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Abstract 
Global environmental and land use change have brought about changes in ecosystems and 

induced range expansion in several boreal species. Landscape genomics is a growing field 

of study in the intersection between ecology and genetics. In the context of global change, 

this field provides powerful tools to investigate the genetic structure and gene flow shaped 

by the landscape and environment. In this thesis I applied a landscape genomics approach 

to study the Scandinavian red fox (Vulpes vulpes), an important generalist species which 

has undergone range expansion. The species is highly relevant for wildlife conservation 

and public health, for instance through its competition with the endangered arctic fox 

(Vulpes lagopus), and its role as a host species for infectious diseases. By using genome-

wide SNP data, I explored the genetic structure of the Scandinavian red fox. In the context 

of red fox range expansion, I also investigated whether any genomic regions were 

associated with high elevational or northern areas. 

I showed that the red fox is characterised by weak genetic structure and limited genetic 

differentiation in Scandinavia. This indicated high levels of gene flow and movement of 

individuals across the landscape. Denmark, however, was more genetically differentiated 

from the rest of Scandinavia, which might be explained by the landscape barrier 

represented by the straits that separate Denmark from the Scandinavian peninsula. I also 

observed lower genome-wide heterozygosity in Denmark relative to Norway and Sweden. 

Signals of phylogeographical structuring were detected, and north-to-south and east-to-

west gradients determined some of the genetic structure on the Scandinavian peninsula. 

Despite this, Norwegian and Swedish red foxes were genetically highly similar. This study 

therefore shows that the red fox represents a channel for pathogen spread across 

Scandinavia. There was no significant association between genomic regions and high 

elevational or northern areas. It therefore appear unlikely that a few large-effect genes 

mediate a phenotype that makes red foxes relatively better adapted for dispersal to- and 

colonisation of such habitats. Although one cannot rule out the possibility for a genetic 

aspect involved in dispersal and range expansion, previous literature points towards 

environmental change and human impacts as the most important factors driving red fox 

range expansion. The red fox, with no apparent strong landscape barriers that prevents it 

from crossing the Scandinavian peninsula, seen in connection with its role as a pathogen 

vector, is a species highly relevant in the context of public health and for the management 

and conservation of Scandinavian fauna.  
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Sammendrag 
Som følge av globale endringer i miljø og arealbruk har man sett endringer i økosystemer 

og ekspansjon i boreale arter. Landskapsgenomikk er et spirende fagfelt som kombinerer 

økologi og genetikk. I sammenheng med globale endringer, er landskapsgenomikk et 

kraftig verktøy for å undersøke genetisk struktur og genflyt som formes av landskap og 

miljø. I denne avhandlingen studerte jeg den Skandinaviske rødreven (Vulpes vulpes), 

gjennom en tilnærming basert på landskapsgenomikk. Rødreven er en viktig generalist-art 

som har ekspandert lenger nord og høyere opp i fjellet. Den er også høyst relevant for 

viltforvaltning og folkehelse, for eksempel gjennom konkurranse med den truede fjellreven 

(Vulpes lagopus), og gjennom sin rolle som bærer av smittsomme sykdommer. Jeg brukte 

SNP-data fra hele genomet for å undersøke den genetiske strukturen hos Skandinavisk 

rødrev. I sammenheng med ekspansjon av rødrevens utbredelse, undersøkte jeg også om 

deler av genomet var assosiert med høyfjells- og nordlige områder. 

Jeg har vist at rødreven er preget av svak genetisk struktur og begrenset genetisk 

differensiering i Skandinavia. Dette tydet på en høy grad av genflyt og forflytning av 

individer på tvers av landskap. Danmark var derimot mer genetisk forskjellig fra resten av 

Skandinavia, som antakelig kan forklares med at stredene som skiller Danmark fra den 

Skandinaviske halvøy utgjør en landskapsbarriere for rødreven. I tillegg ble lavere 

heterozygositet observert i Danmark sammenlignet med Norge og Sverige. Jeg fant 

signaler fra mulig fylogeografisk struktur, og at nord-til-sør og øst-til-vest gradienter 

bestemte deler av den genetiske strukturen på den Skandinaviske halvøy. På tross av 

dette, var Norske og Svenske rødrever svært like genetisk sett. Denne studien viser derfor 

at rødreven representerer en spredningsvei for sykdommer i Skandinavia. Det var ingen 

assosiasjon mellom deler av genomet og områder lengre nord og høyere opp i fjellet. Det 

virker derfor usannsynlig at noen få gener frembringer en fenotype gunstig for slike 

habitater. Selv om man ikke kan utelukke at det er et genetisk aspekt involvert i vandring 

og ekspansjon, har tidligere studier pekt på miljøforandringer og menneskelig påvirkning 

som de viktigste årsakene for ekspansjon av rødrevens utbredelse. Uten åpenbare sterke 

landskapsbarrierer som hindrer rødreven i å krysse den Skandinaviske halvøy, og sett i 

