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ABSTRACT

Demographic declines have important consequences for population viability, since they can lead to losses in genome diversity, as well as increased 
inbreeding and expression of deleterious mutations. Scandinavia was colonized by the Arctic fox (Vulpes lagopus) at the Pleistocene/Holocene 
transition, and the population has since been on the periphery of the global distribution. The Scandinavian population became even more frag-
mented in the early 1900s due to human persecution, and experienced an additional decline in the 1980s. We generated high-coverage genomes 
from pre-bottleneck, as well as modern Scandinavian and Russian specimens, and found that genome-wide diversity was lower and inbreeding 
higher in Scandinavia compared to the Siberian population, even prior to the historical bottleneck, most likely reflecting the long-term partial 
isolation and recent postglacial origin of the Scandinavian population. The southern subpopulation has the highest inbreeding levels, likely due to 
having been recently founded and highly isolated. Our results also show that although inbreeding increased substantially over the past century, 
the amount of total genetic load did not change. Overall, these findings illustrate the utility of a temporal approach to disentangle the genomic 
consequences of recent declines from ancient biogeographic processes.

Keywords: Arctic fox; conservation; degraded DNA; gene flow; genetic load; genomic diversity; inbreeding; population decline; Scandinavia; 
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I N T RO D U CT I O N
Anthropogenic threats to the viability of natural populations have 
increased globally in recent centuries, driven both by the intensi-
fication of long-established drivers for extinction (e.g. habitat 
destruction and overexploitation) and by the emergence of new 

stressors (e.g. climate disruptions and introduced pathogens; 
Dirzo et al. 2014). As a consequence, many species have recently 
gone through dramatic demographic declines (Dirzo et al. 2014, 
Murphy and Romanuk 2014). Studies from the past decade using 
whole genomes from endangered populations have shown that 
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such declines have had an impact on genome diversity, inbreeding, 
and genetic load (Xue et al. 2015, Feng et al. 2019, Robinson et al. 
2019, van der Valk et al. 2019, Grossen et al. 2020, Dussex et al. 2021, 
Sánchez-Barreiro et al. 2021, von Seth et al. 2021). Fragmented and 
small populations thus face an increased risk of extirpation due to 
not only demographic and environmental change, but also genetic 
stochasticity (Caughley 1994), where population decline leads to 
increased genetic drift. Population decline leads to increased genetic 
drift and inbreeding, and can cause an accumulation of genetic load 
that can hamper population viability (Frankham 2005). However, 
genetic load can also be purged from a population that is experienc-
ing inbreeding depression, implying that population viability can 
recover if the population manages to avoid extirpation (reviewed in 
Hedrick and Garcia-Dorado 2016, Dussex et al. 2023).

Arctic species are also under increasing pressure from ongoing 
climate change. From a climate perspective, increasing global tem-
peratures cause temperate zones and boreal species to expand north-
wards, and upwards along altitudinal gradients, leading to decreasing 
availability of suitable habitats as well as fragmentation of Arctic 
populations (Hersteinsson and MacDonald 1992, Callaghan et al. 
2004, Elmhagen et al. 2015). Moreover, many Arctic species depend 
on yearly sea ice for dispersal and foraging. The current decline in 
sea ice extent and thickness, as well as the shortening of the period 
during which the sea is covered by ice, has led to reduced population 
connectivity, thus increasing the rate of genetic drift and inbreeding 
within populations (Stirling and Parkinson 2006, Geffen et al. 2007, 
Barber et al. 2009, Post et al. 2013).

