 11 microsatellites (Table S2). 

Individuals were grouped into 11 sampling regions following the 
continuity of the wolverine range throughout Fennoscandia (Fig. 1c; 
Fig. S1). The sampling regions were designed to compare the population 

structure analyses with the IBD analysis, while incorporating prior 
knowledge on population subdivision and translocation history (Lansink 
et al., 2020). Sampling region 4 represents southern Finnish Lapland, 
which was previously identified as a contact zone between two genetic 
clusters (Lansink et al., 2020). A separated sampling region TL repre
sents a western Finnish region with translocation history (Lansink et al., 
2020). The sampling regions were further pooled into populations in 
eastern Finland (1–3) and Scandinavia (5–11), supported by the results 
of the population structure analyses in this study and, thus, for consis
tency between analyses in this study, we did not modify the prior 
groupings (Fig. 1c). 

2.3. Population structure 

The geographic distribution of mitochondrial haplotypes based on 
one 16S SNP locus was visualized using software QGIS (QGIS Develop
ment Team, 2018). Further genetic population structure was determined 
by applying model-free clustering methods for both autosomal SNPs and 
microsatellites, as non-Bayesian methods fit well to geographically 
continuously distributed populations (Manel et al., 2005) and do not 
follow any particular genetic model (Jombart et al., 2008; Jombart 
et al., 2010). We used two multivariate methods, the discriminant 
analysis of principal components (DAPC) (Jombart et al., 2010) and 
spatial principal component analysis (sPCA) (Jombart et al., 2008) both 
implemented in the package adegenet v 2.1.2 (Jombart, 2008) in soft
ware R (R Core Team, 2020). Additionally, population differentiation 
was estimated with GST (Nei, 1973; Nei, 1978) and Jost's Dest (Jost, 
2008) using the R package MMOD (Winter, 2012). Based on micro
satellites, genetic diversity was estimated for each population by the 
observed (HO) and expected heterozygosities (HE), allelic richness (AR) 
and private allelic richness (AP) using Genalex v. 6.5 (Peakall and 
Smouse, 2012) and HP-rare v.6–2006 (Kalinowski, 2005) (Appendix A 
Supplementary data, Population structure). 

2.4. IBD 

The relationship between geographic and genetic distance was 
assessed for SNPs and microsatellites using pairwise FST/(1-FST) (Rous
set, 1997) and the logarithm of genetic distance (Slatkin, 1993) in 
Spagedi v. 1.5 (Hardy and Vekemans, 2002). Pairwise FST/(1-FST) esti
mates were calculated for the geographically continuous 11 sampling 
regions and geographic distances were calculated around the Gulf of 
Bothnia (Appendix A Supplementary data, IBD - Fig. S1). 

2.5. IBD resistance mapping 

A test for spatial autocorrelation in our dataset was performed to 
approximate the scale of spatial genetic structure (Anderson et al., 2010) 
within Fennoscandia. Global multilocus kinship correlograms using 
Nason's Fij (Loiselle et al., 1995; Kalisz et al., 2001) were constructed for 
both populations (eastern Finland and Scandinavia) for SNPs and 
microsatellites with the R package EcoGenetics v. 1.2.1–5 (Roser et al., 
2017). 

The R package ResDisMapper (Tang et al., 2019) was used to assess 
regions of potential high and low IBD residuals throughout the Fenno
scandian wolverine range. To incorporate the population structure 
within Fennoscandia, IBD resistance mapping was applied also sepa
rately for the two populations; Scandinavia and eastern Finland. In IBD 
resistance mapping, areas where significantly positive IBD residuals 
coalesce represent regions where gene flow is hindered (Tang et al., 
2019). On the other hand, areas with significant negative IBD residuals 
facilitate gene flow. For both microsatellites and SNPs, each population 
was tested with the recommended six genetic distance methods and 
linear vs. non-linear IBD trend lines (Appendix A Supplementary data, 
IBD Resistance mapping). 
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2.6. Assignment accuracy 

The assignment accuracy of the populations was tested for both types 
of markers using principal component analyses and Monte-Carlo cross- 
validation, as implemented in the R package assignPOP (Chen et al., 
2018). Further, we examined how individuals were assigned in the 
contact zone of southern Finnish Lapland (4) and in western Finland (TL 
[translocation history]), and we tested the ability of the assignment to 
detect substructure within Scandinavia (Appendix A Supplementary 
data, Assignment accuracy). 