sammenheng med sin rolle som sykdomsbærer, er rødreven en art som er høyst relevant 

i forbindelse med folkehelse og for forvaltningen og bevaringen av Skandinavisk fauna.  
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Climate warming and land use change have been shown to affect community compositions, 

negatively impacting specialist species by favouring generalists (Davey et al., 2012) and 

inducing range expansions to higher altitudes and latitudes in boreal species (Elmhagen et 

al., 2015). In this context, landscape genomics provides a powerful tool to discover 

environmental factors or landscape features that impact adaptive genetic diversity (Manel 

and Holderegger, 2013). Landscape genomics also provides insight into the structure of 

populations, the connectivity and gene flow between them, and to what extent the 

landscape and environment shape connectivity, and has been used as a tool to provide 

insights for wildlife conservation and management (Jaffe et al., 2019; Ruegg et al., 2018). 

As a relatively young and growing field in the intersection between ecology and genomics, 

landscape genomics will likely be an important asset in predicting the effects of global 

change on genetic diversity (Manel and Holderegger, 2013). Moreover, genetic structure 

and composition play part in determining how populations respond to climate change 

(Aguirre-Liguori et al., 2021).  

The degree of connectivity and gene flow, local selection pressures, and random processes 

such as mutation and genetic drift, shape the distribution of genetic variation between and 

within populations. For instance, environmental variables, and selection towards these, is 

important in explaining the genetic structure seen in highly mobile North American grey 

wolves (Canis lupus) (Schweizer et al., 2016). Gene flow can increase genetic diversity 

within populations, and limit genetic differentiation and structuring between populations 

(Bubac and Spellman, 2016). Landscape features which function as barriers to gene flow, 

for instance highways, can reduce the genetic diversity within populations, increase the 

genetic differentiation between populations, and shape genetic structure, as was seen in 

desert big horn sheep (Ovis canadensis nelsoni) (Epps et al., 2005). Landscapes can 

thereby impose control on pathogen populations, because they affect the distribution, 

abundance, and connectivity of host populations on which the pathogens rely (Biek and 

Real, 2010). Through the understanding of genetic structure and gene flow of host species, 

landscape genomics can therefore provide clues to the likelihood and pathways by which 

pathogens may spread. For instance, Fountain-Jones et al. (2021) found that gene flow in 

pumas (Puma concolor) was tightly linked to spread of feline immunodeficiency virus (FIV) 

in a region affected by anthropogenic development.  

Being both an ecologically significant species that can impose control on prey communities 

(Smedshaug et al., 1999; Henden et al., 2021) and an important pathogen vector 

(Woodroffe et al., 2004; Holmala and Kauhala, 2006; Hodzic et al., 2015), the red fox 

(Vulpes vulpes) is an interesting study species in a changing environment. The red fox is 

an adaptable and opportunistic generalist, widespread throughout the northern 

hemisphere, and even successful in urban landscapes (Hoffmann and Sillero-Zubiri, 2016). 

The impact of humans, such as roadkill and increased littering can facilitate the presence 

of the species in alpine tundra areas (Rød-Eriksen et al., 2020). The Fennoscandian red 

fox population appears to exhibit a source-sink dynamic in which immigrants disperse from 

several southern source populations to northern areas (Norén et al., 2015). In Sweden, 

boreal zones have indeed been found to contribute immigrants to tundra zones to a larger 

degree than boreal zones receive immigrants (Norén et al., 2017). Previous studies based 

1 Introduction 
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on 15 to 30 genetic markers indicate that Scandinavian red foxes show indications of weak 

genetic structuring and high gene flow (Norén et al., 2015; Norén et al., 2017; Hagenlund 

et al., 2019), similar to other populations in Europe (Teacher et al., 2011; Galov et al., 

2014; Basto et al., 2016; Zecchin et al., 2019).  

One aspect of the red fox which is of great ecological importance, is the observed range 

expansion during the last century (Elmhagen et al., 2015; Elmhagen et al., 2017). 

Dispersal in animals is often both condition-dependent, i.e. dependent on external factors; 

and phenotype-dependent, i.e. there is a correlation between dispersal and phenotypic 

traits, where dispersers are morphologically, physiologically, or behaviourally distinct from 

non-dispersers (Clobert et al., 2009). Phenotype-dependent dispersal is therefore expected 

to result in populations at the edge of the range composed of individuals with certain 

phenotypic traits (Michelangeli et al., 2017). Previous studies have found traits associated 

with dispersal in various species, e.g. fat and luteinising hormone levels, and a preference 

for mating with non-colony members in naked mole-rats (Heterocephalus glaber) (O´Riain 

et al., 1996), aggressiveness in delicate skinks (Lampropholis delicata) (Michelangeli et 

al., 2017), asociality in mosquitofish (Gambusia affinis) (Cote et al., 2010), aggressiveness 

in western bluebirds (Sialia mexicana) (Duckworth and Kruuk, 2009), and serotonin 

activity in rhesus macaques (Macaca mulatta) (Trefilov et al., 2000), where the latter two 

traits have been found to have a genetic basis. Individual red foxes which choose to 

disperse and do so successfully, could be expected to possess traits that make them more 

adapted to high latitude and altitude areas at the edge of their range, or traits that 

otherwise facilitate dispersal and/or successful establishment in new areas. If such traits 

have a genetic basis this may also represent an adaptive potential (Saastamoinen et al., 