The Arctic fox (Vulpes lagopus Linnaeus, 1758) is a mesopreda-
tor distributed across high-latitude regions of the Northern Hemi-
sphere and is capable of migrating long distances, including across 
sea ice, as was exemplified by a young female that in 2018 travelled 
a cumulative distance of 3506 km from Svalbard, Norway to Elles-
mere Island, Nunavut, Canada over the course of 76 days (Pam-
perin et al. 2008, Gagnon and Berteaux 2009, Tarroux et al. 2010, 
Lai et al. 2015, Norén et al. 2017, Fuglei and Tarroux 2019). Thus, 
areas with only temporal sea ice harbour relatively more isolated 
populations with higher genetic differentiation in comparison to 
populations connected by yearly sea ice, which almost resemble 
one homogeneous population (Dalén et al. 2004, Geffen et al. 
2007, Norén et al. 2011, 2017). One such isolated area is the Scan-
dinavian Peninsula, where the local Arctic fox population has 
remained connected to the global distribution only via Finland 
and the Kola Peninsula (Dalén et al. 2006). The fur trade almost 
caused a local extinction of the species in Scandinavia in the early 
20th century, when the population declined from c. 10 000 to c. 
100 individuals (Lönnberg 1927, Tannerfeldt 1997). Although 
hunting of Arctic foxes was completely banned in Fennoscandia 
by 1940, the population did not recover. Instead, the Scandinavian 
Arctic fox population experienced an additional decline in the 
1980s and 1990s due to disruptions in small rodent cycles and 
increased interspecific competition, as the red fox (Vulpes vulpes 
Linnaeus, 1758) population expanded (Angerbjörn et al. 1995, 
2013). These factors have also been proposed as the primary 
causes behind a lack of population recovery during the past 
100 years, but loss of genetic variation and inbreeding depression 
may also have played a role (Hersteinsson et al. 1989, Elmhagen 
et al. 2000, Tannerfeldt et al. 2002, Herfindal et al. 2010, Norén et 
al. 2016, Hasselgren et al. 2018, 2021).

The demographic decline that took place in the past 100 years 
caused a fragmentation of the Scandinavian population into sev-
eral small and isolated subpopulations (Dalén et al. 2006, Herfin-
dal et al. 2010, Cockerill et al. 2022). Previous work has suggested 
that the Scandinavian Arctic fox population has lost 25% of its 
microsatellite variation and at least half of its mitochondrial DNA 
haplotypes since the decline in the early 1900s (Nyström et al. 
2006, Larsson et al. 2019). It is not until the last decade that pos-
itive demographic trends have been reported, largely due to exten-
sive conservation actions (Hemphill et al. 2020), where 
approximately 560 adult individuals were estimated to have been 
occupying the mountain tundra in Scandinavia and Finland 
between the years of 2021 and 2023 (Wallén et al. 2023a). In the 
well-studied southernmost subpopulation, the situation has been 
especially dire (Fig. 1A). It became functionally extinct in the 
1980s, was re-founded in the early 2000s by only seven individuals 
of unknown origin and relatedness, but remained isolated until 
2010 (Norén et al. 2016).

In this study, we aimed to further investigate to what extent 
long-term as well as more recent demographic processes have 
affected the genomic state of the Scandinavian Arctic fox popula-
tion. By extending from previous studies on nuclear and mito-
chondrial markers to whole genomes (five c. 100-year-old 
Scandinavian specimens, and 29 modern samples from both 
Scandinavia and Russia), we tested whether the past c. 100 years 
of population decline has led to a decrease in genome-wide diver-
sity, and if the fragmentation of the Scandinavian population has 
caused an increase in inbreeding within the remaining isolated 
subpopulations. Lastly, we estimated levels of genetic load to 
investigate whether the ensuing isolation of the subpopulations 
caused changes in the amount of potentially detrimental genetic 
variation.

M AT E R I A L S  A N D  M ET H O D S
Genome re-sequencing preparation

Museum specimens
We extracted total DNA following Ersmark et al. (2015) from 
33 museum specimens collected between 1832 and 1927 that 
were provided by the Natural History Museum (NHM), Oslo; 
the Swedish Museum of Natural Histroy (NRM), Stockholm; 
and Gothenburg Natural History Museum (GNM), Gothenburg 
(Supporting Information, Table S1), and used the approach of 
Meyer and Kircher (2010) to build double-stranded libraries with 
halved reaction volumes and the following modifications: (i) 
during blunt-end repair, 20 µl of DNA extract was incubated with 
both the blunt-end repair reaction mix and with 3U of USER 
enzyme (New England Biolabs) for 3 hours at 37°C to remove 
uracils that had been introduced as a consequence of post-mor-
tem damage (Briggs et al. 2010, Kircher et al. 2012), (ii) all reac-
tion clean-up steps with Solid Phase Reversible Immobilization 
(SPRI) beads were replaced with spin column purification using 
MinElute PCR columns (Qiagen), and (iii) a heat-kill step of 
incubation at 80°C for 20 minutes replaced the last reaction 
clean-up step. After having shotgun sequenced all libraries at the 
Science for Life Laboratories (SciLifeLab) in Stockholm for an 
initial screening of endogenous DNA content (i.e. the propor-
tion of sequenced bases successfully mapped to the Arctic fox 
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reference genome; see Data processing), we selected five sam-
ples with an estimated endogenous DNA content above 74% 
(Supporting Information, Table S1). Libraries from these were 
amplified with 5–6 different indices to increase library complex-
ity, and shotgun sequenced further (‘Deep sequenced’ in Sup-
porting Information, Table S1) to reach an average coverage of 
approximately 10X at SciLifeLab Stockholm and Uppsala using 
an Illumina HiSeq X platform, with a paired-end 2 × 150 bp 
set-up and Illumina v.2.5 sequencing chemistry.