3. Results 

3.1. Population structure 

The single mitochondrial 16S SNP marker separated Scandinavia 
from eastern Finland (Fig. 2). Two geographically clustered mitochon
drial SNP haplotypes were detected with a contact zone in Finland. 

Discriminant analysis of principal components (DAPC) suggested 
large-scale clustering in Scandinavia following a geographic cline while 
clearly separating southeastern Finland from other parts of the range 

using the autosomal SNPs and microsatellites (Fig. 3; Fig. S2). The first 
discriminant function (50.6% of total variance for SNPs - 40.5% for 
microsatellites) divided southeastern Finland from Scandinavia. The 
contact zone of the two populations is located approximately in southern 
Finnish Lapland (i.e. sampling region 4; Fig. 1c). Using SNP data, in
dividuals (N = 8) from western Finland (TL) either grouped with one of 
the populations or occurred in between them (Fig. 3), but when using 
microsatellites, they grouped mostly with the Scandinavian population 
(Fig. S2). The second discriminant function grouped south-western 
Scandinavia nearby southeastern Finland for both SNPs and micro
satellites. DAPC without prior groupings supported the main results by 
forming a separated genetic cluster of wolverines from southeastern 
Finland for both marker sets (Fig. S3). Spatial principal component 
analysis (sPCA) revealed the same pattern as DAPC and separated 
southeastern Finnish individuals from Scandinavian individuals (Ap
pendix A Supplementary data, sPCA - Fig. S4–S7). 

Pairwise comparison between eastern Finland and Scandinavia 
resulted in an estimate of population differentiation for SNPs of GST =

0.092 (95% CI = 0.088–0.096) and Jost's Dest = 0.151 (95% CI =
0.145–0.156), while for microsatellites of GST = 0.067 (95% CI =
0.057–0.076) and Jost's Dest = 0.164 (95% CI = 0.141–0.187). Genetic 

Fig. 2. Geographical distribution of two different haplotypes (C = dark grey dots and T = pink squares) detected by a single mitochondrial 16S SNP marker for 1708 
wolverine individuals in Fennoscandia. The Scandinavian (SCAN) and the eastern Finland (FIN) populations are depicted by coloured outlines following the pre- 
defined sampling regions. Nearby samples were visualized using point displacement. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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diversity based on microsatellites was higher in eastern Finland (HO =

0.554, HE = 0.558, AR = 3.45, AP = 0.57) than in Scandinavia (HO =

0.490, HE = 0.509, AR = 3.25, AP = 0.36). 

3.2. Isolation by distance 

We found a significant pattern of IBD among the geographically 
continuous sampling regions with both SNPs (R2 = 0.453; b = 0.097; P 
< 0.001) and microsatellites (R2 = 0.392; b = 0.073; P < 0.001) (Fig. 4). 
When grouping the sampling regions according to pre-defined pop
ulations (i.e. eastern Finland and Scandinavia), while excluding the in
termediate sampling region in southern Finnish Lapland, the IBD model 
fitted better, though with a gentler IBD regression slope. The IBD 
regression slope was with SNPs (R2

FIN = 0.830; bFIN = 0.033; PFIN = 0.336 

vs. R2
SCAN = 0.786; bSCAN = 0.032; PSCAN < 0.001) and with micro

satellites (R2
FIN = 0.375; bFIN = 0.031; PFIN = 0.335 vs. R2

SCAN = 0.702; 
bSCAN = 0.040; PSCAN = 0.001). Within the Scandinavian population, the 
northern sampling regions were most differentiated from the central and 
southern ones with SNPs (Fig. 4). The sampling region of southern 
Finnish Lapland was genetically more similar to eastern Finland in SNP 
data, while it was more similar to the Scandinavian population in mi
crosatellite data (Fig. 4). 