2018). The genetic architecture of such traits may be identified through analysis of whole 

genome data of red foxes in different habitats (Schwartz et al., 2010). For instance, several 

loci were found to be associated with range expansion in the coyote (Canis latrans) in North 

America (Heppenheimer et al., 2018). Should the success of dispersal be determined by 

genetics, any positive selection acting on dispersal at margins of the red fox range 

distribution, could result in adaptive expansion into areas beyond their current range. This 

could however have detrimental impacts on species resident in alpine areas, such as the 

arctic fox (Vulpes lagopus).  

The arctic fox is an alpine and arctic specialist, classified as endangered on the Swedish 

(SLU Artdatabanken, 2020) and Norwegian red list of species (Eldegard et al., 2021), and 

critically endangered on the Finnish red list of species (Liukko et al., 2019). Although the 

species on the European and global level is listed as least concern by the IUCN 

(International Union for Conservation of Nature), the IUCN recognises the Fennoscandian 

population as critically endangered (Hersteinsson et al., 2007; Angerbjörn and Tannerfeldt, 

2014). The species has been legally protected since 1928, 1930 and 1940 in Sweden, 

Norway, and Finland respectively. The decline of the Arctic fox in Fennoscandia was 

initiated by extensive trapping and hunting (Linnell et al., 1999b), and the populations 

readily fluctuate with the rodent cycle (Kaikusalo and Angerbjorn, 1995; Ims et al., 2017). 

Additionally, Hersteinsson and Macdonald (1992) hypothesised that the southern limit of 

the arctic fox is determined by interspecific competition with the red fox, while the red fox 

northern limit is determined by food availability and climate. Later literature has supported 

this hypothesis (Elmhagen et al., 2017) and red fox population levels have indeed been 

found to be limited by deep snow and supported by carcass availability (Selås and Vik, 

2006). Norwegian red foxes have colonised denning areas previously occupied by arctic 

foxes (Linnell et al., 1999a). In Northern Sweden, there have been observations of range 

expansion and increase in the red fox population, while the arctic fox population, despite 
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protection, has failed to recover (Elmhagen et al., 2015). At the individual level, red foxes 

may exclude arctic foxes from breeding sites, as arctic foxes breeding in the vicinity of red 

foxes experience a higher pup mortality risk and therefore generally avoid breeding in dens 

close to red foxes (Tannerfeldt et al., 2002). Red foxes may also exclude arctic foxes from 

important food resources (Ims et al., 2017). Selås and Vik (2007) argue that interspecific 

competition with the red fox may be the leading cause for the lack of recovery of the 

Fennoscandian arctic fox population. Along with arctic fox legal protection and 

reintroductions (Ulvund et al., 2020), red fox management is an essential part of the 

conservation and management of the arctic fox (Linnell et al., 2004; Eide et al., 2017). 

Canines are generally highly mobile with the potential for long distance dispersal, and 

thereby represent a channel for pathogen spread (Macdonald and Sillero-Zubiri, 2004). A 

manifestation of their dispersal potential comes from a satellite tracked female arctic fox, 

who dispersed on sea ice from Spitsbergen (Svalbard Archipelago) to Ellesmere Island 

(Canada) in the course of 76 days, covering a cumulative distance of over 3500 km (Fuglei 

and Tarroux, 2019). Similarly, a female red fox was recorded covering a cumulative 

distance of over 1000 km over a period of 100 days (Walton et al., 2018). Emerging 

infectious diseases, which are important to account for in wildlife conservation, can be 

carried and transmitted by the red fox, including canine distemper virus, rabies virus, and 

sarcoptic mange (Sarcoptes scabiei) (Woodroffe et al., 2004; Pisano et al., 2019; Zecchin 

et al., 2019). Additionally, the red fox and the arctic fox are the main definitive hosts for 

the dwarf fox tapeworm, Echinococcus multilocularis (Eckert and Deplazes, 2004). Infected 

individuals excrete eggs in their faeces, which can be transmitted to intermediate hosts, 

predominantly small rodents (Eckert and Deplazes, 2004). Although human infection does 

not allow for further transmission of the parasite, humans can develop alveolar 

echinococcosis, a serious disease which can cause formation of tumour-like parasitic 

lesions in the liver (Kern et al., 2003; National Veterinary Institute (SVA), 2021). 