Modern samples
We processed and sequenced tissue samples from three Arctic fox 
individuals resident to Borgafjäll, Sweden, and three from Børge-
fjell and Lierne, Norway. Tissue samples from Sweden were col-
lected during ear tagging in 2010, as a part of the four-decades-long 
close monitoring of the Arctic fox population by the Swedish 
Arctic Fox Project. The Norwegian ear tissue samples were col-
lected in 2004 and 2013, representing some of the founders of the 
captive breeding programme implemented by the Norwegian 
Institute for Nature Research (NINA). All tissue samples were 

preserved in 99% ethanol and stored at -20°C after collection. We 
extracted total DNA using the DNeasy Tissue Kit (Qiagen). Fol-
lowing quality control, TruSeq PCR-free libraries were con-
structed for the Swedish samples at the SciLifeLab (Stockholm) 
and  sequenced at the National Genomics Infrastructure (NGI, 
Stockholm) on the Illumina HiSeq X platform using a 2 × 150 bp 
set-up. The TruSeq DNA PCR-Free LT Sample Preparation Kit 
was used for library construction of the Norwegian samples, 
which were subsequently sequenced on an Illumina HiSeq 4000 
platform at the Genomics Core Facility, Department of Cancer 
Research and Molecular Medicine, Norwegian University of Sci-
ence and Technology (NTNU), Norway.

In addition, we included previously published raw sequencing 
data from 17 modern samples from the southern and northern 
Scandinavian subpopulations, and six modern Russian samples 
(Hasselgren et al. 2021, Cockerill et al. 2022, Hasselgren 2022). 
All modern samples pre-date known immigration events from 
2010 and onwards in Helags and Vindelfjällen, and in Lierne the 
sample from 2013 pre-dates any known immigrant reproducing 
events in this region, which have been the result of a recently 

Figure 1.  Approximate sampling locations and population structure of historical and modern Arctic fox (Vulpes lagopus) samples from Scandinavia 
and Russia. Colour of points indicate population or subpopulation affinity, where yellow = historical Scandinavian population, red = southern 
modern Scandinavian subpopulation, beige = central modern Scandinavian subpopulation, green = northern modern Scandinavian subpopulation, 
and grey = Russian modern population. A, Geographic origin of all modern Arctic fox samples shown with coloured circles. Numbers within 
coloured circles indicate the number of samples from the corresponding location. All historical specimens originate from Norway or Sweden, but 
exact sampling locations are unknown. The historical Scandinavian Arctic foxes were distributed across the entire Scandinavian mountain tundra 
(depicted in grey). B, Principal Component Analysis (PCA) based on 1 674 379 SNPs. Sample ID ruskol corresponds to the sample from the Kola 
Peninsula, rus6220 to the sample from Taimyr, while rus3112, rus1320, rus3108, and rusyam correspond to samples from Yamal.
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initiated captive breeding programme in Norway (Hasselgren et 
al. 2018, Wallén et al. 2023b).

The total of 34 samples were divided into groups corresponding 
to populations or subpopulations, where five samples belonged 
to the historical Scandinavian population, while seven, six, and 
ten samples belonged to the southern, central, and northern con-
temporary Scandinavian subpopulations, respectively. Six Russian 
samples were included, five samples belonging to the contempo-
rary Siberian population, and one sample originating from the 
Kola Peninsula, a region that connects the Scandinavian and the 
large Siberian populations (Dalén et al. 2006).