3.3. IBD resistance mapping 

The spatial autocorrelation tests revealed that pairwise distances 
within 350 km were the most relevant to explain spatial structure for 
wolverines in Scandinavia, whereas clustering took place on a smaller 

Fig. 3. Results of discriminant analysis of principal components (DAPC) for wolverines (N = 1701) in Fennoscandia using 88 SNPs with, as prior groupings, the pre- 
defined sampling regions. Scatter plot shows the first two discriminant functions explaining 50.6% (function 1) and 20.4% (function 2) of the total variance. Each dot 
represents an individual, which is coloured by sampling region. Arbitrarily chosen sampling regions follow the Fennoscandian wolverine range geographically (insert 
top right). Sampling regions in the scatter plot are emphasized by ellipses with the same colours. Sampling region “TL” represents the western Finnish region with 
translocation history. The ellipse and label of sampling region “11” cover to a large extent sampling region “10” due to high similarity. The top left and bottom left 
inserts show the PCA eigenvalues and DA eigenvalues, where the retained eigenvalues are in dark grey. Both discriminant functions are depicted separately besides 
the corresponding axes of the main plot. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 4. Geographic distance in relation to genetic distance on a logarithmic scale between 11 arbitrarily defined sampling regions (see map insert) for Fennoscandian 
wolverines using a) 88 SNPs (N = 1693) and b) 11 microsatellites (N = 1612). Pairs of sampling regions are depicted by comparisons within populations (i.e. 
Scandinavia [SCAN] and eastern Finland [FIN]) and between populations, except for Southern Finnish Lapland (SFL). For SFL, each pair is numbered according to the 
paired region to illustrate the difference between SNPs and microsatellites. In a) the sample pairs within the dark-striped oval consist of the most northern Scan
dinavian sampling regions (5 and 6) vs. central and southern Scandinavian sampling regions (8, 9, 10, 11). The sample pairs within the blue-striped oval consist of 
between-populations comparisons of the most northern eastern Finland sampling region (3) vs most northern Scandinavian sampling region (5, 6, 7). In b), one 
pairwise estimate was negative but marked as zero. The Gulf of Bothnia was defined as non-traversable when calculating the geographic distances. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 5. Combined results of IBD resistance 
mapping for two Fennoscandian wolverine 
populations following the ResDisMapper 
method using 88 SNPs. IBD residual-based 
resistances were calculated using pairs of 
individuals sampled within 350 km for 
Scandinavia (N = 1580) and 100 km for 
eastern Finland (N = 83). The IBD residuals 
were taken from an IBD plot using Reynolds’ 
distance and a non-linear trend line for 
Scandinavia, while Prevostís distance and a 
linear trend line were used for eastern 
Finland. The Scandinavian (dark grey) and 
the eastern Finland (pink) populations are 
depicted by polygons following the pre- 
defined sampling regions. The map consists 
of areas of statistically high (orange, red) 
and low (green) resistance to gene flow 
areas. (For interpretation of the references to 
colour in this figure legend, the reader is 
referred to the web version of this article.)   
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scale within eastern Finland (<100 km) (Fig. S9 and S10). The IBD 
resistance mapping on both complete data sets, with various genetic 
distance methods and sample pair distances, supported the population 
structure results in Section 3.1 (Fig. S11-S16). A high resistance area (i.e. 
significant positive IBD residuals) was detected between eastern Finland 
and northern Fennoscandia, and an additional resistance area was 
detected in western Finland (Fig. S13–S16). 