Echinococcus multilocularis has not yet been detected in Finland (EFSA and Zancanaro, 

2021) or mainland Norway (Hamnes et al., 2021), but was in 1999 detected on the 

Svalbard archipelago (Henttonen et al., 2001). It was detected in Denmark in 2000, first 

on the Zealand island (Kapel and Saeed, 2000), and on the Jutland peninsula in 2012 

(Enemark and Nielsen, 2012). In 2011 it was detected in Sweden (Osterman Lind et al., 

2011). In a surveillance study from 2012 to 2015 of red foxes and raccoon dogs 

(Nyctereutes procyonoides) in Denmark, red foxes positive for E. multilocularis were found 

across all years of the study (Petersen et al., 2018). The positive carnivores were all located 

in South Jutland, in which two areas had a high local prevalence of E. multilocularis, while 

no positive carnivores were detected in the rest of Jutland or Zealand (Petersen et al., 

2018). The parasite has a low prevalence in Sweden, and have so far been detected in five 

counties, all located in Southern Sweden; Västra Götaland, Södermanland, Kronoberg, 

Östergötland, and Dalarna (National Veterinary Institute (SVA), 2021). Due to public health 

concern, monitoring of this parasite in Fennoscandian countries is essential to further 

understand this parasite’s geographical distribution and to determine whether prevalence 

is increasing (Wahlström et al., 2015). Landscape genomics and genetics have previously 

been applied to investigate the potential for pathogen spread by different host species, 

e.g. rabies in racoons (Procyon lotor) (Cote et al., 2012) and striped skunks (Mephitis 

mephitis) (Rioux Paquette et al., 2014), bovine tuberculosis in white-tailed deer 

(Odocoileus virginianus) (Vander Wal et al., 2013), ectoparasites in black-tailed prairie 

dogs (Cynomys ludovicianus) (Jones and Britten, 2010) and big brown bats (Eptesicus 

fuscus) (Talbot et al., 2017), and rabies and canine distemper virus in red foxes (Zecchin 

et al., 2019). The Norwegian-Swedish action plan for the arctic fox lists disease, along with 
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the red fox as a pathogen vector, among the potential threats to the survival of the 

Scandinavian arctic fox population (Eide et al., 2017). When examining the connectivity 

across the Scandinavian landscape, considering the potential for spread of pathogens by 

the red fox will be of key importance. In addition to posing a severe threat to human 

health, understanding the risk for spread of wildlife disease is essential in planning 

conservation and management actions for vulnerable populations, for instance the arctic 

fox in Fennoscandia (Woodroffe et al., 2004; Eide et al., 2017). An example of the potential 

severity of wildlife disease comes from a population of arctic foxes on Mednyi Island in the 

Bering Sea, that crashed in the 1970s, following an outbreak of otodectic mange caused 

by ear canker mites (Otodectes cynotis) that lead to high pup mortality (Goltsman et al., 

2005; Sillero-Zubiri, 2009). By investigating the genetic structure of the Scandinavian red 

foxes across the landscape, with the assumption that genetic structure and gene flow will 

be related to parasite spread potential, one can use landscape genomics to shed light on 

the likely infection pathways for E. multilocularis and other pathogens (Biek and Real, 

2010). 

This thesis had two main aims. The first aim was to investigate large scale genetic structure 

on the whole-genome level in the Scandinavian red fox population, including how genome-

wide levels of heterozygosity vary across Scandinavia. High-density SNP data from red 

foxes collected in Norway, Sweden, and Denmark was used to infer the number of genetic 

clusters and the connectivity between them. Part of the motivation for investigating genetic 

structure was to be able to evaluate infection pathways for pathogen spread. The second 

aim was to investigate whether specific genomic regions are associated with dispersal to- 

and colonisation of areas of higher altitude and latitude. 
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Tissue samples from hunted red foxes were collected in Norway, Sweden, and Denmark. 

The Norwegian samples were obtained through the Norwegian Institute for Nature 

Research (NINA) and the Norwegian Veterinary Institute (NVI). The Swedish samples were 

obtained through the Swedish National Veterinary Institute (SVA), and the Danish samples 

from the Danish National Veterinary Institute. DNA extracted from muscle tissue of red 

foxes was genotyped on a custom Applied Biosystems SNP-array for arctic fox and red fox 

(Hagen et al. In prep.). The individuals originated from 17 watersheds, 10 in Norway, 5 in 

Sweden, and 2 in Denmark. The definition of the watersheds was based on the River Basin 

Districts (RBDs) (European Environment Agency, 2011). 

The unfiltered data consisted of 181 individuals, and 148 401 biallelic SNPs, along with 

information on approximate location, sex, and colour variant for each individual. A variable 

called 3D distance was also included in the dataset, to describe range expansion to areas 

of higher altitude and latitude. Based on their location, each individual was assigned to one 

of three levels of 3D distance, a combined measurement of altitude and distance from the 

position of each individual to a defined point located just south of Falsterbo at the south-

western tip of Southern Sweden (longitude ≈ 12.81, latitude ≈ 55.35). The dataset 

contained red foxes of three different colour variants, the common red colour morph, the 

black colour morph, and the silver colour morph. The dataset contained six silver morphs 

and nine black morphs. The remaining individuals were of the red colour morph. 14 red 

morphs and two black morphs were genotyped twice, leaving 165 unique individuals. The 

silver morphs were farmed foxes of North American origin and were assumed to have a 

heritage different from that of the other two morphs present in the dataset (Eide, 2015). 