Data processing
The raw sequencing data was processed in a beta version of Gen-
Erode (Kutschera et al. 2022). For historical and modern fastq 
read processing we used SeqPrep v.1.1 and Trimmomatic v.0.36, 
respectively, following von Seth et al. (2021). We mapped the raw 
data to two reference genome assemblies in parallel, Arctic fox 
(PRJNA704825; Hasselgren et al. 2021) and red fox 
(GCF_003160815.1; Kukekova et al. 2018), for different types 
of data analyses (see below). We used the bwa aln and mem algo-
rithms to map historical and modern processed read data, respec-
tively, with recommended settings adjustments for ancient/
historical data applied to the historical data (Li and Durbin 2010, 
van der Valk et al. 2021, de Filippo et al. 2018, Palkopoulou et al. 
2015, Li 2013). After PCR duplicate removal, realignment around 
indels, repeat masking, as well as mapping and base quality filter-
ing of ≥ 30, we estimated average depth of genome coverage, 
excluding sites with zero coverage (Smit and Hubley 2008, Li et al. 
2009, McKenna et al. 2010, Smit et al. 2015). The individual aver-
age genome coverage range was 9–16X and 8–30X for the histor-
ical and modern samples, respectively, both when mapped to the 
Arctic fox (PRJNA704825; Hasselgren et al. 2021) and the red 
fox (GCF_003160815.1; Kukekova et al. 2018) reference genome.

In addition to the subsequent data filtering steps applied in 
GenErode during variant calling (i.e. removal of CpG sites iden-
tified in the reference genomes, indel sites as well as sites within 
5 bp of indels, and heterozygous sites with an allelic imbalance 
greater than 20% vs. 80%), we also removed data mapped to scaf-
folds identified as potentially X chromosome linked (Briggs et al. 
2010, Díez-Del-Molino et al. 2020, Wagner et al. 2020, Danecek 
et al. 2021, Kutschera et al. 2022). Such scaffolds were previously 
identified in the Arctic fox reference genome assembly by Hassel-
gren et al. (2021), and in the red fox reference genome assembly 
we identified candidate scaffolds using Lastal v.847 (Kiełbasa et 
al. 2011). Scaffolds shorter than 25 kilobase pairs (kbp) were also 
removed to minimize the risk of including mitochondrial DNA 
scaffolds. After filtering the corresponding scaffolds in the red fox 
reference genome assembly, and removing scaffolds with a length 
less than 25 kbp, 91% of the total scaffold length was retained, 
distributed across 673 scaffolds. For the Arctic fox reference 
genome assembly, 94% of the total scaffold length was retained 
after filtering, distributed across 75 scaffolds. For each sample, we 
only kept sites with a coverage depth above one-third and below 
10× of the average depth of genome coverage, although we also 
implemented hard depth thresholds of a minimum of 6 and a max-
imum of 100 called bases per site for a site to be included. We 
subsequently merged all individual vcf files into one and excluded 

all sites where any sample had missing data while retaining only 
biallelic sites. In addition, to exclude potentially species-specific 
fixed variants from the red fox reference mapped dataset, we used 
the ‘mutational load pipeline’ utility within the GenErode work-
flow (https://github.com/NBISweden/GenErode/tree/
d60d260ab63bf6cbbbb022e96e87c7fa3f13e2cc/utilities/muta-
tional_load_snpeff) to remove all sites where all individuals had 
a derived allele, relative to the reference, in the homozygous state. 
Thus, for downstream data analyses, the Arctic fox and red fox 
reference mapped dataset comprised 1 674 379 and 1 600 773 
variable sites, respectively.

The data mapped to the Arctic fox reference genome was used 
for a Principal Component Analysis (PCA) and to estimate 
genome-wide diversity and inbreeding. However, using a modern 
Arctic fox from a highly inbred population such as the one in the 
southern Scandinavian subpopulation, as is the case with the Arctic 
fox reference genome used in this study, to build an annotation and 
a snpEff database can introduce a bias in the results since the prob-
ability of classifying a mutation as deleterious is lower if the refer-
ence genome contains the corresponding mutation compared to 
if the reference genome contains the ancestral allele (Fu et al. 2014, 
Simons et al. 2014). In addition, conducting between-population 
comparisons (both in relation to other Scandinavian subpopula-
tions and to the historical population) based on data mapped to 
the focal species can introduce biases as some individuals will be 
more closely related to the reference genome compared to others, 
and thus will artificially appear to have fewer functional mutations 
(von Seth et al. 2021, Dussex et al. 2021). Therefore, to estimate 
genetic load within coding regions we used the data mapped to 
the red fox reference genome (see Data analysis).

Data analysis
Population structure

To visualize population and subpopulation structure, we con-
ducted a PCA with PLINK v.1.9 in a beta version of GenErode, 
and plotted the data using R (Purcell et al. 2007, R Core Team 
2020, Kutschera et al. 2022). The PCA showed a closer affinity of 
the sample from the Kola Peninsula to the Scandinavian samples 
in comparison to the Siberian samples (see Results section), 
implying that this individual is genetically distinct from both the 
Scandinavian and Russian populations, which is also in line with 
previous findings (Tirronen et al. 2021), and so this sample was 
left out during subsequent population comparisons.