Analyzing the two populations separately, the IBD resistance map
ping revealed several regions of high and low resistance departing from 
the general IBD trend within both populations (Fig. 5; Fig. S17–S24). In 
the Scandinavian population, a significantly high resistance area was 
detected with SNPs separating southwestern Norway as well as southern 
Scandinavia from the rest of Scandinavia, which was otherwise pre
dominantly characterized by low resistance (i.e. significantly negative 
IBD residuals) (Fig. 5; Fig. S18). The eastern lowland edge of Scandi
navia was mostly an area of high resistance. In northern Scandinavia, 
areas of high resistance were found in the northern border area of 
Sweden and Norway, and Norway and Finland. With microsatellites, the 
IBD resistance mapping revealed few similarities with SNPs, instead 
resistance mapping seemed to be interrupted by a strong north-south 
trend and only few regions were statistically significant (Fig. S20). In 
eastern Finland, two regions of low resistance alternated with areas of 
high resistance irrespective of the marker set used (Fig. 5; Fig. S22–S24). 

3.4. Assignment accuracy 

Individuals from populations in eastern Finland and Scandinavia 
were accurately assigned to their population of origin using the 88 SNPs 
(meanFIN = 97%, SDFIN = 4%; meanSCAN = 99%, SDSCAN = 0%) 
(Fig. S25), while cross-assignment was very low (meanFIN->SCAN = 3%, 
SDFIN>SCAN = 4%; meanSCAN->FIN = 1%, SD SCAN->FIN = 0%). For the 11 
microsatellites, self-assignment to populations was less accurate 
(meanFIN = 70%, SDFIN = 16%; meanSCAN = 61%, SDSCAN = 10%) and 
cross-assignment more likely (meanFIN->SCAN = 30%, SDFIN>SCAN = 16%; 
meanSCAN->FIN = 39%, SDSCAN->FIN = 10%) (Fig. S26). 

Individuals from southern Finnish Lapland were assigned with the 
SNPs to population eastern Finland (mean = 37%) or to Scandinavia 
(mean = 63%), though without detecting a geographic cline (Fig. S27). 
Wolverines (N = 8) from western Finland were strongly assigned to 
Scandinavia using the SNPs (mean = 87%) (Fig. S28). Dividing the 
dataset into five subpopulations, the highest assignment accuracy was 
for eastern Finland (mean = 93%, SD = 2%), followed by northern 
Scandinavia (mean = 79%, SD = 5%) and southern Scandinavia (mean 
= 67%, SD = 14%), whereas lower assignment accuracies were detected 
in southwestern Norway (mean = 58%, SD = 15%) and central Scan
dinavia (mean = 52%, SD = 10%) using the SNPs (Fig. S29). 

4. Discussion 

4.1. Population structure 

Our study shows that species occurring at low densities, due to large 
home ranges and territorial behavior, can exhibit cryptic population 
structures across an apparently continuous distribution range, which 
needs to be taken into account when planning conservation actions. We 
found that the genetic structure of Fennoscandian wolverines is char
acterized by a strong subdivision between Scandinavia and southeastern 
Finland (i.e. part of the Karelian population), even though these pop
ulations have recovered both numerically and spatially in the last de
cades (Chapron et al., 2014). Our result aligns with the previously 
detected population structure within Finland (Lansink et al., 2020) and 
further demonstrates that wolverines of northern Finland belong 
genetically to the Scandinavian population. Similar population history 
and subdivision have also been identified in other large carnivores in 
Fennoscandia. Both Eurasian lynx (Lynx lynx) and brown bear went 
through a severe population bottleneck before the recovery during the 