The silver morphs were therefore excluded from the dataset, leaving 159 individuals to be 

included in subsequent analyses. Because the dataset lacked phenotypic sex for many 

individuals, and recorded phenotypic sex was deemed untrustworthy, the X-linked SNPs 

(SNPs located on the X chromosome) were extracted from the unfiltered SNP data to 

genetically infer the sex by calculating the F-values for each individual. This was done in 

the computer software PLINK 1.9 (Chang et al., 2015; Purcell and Chang, 2020). Based on 

the distribution of the F-values, a threshold F of 0.7 was set as a boundary between male 

and female (Supplementary Figure 19). This yielded 73 females and 86 males. There was 

an 88% match between phenotypic and genotypic sex for those individuals for which 

phenotypic sex had been recorded. 

In PLINK, the X-linked SNPs were removed from the SNP data, and the individuals divided 

into appropriate subsets for analysis on different geographical and hierarchical levels. The 

genotype data underwent linkage disequilibrium-based pruning. Linkage disequilibrium 

(LD) was calculated for all SNP pairs in a 50 SNP-wide sliding window, which was shifted 5 

SNPs with each calculation. For each pair in the window, one of the SNPs was removed if 

that pair had a LD higher than the threshold (0.5). The genotype data was also filtered on 

minor allele frequencies (threshold = 0.01), and individuals were filtered on missing call 

rates (threshold = 0.1). Average heterozygosity was calculated for all individuals. Subsets 

and sample sizes after filtering are listed below (Table 1). 

 

2 Methods 
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Table 1: Subsets.  

Overview table of the subsets used in the analyses, with number of individuals, and number of SNPs. 

The versions of the subsets used in PCA did not contain SNPs with missing values. The versions of 

the subset used in STRUCTURE analysis were filtered on a strict LD threshold (0.04) to reduce the 

subset size. 

Subset n individuals n SNPs 

All 

159 

117 423 

All (PCA) 79 672 

All (STRUCTURE) 12 926 

Norway/Sweden 

146 

115 694 

Norway/Sweden (PCA) 81 103 

Norway/Sweden (STRUCTURE) 11 593 

Denmark (PCA) 13 56 114 

 

The majority of the analyses were conducted in the software R 4.0.3 (R Core Team, 2020) 

and Rstudio (Rstudio Team, 2016). Using the R package Stats and function prcomp (R Core 

Team, 2020), principal components analyses (PCAs) were run on different hierarchical 

levels; all individuals, individuals in Norway and Sweden, and individuals in Denmark. For 

the PCAs, SNPs with any missing genotypes were excluded. Sample sizes for PCA are listed 

above (Table 1). The results were plotted using the R package ggplot2 (Wickham et al., 

2016), and longitude, latitude, 3D distance, country origin, watershed ID, average 

heterozygosity, and colour morph was included as colour or shape. The individuals were 

plotted on the map, also using ggplot2, to show the approximate locations from where the 

individuals originated. Latitude and longitude was missing for three individuals originating 

from watershed NO 23 and these individuals were therefore not included in any of the 

maps. Because some of the individuals had overlapping positions, all maps included here 

were plotted with a jitter-function, which slightly shifts the positions of overlapping 

individuals so that one can get an accurate impression of the number of individuals. This 

means that the map positions are not exact, and individuals may have slightly different 

positions on the different maps. There is large variability in red fox home range sizes 

(Walton et al., 2017; Main et al., 2020), and the conditions of sampling locations were 

assumed to be representative for the general area in which each individual resided (as a 

resident or immigrant). 

Genetic structure was examined using the R package LEA and function snmf (as described 

in Frichot and François, 2015b; François, 2016), which applies an admixture analysis, and 

provides least-squares estimates of ancestry proportions (Frichot and François, 2015a). 

The analysis was run on the hierarchical level that includes Norway, Sweden, and Denmark 

(higher level), and on the level that includes only Norway and Sweden (lower level). The 

analyses were run on K from 1 to 8, and on K from 1 to 5, for the higher and lower 

hierarchical level, respectively. Ten replicate runs were carried out for each number of K. 

The most likely number of ancestral populations on each hierarchical level was calculated. 

Ancestry matrices were created based on the number of ancestral populations and the 

ancestry coefficients of each individual. Individuals were assigned to clusters based on 
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their dominant ancestry. Different colours were used to indicate individual cluster 

membership in the PCA plots.  