Genome-wide heterozygosity, inbreeding , and genetic load
Both individual genome-wide heterozygosity, measured as θ (i.e. 
the approximated number of heterozygous sites per 1 kbp under 
the infinite sites model) with the software mlRho (Haubold et al. 
2010), and inbreeding, estimated as the proportion of the genome 
comprising Runs Of Homozygosity (FROH) regions using the slid-
ing-window approach in PLINK v.1.9, were estimated in a beta 
version of GenErode (Purcell et al. 2007, Kutschera et al. 2022). 
For FROH we used the same settings as in Hasselgren et al. (2021), 
since these best match the near-complete and genetically verified 
pedigree of the southernmost Scandinavian Arctic fox subpopu-
lation (Norén et al. 2016). For each individual, since the length of 
ROH reflects whether inbreeding can be traced to more ancient 
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(i.e. background relatedness) or recent ancestors (i.e. between 
closely related individuals), we estimated FROH as the total length 
of ROH regions ≥ 100 kbp as well as ≥ 2 Mega base pairs (Mbp) 
divided by the approximate total length of the Arctic fox nuclear, 
autosomal genome (Pemberton et al. 2012).

Estimating genetic load is difficult without data on fitness-
related traits, but individual mutational load in coding regions 
can serve as a proxy for genetic load (Bertorelle et al. 2022, Dus-
sex et al. 2023). To do this, we followed von Seth et al. (2021) 
by first using the cufflinks -V option to remove in-stop codons 
and snpEff v.4.3 to build a database based on the protein 
sequences extracted from the red fox annotation (Cingolani et 
al. 2012, Trapnell et al. 2012). We obtained a total of 37 526 
genes. SnpEff was subsequently used to predict the effects of 
identified variants within coding regions, excluding introns and 
intergenic regions, and categorize them according to their pre-
dicted impact on protein function as: ‘high’ (likely to be disrup-
tive, e.g. causing protein loss-of-function or truncation), 
‘moderate’ (probably non-disruptive, but might change protein 
effectiveness), or ‘low’ (non-disruptive and most likely harmless; 
Cingolani et al. 2012). For each individual genome, we also used 
the ‘mutational load pipeline’ utility within the GenErode work-
flow to remove intergenic and intronic variants, and subse-
quently estimated (i) total genetic load as the number of derived 
alleles per impact category, (ii) realized load as the number of 
derived alleles in homozygous state per impact category, and 
(iii) masked load as the number of derived alleles in heterozy-
gous state per impact category. For all three measures, we divided 
the individual number of derived alleles per impact category by 
the individual total number of derived alleles.

For all population comparisons in all analyses, two-sided pair-
wise Wilcoxon rank sum tests with continuity correction were 
conducted in R v.4.0.3 (R Core Team 2020) for significance tests.

R E SU LTS
Population structure

The PCA showed the Scandinavian populations clustering 
together on PC1 and PC2, which explained 10.8% and 8.0%, 
respectively, of the variation in the dataset (Fig. 1). The sample 
from the Kola Peninsula (ruskol) showed a closer affinity to the 
Scandinavian populations in comparison to the other Russian 
samples. When excluding non-Scandinavian samples, samples 
belonging to the southern modern Scandinavian subpopulation 
clustered together on PC1, which explained 10.5% of the variation 
(Supporting Information, Fig. S1, Table S1). PC2, which explained 
8.7% of the variation, separated the modern and historical 
populations.

Genome-wide heterozygosity, inbreeding, and genetic load
The historical Scandinavian population had significantly lower 
heterozygosity compared to the modern Siberian population, and 
higher heterozygosity in comparison to the modern southern 
Scandinavian subpopulation (phist.-Sib. = 0.012, phist.-south. = 0.023, 
Fig. 2A; Supporting Information, Fig. S2A, Tables S2–S4), but 
not compared to the central and northern subpopulations.