last decades (Chapron et al., 2014). Both species show genetic struc
turing in Fennoscandia, especially in divergence between Finland and 
Scandinavia (Hellborg et al., 2002; Kopatz et al., 2021). Notably, the 
zone where brown bear populations of Karelia and Scandinavia meet 
(Kopatz et al., 2021), coincides with the contact zone of the two 
wolverine populations identified in this study. Similarly, the population 
subdivision of Fennoscandian wolverines is likely a reflection of the 
severe 20th century demographic bottleneck caused by human perse
cution. Though previously continuously distributed throughout Fenno
scandia, during the bottleneck, the population was separated into 
refuges in the northern parts of the Scandinavian Mountains and in 
Russian Karelia (Fig. 1b) (Landa et al., 2000). A combination of 
extremely low numbers, followed by genetic drift, likely caused these 
refuges to develop their own genetic signatures through loss of some 
alleles and increase in others (Nei et al., 1975). After the implementation 
of protective legislation, both remnants recovered gradually and 
merged, but the genetic signature of the past remained. This delay could 
be ascribed to the low reproductive output of wolverines (Persson et al., 
2006) and human-caused mortality (i.e. harvest, poaching) (Persson 
et al., 2009; Gervasi et al., 2015), which contribute to slow population 
recovery. Past genetic signatures detectable for several decades within 
wolverine populations have previously been shown in south-western 
Norway (Flagstad et al., 2004) and western Finland (Lansink et al., 
2020). Our findings also confirm the previous results showing that the 
translocations three decades ago are still detectable in western Finland 
with genetic assignment tests (Lansink et al., 2020). 

We found that wolverines have two mitochondrial 16S SNP haplo
types with the same clear-cut population differentiation between Scan
dinavian and eastern Finnish populations as with nuclear markers. 
Previously, using a fragment of mtDNA control region sequences, two 
haplotypes were detected within Finland without a clear contact zone. 
One of these is the sole haplotype in Scandinavia and the other is 
scarcely distributed in eastern Finland (Walker et al., 2001; Lansink 
et al., 2020). A comparison of individuals analysed for both, the mito
chondrial 16S SNP and control region haplotypes, revealed that the 
more common of the control region haplotypes co-occur with both 16S 
SNPs, whereas the rarer haplotype co-occurs only with the eastern 
Finnish 16S SNP. Thus, by combining these results, we concluded that 
Fennoscandian wolverines have at least three mitochondrial haplotypes, 
all present in Finland but only one in Scandinavia. Interestingly, Scan
dinavian lynx have also been reported to have a single mitochondrial 
haplotype, whereas Finnish lynx has additional three haplotypes (Hell
borg et al., 2002). The low mitochondrial haplotype diversity in Scan
dinavia could be due to the location of the population on the far western 
periphery of the Eurasian range. Similarly, only a few haplotypes were 
found in the peripheral southernmost populations in North America 
(Zigouris et al., 2013). Finally, while several wolverine studies 
comparing mitochondrial and nuclear markers have found incongruent 
results for population genetic structure (Chappell et al., 2004; Tomasik 
and Cook, 2005; Cegelski et al., 2006), we found an overall agreement 
between the two marker systems. 

4.2. Resistance to gene flow and isolation by distance 

Populations with low genetic variation benefit from gene flow from 
genetically more diverse populations. In particular, knowledge on areas 
where gene flow is hampered aids to pinpoint regions, where targeted 
management actions would be most effective to improve genetic con
nectivity. Our data pointed out several areas where wolverine gene flow 
is either facilitated or impeded. We also detected that the relevant 
geographic scale might be population-specific. Indeed, gene flow within 
the eastern Finland population occurred on a smaller scale (<100 km) 
than within the Scandinavian population (<350 km). Positive spatial 
autocorrelation up to 350 km in the Scandinavian population reflects the 
high dispersal capacity of wolverines (Vangen et al., 2001; Flagstad 
et al., 2004). Although the exact distances cannot be compared 
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(Vekemans and Hardy, 2004), positive autocorrelation on such a large 
scale has not previously been recorded for wolverines (Schwartz et al., 
2009; Balkenhol et al., 2020). The difference between the Fenno
scandian populations suggests that gene flow is more limited in eastern 
Finland compared to Scandinavia. This may simply be an effect of lower 
density of wolverines in the more recently established population in 
southeastern Finland, restricting the need for long-distance dispersal to 
find unoccupied space to establish a territory (Aronsson, 2017). The 
patchy results of the IBD resistance mapping in eastern Finland confirms 
that gene flow is facilitated only in two small areas. However, lower and 
biased sampling effort (e.g. by using mainly hair snag stations) and the 
lower sample size may have affected the results in eastern Finland. To 
obtain a more complete picture of gene flow in the entire Karelian 
population, a denser sampling scheme that would extend into Russia 
would be required. 