Genetic structure was also examined in STRUCTURE 2.3.4 (Pritchard et al., 2000; Falush 

et al., 2003), which applies a Bayesian clustering approach. For the same amount of data, 

the run time is considerably longer for STRUCTURE than for the LEA method described 

above. For this reason, the number of SNPs used in the STRUCTURE analyses were reduced 

to a manageable number. This was done by LD-based pruning in the same fashion as 

described earlier, but with a lower threshold (0.04). Because LD filtering was done 

separately for each of the two hierarchical levels, this yielded approximately 13 000 and 

11 500 SNPs for the subset on the higher (all individuals) and lower (individuals in Norway 

and Sweden) hierarchical level, respectively. The analyses were run on K from 1 to 8, and 

on K from 1 to 5, for the higher and lower hierarchical level, respectively. The model was 

run with 10 000 iterations, and a burn-in of 5 000. Simulations were repeated 10 times for 

each value of K. The output from Structure was interpreted using STRUCTURE HARVESTER 

0.6.94 (Earl and Vonholdt, 2012), following the Evanno method (Evanno et al., 2005). 

Cluster membership from the Structure simulations were also included as colour in the PCA 

plots. 

To examine the relative genetic distance between geographical areas in Scandinavia, 

pairwise fixation indices (FST-values) were estimated among five areas. The areas were 

defined as follows: Denmark, Southern Sweden (< 65°N), Northern Sweden (≥ 65°N), 

Southern Norway (< 65°N), and Northern Norway (≥ 65°N). Pairwise FST was estimated 

according to Weir and Cockerham (1984), using the R package hierfstat (Goudet and 

Jombart, 2020). Pairwise FST was also estimated for the Jutland peninsula and Zealand 

island, from which the Danish red foxes originated. The 95% confidence interval was 

estimated for all pairwise FST-values.  

To investigate whether dispersal to- and colonisation of high elevational and northern areas 

have a genetic basis, an ecological association analysis (EAA) was conducted, using the R 

package LEA and the function lfmm. This implements a genome-wide association analysis, 

based on latent factor mixed models, in which the response variable is a genotypic matrix, 

in this case a SNP matrix, and the exploratory variables are environmental (or phenotypic) 

variables (Frichot and François, 2015a; Frichot and François, 2015b), in this case three 

levels of 3D distance. The analysis was run on the subset that contained all individuals, 

but the three individuals in watershed NO 23, which lacked recorded latitude and longitude 

and therefore also lacked level of 3D distance, were excluded. Approximately 117 500 SNPs 

were included in the analysis. Unlike the LEA admixture analysis, the EAA fares poorly when 

missing values are present. Missing genotype values were therefore imputed as described 

in Frichot and François (2015b). The analysis was run with 10 000 iterations, a burn-in of 

5 000, and was repeated 10 times. Obtained p-values for SNPs were adjusted by the 

Benjamini-Hochberg algorithm (q=0.05).  
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3.1 Genetic structure 

The admixture analysis ran by applying the LEA package in R, indicated that the most likely 

number of clusters was three on the higher hierarchical level (including Norway, Sweden 

and Denmark). The three clusters corresponded to three geographical areas: (A) Northern 

Norway and Northern Sweden, (B) Southern Norway and Southern Sweden, and (C) 

Denmark. Figure 1 shows the ancestry proportions for each individual. Figure 2 shows the 

genetic structure as inferred by PCA, with the dominant cluster membership indicated with 

colours. The approximate locations of individuals in the different clusters can be found in 

Figure 3. 

The admixture analysis in STRUCTURE found the most likely number of clusters to be two, 

where one cluster (C) was composed of all the Danish individuals, and the other cluster 

(D) was composed of the Norwegian and Swedish individuals that constituted the A and B 

clusters in the LEA analysis. The ancestry proportions can be found in Supplementary 

Figure 1, along with a PCA plot and map similar to those mentioned above (Supplementary 

Figure 2 and Supplementary Figure 3). 

Visual inspection of PCA plots where individuals were coloured according to geographical 

location indicated that genome-wide genetic differences between red fox individuals 

increased when going from the south to the north (Supplementary Figure 7) and from the 

east to the west (Supplementary Figure 8) in Scandinavia. In contrast, PCA plots where 

individuals were coloured according to 3D distance level suggested this distance was not 

related to genetic differentiation between individuals (Supplementary Figure 9). A figure 

showing the 3D distance level at the individual positions on the map can be found in the 

supplement (Supplementary Figure 10). When individuals were coloured according to their 

watershed ID, the PCA plot showed that there was overlap in the genetic identity of several 

watersheds (Supplementary Figure 13 and Supplementary Figure 15). 

Individuals within Denmark appeared to generally have a lower average genome-wide level 

of heterozygosity relative to individuals in Norway and Sweden (Map, Figure 4; PCA plot, 

Supplementary Figure 16). Additionally, individuals which showed a relatively low level of 

heterozygosity on the Scandinavian peninsula, appeared to be located in peripheral areas, 

such as along the Norwegian southwestern coast, the Lofoten Islands, and on the coast of 

northernmost Norway. 