The modern Scandinavian subpopulations had significantly 
higher inbreeding, measured as FROH ≥ 100 kb and ≥ 2 Mb, respec-
tively, compared to both the historical Scandinavian and the  mod-
ern Siberian populations (Fig. 2B; Supporting Information,  
Fig. S2B, Tables S2, S5, S6). The proportion of the genome com-
prising ROH ≥ 2 Mb increased from 0.058 in the historical pop-
ulation to 0.26 in the southern subpopulation, whereas both the 
central and northern Scandinavian subpopulations had approxi-
mately twice as high a proportion of ROH regions ≥ 2 Mb com-
pared to the historical population (FROH ≥ 2 Mb: central = 0.11, 
northern = 0.13; phist.-south. = 0.0025, phist.-centr. = 0.0043, phist.-north. = 
0.013). The historical population also had a significantly higher 

Figure 2.  Individual genome-wide heterozygosity and inbreeding in historical and modern Scandinavian, as well as modern Siberian Arctic fox.  
A, θ, representing the approximated number of heterozygous sites per 1 kbp. B, Proportion of genome contained within Runs-Of-Homozygosity 
(ROH) regions. Filled portion of bars corresponds to the proportion of genome in ROH regions ≥ 2 Mb, total portion of bars corresponds to the 
proportion of genome in ROH regions ≥ 100 kb. P-values refer to temporal differences only (see Supporting Information for modern comparisons).
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proportion of the genome comprising ROH regions compared to 
the modern Siberian population, for both FROH categories 
(p = 0.0079 for both FROH categories).

No significant differences were observed in total genetic load 
in coding regions for either the high or the modest impact cate-
gories (Fig. 3; Supporting Information, Fig. S3, Tables S2, S7, 
S8). The historical population had a significantly lower relative 
number of derived alleles in homozygous state (i.e. realized load; 
Bertorelle et al. 2022, Dussex et al. 2023), and a significantly 
higher relative number in heterozygous state (i.e. masked load), 
for all impact categories compared to the southern subpopula-
tion (Supporting Information, Fig. S4, Tables S9, S10). For the 
moderate (i.e. non-disruptive, but potentially protein effective-
ness altering; Cingolani et al. 2012) and low (i.e. non-disruptive 
and likely to be harmless) impact categories, the historical pop-
ulation had a significantly higher realized load, and a significantly 
lower masked load, compared to the modern Siberian 
population.

D I S C U S S I O N
The genetic composition of the modern Arctic fox population in 
Scandinavia has to a large extent been shaped by demographic 
processes during three time periods. First, climatic changes at the 
end of the Pleistocene led to the establishment, but also relative 
isolation, of the population. Second, intense hunting pressure in 
the early 20th century led to a severe decline in population size. 
Third, there was a further demographic decline in the 1980s 
caused by disruption of rodent cycles combined with increased 
competition from red foxes (Angerbjörn et al. 2001, Henden et 
al. 2009, Elmhagen et al. 2011, Imset al. 2011, Angerbjörn et al. 
2013, Framstad 2015), and exacerbated by the small population 

size itself (Loison et al. 2001, Herfindal et al. 2010), although the 
population has to some extent recovered in size over the past 
20 years.

At the end of the last glaciation, the melting of the Weichselian 
ice sheet allowed Arctic foxes from Siberia to expand into Scandi-
navia (Dalén et al. 2007). Although most of Scandinavia subse-
quently became forested, Arctic foxes still inhabit the far north and 
the treeless tundra at higher elevations in the Scandes Mountains. 
It has been estimated that the Scandinavian population comprised 
approximately 10 000 individuals throughout most of the Holocene 
(Tannerfeldt 1997). As the oceans surrounding Scandinavia mostly 
are ice-free throughout the year, the Arctic fox population in Scan-
dinavia has been comparatively isolated from other Arctic fox pop-
ulations during the Holocene. Consequently, connectivity between 
the large Siberian population and the Scandinavian population has 
mainly been maintained through gene flow across the White Sea 
to the Kola Peninsula in northwestern Russia, and from there into 
northernmost Norway and Finland. This stepping stone role of the 
Kola Peninsula is reflected in the intermediate position of the Kola 
Peninsula genome in our PCA analysis (Fig. 1B). Moreover, the 
significantly lower genome-wide heterozygosity and higher 
inbreeding levels in the historical Scandinavian Arctic fox popula-
tion compared to those in the present-day Siberian population  
(Fig. 2; Supporting Information, Fig. S2) are likely a consequence 
of a founder event during the end-Pleistocene establishment of the 
Scandinavian population (Dalén et al. 2007), one or more bottle-
necks during the Holocene (e.g. during the Holocene thermal 
maximum; Frafjord and Hufthammer 1994), and/or its relative 
isolation throughout the Holocene. The inclusion of additional 
historical and ancient Arctic fox genomes would enable further 
investigation into the processes underlying the genome-wide pat-
terns observed in historical Scandinavia.