IBD resistance mapping can be used to detect areas where dispersal is 
limited or facilitated under the assumption that the genetic differenti
ation is not caused by any other factors, such as mutations, historical 
events, or source-sink dynamics (Tang et al., 2019). We found a clear 
pattern of IBD within the two Fennoscandian wolverine populations. 
However, due to the large scale of this study and the recent demographic 
changes within the populations, we were unable to differentiate be
tween true resistance to dispersal areas, and areas that are genetically 
differentiated due to other factors. For example, resistance to gene flow 
was found towards south-western Norway, separating a small subpop
ulation from the rest of Scandinavia. A few wolverines might have sur
vived in this area during the bottleneck (Flagstad et al., 2004) and the 
area still seems to have a distinct genetic signature (Ekblom et al., 2018). 
That said, there are clear indications that ongoing gene flow counteracts 
the remaining genetic differentiation, as indicated by one of the lowest 
self-assignment rates among Scandinavian subpopulations. Our results 
are in concordance with the previous findings that genetic differentia
tion of this subpopulation is gradually diminishing (Flagstad et al., 
2004), although the gene flow is affected by policy decisions and active 
management, i.e. extensive harvest to reduce depredation on free 
ranging livestock (Gervasi et al., 2019). On the other hand, areas of 
reduced gene flow continue from southern Norway into Sweden (Fig. 5) 
to regions only recently recolonized by wolverines (Aronsson and 
Persson, 2017; Mattisson et al., 2020). We suggest that the resistance in 
these areas might be more pronounced due to founder effects (Eckert 
et al., 2008), or partly due to incomplete sampling. 

Overall, the Scandinavian wolverine population was characterized 
by large areas of high connectivity shaped by isolation by distance, 
which has been indicated also by previous studies (Walker et al., 2001; 
Ekblom et al., 2018). Although the high connectivity continued into 
northern Finland, a few areas in northern Fennoscandia restricted gene 
flow from central Scandinavia to northern Scandinavia. This genetic 
discontinuity was also supported by relatively high back-assignment 
rates of northern individuals to the northern Scandinavian part of the 
population. Importantly, the Scandinavian population is exposed to 
different management regimes in Sweden and Norway, respectively (see 
below), leading to variation in local densities. This may result in a 
steeper IBD slope in areas with higher wolverine densities. Although we 
did not detect within-population variation from our autocorrelograms, it 
possibly affects the IBD resistance mapping at local scales. 

4.3. Comparison of SNPs and microsatellites 

We used both SNPs and microsatellites, because these markers have 
different beneficial properties for inference of population structure 
(Haasl and Payseur, 2011). SNPs are cost-efficient (von Thaden et al., 
2017) and well-suited for low quantity and quality DNA samples 
(Ekblom et al., 2021), although microsatellites also have proven to be 
useful for many different monitoring and research purposes such as 
population size estimations, quantifying territory size or paternity 
testing (Hedmark et al., 2007; Brøseth et al., 2010; Bischof et al., 2016). 

Here, we showed that microsatellites worked well to detect the major 
genetic population structures but appeared to be inadequate for more 
detailed analysis, such as IBD resistance mapping. For example, based on 
the SNP analyses, the Scandinavian population showed areas of 
restricted gene flow, whereas these areas could not be identified from 
microsatellites. As microsatellites have higher mutation rates than SNPs 
(Bhargava and Fuentes, 2010), genetic boundaries detected with 
microsatellites can be more diffuse with ongoing gene flow. 