3 Results 
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Figure 1: Ancestry proportions for all individuals according to LEA 

Each vertical line represents one individual. Ancestry proportions are given on the y-axis. Colours 

correspond to ancestry populations: (A) Northern Norway and Northern Sweden = yellow, (B) 

Southern Norway and Southern Sweden = green, (C) Denmark = blue. 

 

 

Figure 2: PCA plot with cluster membership for all individuals 

PCA plot of individuals in Norway, Sweden, and Denmark. The x- and y-axis show the first and second 
principal components respectively. Colours correspond to the dominant ancestry in each individual 

according to the LEA analysis: (A) Northern Norway and Northern Sweden = yellow, (B) Southern 

Norway and Southern Sweden = green, (C) Denmark = blue. Location is indicated by shape: Danish 

individuals are indicated by squares, Norwegian individuals by circles, and Swedish individuals by 

triangles.  
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Figure 3: Map with cluster membership for all individuals 

Map of Scandinavia with the approximate positions of individuals. Colours correspond to the dominant 

ancestry in each individual according to the LEA analysis: (A) Northern Norway and Northern Sweden 
= yellow, (B) Southern Norway and Southern Sweden = green, (C) Denmark = blue. Colour morph 

is indicated by shape: red morphs are indicated by circles and black morphs are indicated by 

triangles. The individual positions have been plotted with a jitter-function, and positions of individuals 

may have shifted somewhat from their sample-location. 
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Figure 4: Map with average heterozygosity for all individuals 

Colour corresponds to average heterozygosity across non-missing loci. Higher heterozygosity is 

shown in yellow, and lower heterozygosity is shown in blue. Colour morph is indicated by shape: 

red morphs are indicated by circles and black morphs are indicated by triangles. The individual 
positions have been plotted with a jitter-function, and positions of individuals may therefore be 

shifted somewhat from their sample-location. 

When the LEA admixture analysis was applied on the lower hierarchical level, with data 

from Norway and Sweden only, no clear clustering was detected, and the most likely 

number of clusters was one. In contrast, the admixture analysis in STRUCTURE found the 

most likely number of clusters on this level to be two. These two clusters were essentially 

the same that were found when applying the LEA admixture analysis on the higher 

hierarchical level; one cluster (A) composed of individuals in Northern Norway and 

Northern Sweden, and another (B) composed of individuals in Southern Norway and 

Southern Sweden. The ancestry proportions of the individuals can be found in the 

Supplement (Supplementary Figure 4), along with the corresponding PCA plot 

(Supplementary Figure 5) and map (Supplementary Figure 6). When comparing the results 

from STRUCTURE on the lower hierarchical level and LEA on the higher hierarchical level, 

there was only one individual in Norway and Sweden that was not assigned to the same 

cluster by the two methods. This individual was sampled at a latitude ≈ 65.40, around the 
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same area where the A and B cluster meet on the map. Both methods place the black 

morphs within the B cluster.  

When the PCA was carried out on the lower hierarchical level, the structure present within 

Norway and Sweden became clearer (Figure 5). There were still Norwegian and Swedish 

individuals that grouped together, but the distinction between Southern Norway and 

Southern Sweden was clearer; the bottom left was dominated by Southern Norway, the 

top left was dominated by Southern Sweden, and Northern Norway and Northern Sweden 

could be seen dominating the right side of the plot. As above, latitudinal and longitudinal 

gradients both appeared to partially explain the genetic structure seen in the PCA plot 

(Figure 5 and Supplementary Figure 11). PCA plots where individuals were coloured 

according to 3D distance suggested this distance was not related to genetic differentiation 

between individuals (Supplementary Figure 12). 

 

Figure 5: PCA with individuals in Sweden and Norway including latitude 

The x- and y-axis show the first and second principal components respectively. Individuals are 

coloured according to the latitude at their location, where yellow = north and blue = south. 

Individuals with missing latitude value are coloured black. Location is indicated by shape: Norwegian 

individuals are indicated by circles and Swedish individuals are indicated by triangles. 

All the Danish individuals were dominated by the same ancestry. This is a pattern that was 

found in both the LEA and Structure admixture analyses, and that can also be recognised 

in the PCA plot (Figure 2). In regard to the pairwise FST values (Table 2), Denmark stood 

out, by being the most genetically different from all the other regions. The two Danish 

subgroups that are seen in the PCA corresponds to Jutland (top) and Zealand (bottom), 

which is separated by ocean and smaller islands. When Denmark is considered apart from 
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the rest of Scandinavia, the two groups are still apparent (see PCA: Supplementary Figure 

17, and map: Supplementary Figure 18). 

Table 2 contains the pairwise FST-values among five geographical areas within Scandinavia: 

Denmark, Southern Norway, Northern Norway, Southern Sweden, and Northern Sweden. 

Pairs which included Denmark yielded the highest pairwise FST-values. The highest value 

(0.0150) was the pairwise FST between Denmark and Southern Sweden. The smallest value 

(0.0012) was the pairwise FST between Northern Norway and Northern Sweden. The 

Pairwise FST for Zealand and Jutland was 0.0329 (95% CI [0.0325, 0.0333]). 