Figure 3.  Genetic load in the historical and modern Scandinavian, as well as modern Siberian Arctic fox. Genetic load was estimated by dividing 
the individual number of derived alleles in coding regions that was classified as having (A) high and (B) moderate disruptive impact, with the 
individual total number of derived alleles (homozygous alleles were counted twice; see Material and methods). P-values refer to temporal 
differences only (see Supporting Information for modern comparisons).
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When comparing historical and modern Scandinavian Arctic 
foxes, our results suggest that the severe demographic decline 
approximately 100 years ago had a marked impact on the popula-
tion’s genomic composition. Our PCA analysis showed a clear 
differentiation between the historical and modern genomes (Sup-
porting Information, Fig. S1), which is consistent with a shift in 
allele frequencies caused by genetic drift during the past 100 years. 
These findings are in line with earlier observations based on mito-
chondrial DNA and microsatellites (Nyström et al. 2006, Larsson 
et al. 2019). Moreover, we found that inbreeding, measured as the 
proportion of the genome comprising ROH regions, has signifi-
cantly increased in all of Scandinavia during the past 100 years, 
with inbreeding levels being approximately two-fold higher in 
northern and central Scandinavia, and approximately three-fold 
higher in southern Scandinavia, compared to the historical pop-
ulation (Fig. 2B). Interestingly, we observed no difference in 
genome-wide heterozygosity when comparing northern and cen-
tral Scandinavia with the historical population (Fig. 2A). The 
observed pattern could potentially be attributed to increased gene 
flow into the Scandinavian population, for example from Siberia. 
There have been earlier findings of similar patterns that suggest 
recent gene flow from Siberia, where, for example, Dalén et al. 
(2006) observed a positive correlation between microsatellite 
genetic divergence and geographical distance from Russia among 
Scandinavian populations. Moreover, Cockerill et al. (2022) 
recently proposed a stepping-stone model of decreasing genome-
wide heterozygosity and increasing inbreeding levels westwards 
from Siberia. Collectively, although the 20th century bottleneck 
reduced Scandinavian–Siberian connectivity (Dalén et al. 2006, 
Nyström et al. 2006, Cockerill et al. 2022), our findings are con-
sistent with a scenario where intermittent gene flow from the Kola 
Peninsula into northern and central Scandinavia during the past 
100 years may have helped maintain genome-wide het
erozygosity despite the increase in inbreeding levels in these two 
subpopulations.

In contrast to the subpopulations in northern and central Scan-
dinavia, our results show that the subpopulation in southern Scan-
dinavia has significantly lower genome-wide heterozygosity 
compared to the historical population. This is likely a consequence 
of both a higher degree of isolation (Dalén et al. 2006), and that 
the southern subpopulation was particularly affected by the dis-
ruption of the rodent cycles and increased red fox abundance in 
the 1980s. The southern subpopulation is thought to have become 
functionally extinct in the 1980s and was subsequently re-estab-
lished by only seven individuals in the early 2000s (Norén et al. 
2016, Hasselgren et al. 2021). Previous studies have shown that 
inbreeding increased substantially in the decade following this 
re-establishment (Norén et al. 2016, Hasselgren et al. 2021). With 
the exclusion of one sample, the samples from the southern sub-
population included in our study are from 2010 (i.e. the year that 
exhibited the highest level of inbreeding prior to establishment of 
captive bred foxes; Lotsander et al. 2021). Thus, the higher pro-
portion of ROH observed in the genomes we sequenced from the 
southern subpopulation compared to the other ones is very likely 
a consequence of this recent increase in inbreeding.

From a conservation perspective, one of the most important 
genomic parameters that affects population viability is the number 
of deleterious mutations (i.e. genetic load) in the population, and 

to what extent this has changed in connection with demographic 
declines (Díez-del-Molino et al. 2018). When comparing the his-
torical Scandinavian and present-day Scandinavian and Siberian 
populations, we found no significant differences in total genetic 
load in the moderate impact category (i.e. non-disruptive, but 
potentially protein effectiveness altering; Cingolani et al. 2012, 
Fig. 3B), which is consistent with an expected lower selection 
pressure on this category of mutations. Similarly, genetic load in 
the high impact category (i.e. likely to be disruptive; Fig. 3A) was 
not statistically different in  the modern populations compared to 
the historical population. Although we note that our small sample 
size for these populations may have resulted in limited statistical 
power to detect small differences, the comparable levels of genetic 
load between historical Scandinavia and present-day Siberia could 
indicate that the Holocene population size in Scandinavia was too 
large for efficient purging of genetic load to take place (Kyriazis et 
al. 2021). Alternatively, it is possible that purging reduced genetic 
load from an even higher level in Scandinavia prior to the 20th 
century.