4.4. Implications for management 

Transboundary cooperation and joint protective legislation are key 
components in successful large carnivore conservation (Trouwborst, 
2015). Nevertheless, challenges may arise in harmonizing trans
boundary management when there is national or regional variation in 
human-carnivore conflicts, cultural values, and political interests. 
Wolverines in Fennoscandia are managed to sustain viable populations 
while minimizing damage to free-ranging livestock by applying legal 
harvest (Swenson and Andrén, 2005). Wolverines are fully protected 
under the Bern Convention (Council of Europe (a), 2022) throughout 
Fennoscandia, while in Finland and Sweden additional protection is 
provided by the European Union's Habitats Directive (Council of Europe 
(b), 2022). Management regimes differ between Finland, Norway and 
Sweden (e.g. Swenson and Andrén, 2005), but cooperation to improve 
transboundary management of wolverines has started (e.g. Hansson- 
Forman et al., 2018), and in this perspective, our result of the Scandi
navian population functioning as one transboundary population, sup
ports the continuation of close collaboration between Norway, Sweden 
and Finland. 

In Sweden, the minimum population size is set to 600 individual 
wolverines to sustain a favourable conservation status (SEPA, 2014). 
Norway has a national management goal of 39 annual reproductions 
(Norwegian Ministry of Climate and Environment, 2005). However, the 
Norwegian population has been above the goal since early 2000s, and 
thus, the harvest rate has been substantially higher in Norway than in 
Sweden during the last decade (Bischof et al., 2020) leading to source- 
sink dynamics from Sweden to Norway (Gervasi et al., 2019). In 
northern Finland, the management goal is an evenly distributed 
wolverine population across the reindeer husbandry area (Fig. 1b) to 
maintain a connection from Russia to Scandinavia, while also allowing 
selective removal of individuals causing severe damage (Ministry of 
Agriculture and Forestry of Finland, 2014). On the other hand, hunting 
is completely prohibited in the wolverine range south of the reindeer 
husbandry area. This may explain why wolverine density is low in the 
contact zone of the two populations despite favourable wolverine 
habitat and denning conditions. However, the Finnish reindeer hus
bandry area is critical for the exchange of genetic material between 
Scandinavia and eastern Finland. Low rates of genetic exchange between 
the two populations are of concern for the long-term viability, especially 
for the Scandinavian population, which has low genetic diversity and is 
only connected to the large Eurasian continental population via the 
population in eastern Finland. 

For the genetically impoverished Scandinavian population, 
increased connectivity with eastern Finland is needed to facilitate gene 
flow between the two populations. In a species such as the wolverine, 
with low reproductive capacity (Persson et al., 2006) and high human- 
caused mortality (Persson et al., 2009; Gervasi et al., 2015), immigration 
can have a large impact on the genetic viability. Managers should 
consider spatial planning of harvest to retain the potential for gene flow 
between the populations. Specifically, harvest should be avoided or kept 
at a low level within and nearby areas of high gene flow resistance or 
areas that connect genetically differentiated (sub)populations, to pro
mote dispersal of wolverine individuals. This is important for resistance 
areas towards southwestern Norway and in northern Scandinavia, and 
particularly important for areas in and near southern Finnish Lapland 
that link the Scandinavian and the eastern Finnish populations. Conflict 
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mitigation can help to widen the contact zone by promoting dispersal 
into areas with currently no occurrence, or low density, of the wolverine 
(e.g. southwestern Finnish Lapland and Swedish eastern Norrbotten). 
Improved transfer of knowledge to local people on the importance of 
population connectivity for the overall health of populations might in
crease tolerance for all four Fennoscandian large carnivore species (wolf 
Canis lupus, bear, lynx and wolverine). Appropriate management actions 
could contribute to increased connectivity, as suggested by the large 
areas of low resistance to gene flow in the Scandinavian wolverine 
population, and thus improve the long-term viability of wolverines in 
northern Europe. 

Data statement 
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w658bg2.1 following a two-year embargo from the date of publication. 
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