The lack of change in genetic load during the past 100 years 
in Scandinavia is surprising, as it has been estimated that the 
population declined from c. 10 000 to c. 100 individuals (Lön-
nberg 1927, Tannerfeldt 1997). Theory, simulations, and pre-
vious empirical studies on similar scenarios for other species 
indicate that such dramatic demographic declines often lead to 
changes in the composition, or the amount, of genetic load (e.g. 
Lynch et al. 1995, Kirkpatrick and Jarne 2000, Feng et al. 2019, 
Grossen et al. 2020, Hoelzel et al. 2024, Hoffman et al. 2024). 
Although speculative, if gene flow from Siberia via the Kola 
Peninsula during the past 100 years helped maintain genome-
wide heterozygosity in the central and northern parts of Scan-
dinavia, a bi-product of gene flow might have been an inflow of 
deleterious variants (Kyriazis et al. 2021). If genetic load was 
simultaneously purged in the Scandinavian subpopulations via 
purifying selection, these two processes combined might result 
in overall genetic load having been balanced through time. Gen-
erating additional genomes with a broader temporal and geo-
graphic representation from both the historical population and 
the modern Scandinavian and Siberian populations to study the 
amount of deleterious variation that is private and shared 
between the populations could potentially further disentangle 
the trajectory of genetic load within Scandinavia during the past 
100 years.

Even more surprising is the lack of difference in total genetic 
load in the southern subpopulation compared to the historical 
population, despite the former displaying the highest inbreeding 
levels and being isolated from the other Scandinavian subpopula-
tions (Norén et al. 2016). High levels of inbreeding, isolation, and 
small population size comprise three important factors that are 
expected to lead to either an accumulation or purging of genetic 
load (Caughley 1994, Lynch et al. 1995, Glémin 2003, Dussex et 
al. 2023). If additional genomes validate the estimated level of 
genetic load, it would suggest that the southern subpopulation, 
when it was re-established in the 2000s, may have been founded 
by individuals that on average had a comparatively high amount 
of genetic load in the high impact category. Additional genomes 
from the historical population and the modern subpopulations 
could thus help resolve whether this pattern is due to stochastic 
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factors that resulted in the seven founders having a higher-than-ex-
pected genetic load, whether they originated from a yet unsampled 
subpopulation that had not undergone purging, or whether purg-
ing was obscured by an influx of deleterious variation. A fourth 
hypothesis is that the founders originated from different subpop-
ulations, each of which had undergone purging for different high 
impact variants, leading to an increased level of total genetic load 
once the southern subpopulation was re-established.

It is notable that when comparing the amount of both high and 
moderate impact derived alleles in homozygous state (i.e. realized 
load; Bertorelle et al. 2022), all modern subpopulations had signifi-
cantly higher realized load than the historical population, except for 
the northern subpopulation in the moderate impact category 
(Supporting Information, Fig. S4A, B). This likely reflects an ongoing 
inbreeding depression in the Scandinavian population during the first 
decade of the 2000s, as has been observed for the southern subpop-
ulation in previous studies (Norén et al. 2016, Hasselgren et al. 2021).

CO N CLU S I O N
Our results suggest that the present-day genomic architecture of 
the Scandinavian Arctic fox is the result of a series of complex 
demographic changes that took place over several thousand years. 
The increase in inbreeding levels during the past 100 years is con-
sistent with a small and fragmented population that has struggled 
to recover. However, gene flow into the Scandinavian population 
appears to have helped maintain standing genetic variation and 
thus possibly the population’s adaptive potential. This highlights 
the importance of sea ice between the Kola and Kanin Peninsulas 
in maintaining the connectivity between the Russian and Scandi-
navian populations. On the other hand, this process might also 
have counteracted the effect of purging in the Scandinavian pop-
ulation, if more deleterious mutations were also introduced as a 
consequence of such gene flow from Russia. Finally, we note that 
the observed level of inbreeding in the historical genomes (c. 
5–10%) could serve as a useful target for future conservation 
actions, since this represents the level of inbreeding one should 
expect in a relatively large and viable Arctic fox population that is 
partially isolated on the periphery of the Arctic biome.
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