Table 2: Pairwise Fst-values for geographical areas in Scandinavia 

Areas include Southern Norway (< 65°N), Northern Norway (≥ 65°N), Southern Sweden (< 65°N), 

Northern Sweden (≥  65°N), and Denmark. The 95% confidence intervals for pairwise FST are 

included in brackets. The colour gradient corresponds to cell values: blue for lower values, green 

for middle values, and yellow for higher values. 

 S Norway N Norway S Sweden N Sweden Denmark 

S Norway  0.0026 
[0.0026-0.0027] 

0.0025 
[0.0024-0.0026] 

0.0013 
[0.0012-0.0015] 

0.0133 
[0.0131-0.0134] 

N Norway 0.0026 
[0.0026-0.0027] 

 0.0051 
[0.0051-0.0052] 

0.0012 
[0.0011-0.0014] 

0.0126 
[0.0125-0.0128] 

S Sweden 0.0025 
[0.0024-0.0026] 

0.0051 
[0.0051-0.0052] 

 0.0037 
[0.0035-0.0039] 

0.0150 
[0.0148-0.0151] 

N Sweden 0.0013 
[0.0012-0.0015] 

0.0012 
[0.0011-0.0014] 

0.0037 
[0.0035-0.0039] 

 0.0143 
[0.0141-0.0146] 

Denmark 0.0133 
[0.0131-0.0134] 

0.0126 
[0.0125-0.0128] 

0.0150 
[0.0148-0.0151] 

0.0143 
[0.0141-0.0146] 
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3.2 Ecological association analysis 

After correction for false discovery rate, no SNPs were significantly associated with 3D 

distance (Figure 6). Therefore, it appears to be no genomic regions that differ consistently 

between red foxes at different levels of 3D distance from the reference point. 

 

Figure 6: Manhattan plot for EAA 

The plot includes SNPs and respective p-values for the EAA with 3D distance. The x-axis 

shows SNPs in order of chromosome, indicated by colour, and position within chromosome. 

Each dot represents one SNP, and their position on the y-axis shows the respective p-value 

for each SNP. The dashed line marks the significance threshold value (q-value) for the 

genome-wide level of significance. 
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Overall, there was little genetic differentiation between red foxes across Scandinavia, aside 

from red foxes in Denmark which showed indications of being relatively more differentiated 

from red foxes in Norway and Sweden. However, north-to-south and west-to-east 

gradients showed that there was some genetic differentiation also within Norway and 

Sweden. Denmark, along with some peripheral areas in Norway, showed lower average 

genome-wide heterozygosity relative to the rest of the individuals in the dataset. No 

genomic regions were significantly associated with 3D distance. The low FST-values along 

with indications of weak structure seen in the PCA plots suggested high gene flow. The 

division into northern and southern regions when calculating the pairwise FST-values, was 

informed by the LEA and STRUCTURE analyses. The division into Norwegian and Swedish 

regions was arbitrary, because the border does not represent a physical barrier. The values 

were estimated this way, however, because it is relevant in a management perspective. 

The results demonstrate that although the management may be separated by country 

borders, the red foxes traverse these freely.  

 

4.1 Denmark and the Scandinavian peninsula 

The Danish islands are separated from Norway and Sweden by the Skagerrak, Kattegat, 

and Øresund straits. The narrowest point measures four km wide and spans across the 

Øresund strait. The only current point of direct connection is the 16 km long Øresund 

bridge, which connects Copenhagen on Zealand to Malmö in Sweden. However, Denmark 

and continental Europe have been connected to the Scandinavian peninsula at several 

points in time after the last glacial maximum (LGM), by temporary land bridges that formed 

between glacial retreats and advances of the southernmost areas of Scandinavia (Jaarola 

et al., 1999). For instance, the first land bridge after the LGM was formed 14 000 years 

ago, and the final land bridge was closed 8 200 years ago by the formation of the Øresund 

strait (Jaarola et al., 1999). A possible explanation for the observations regarding genetic 

differentiation between Danish islands, and distance between Denmark and the 

Scandinavian peninsula, could therefore be that bodies of water, straits, and fjords 

represent a barrier not easily traversed by the red fox. For instance, rivers have been 

suggested as a barrier to gene flow between red fox populations located between the 

Eastern and Dinaric Alps (Zecchin et al., 2019; but see Galov et al., 2014). Similar 

examples have been found in other taxa. For instance, sea lochs limit gene flow in red deer 

(Cervus elaphus) in the Scottish highlands (Perez-Espona et al., 2008), and mainland and 

island grey wolves (Canis lupus) in British Colombia show genetic differentiation even 

though they are capable swimmers (Stronen et al., 2014). Palo et al. (2004) even 

discovered a similar pattern in common frogs (Rana temporaria) to that of the red foxes 

on Jutland and Zealand; a relatively large genetic differentiation when compared to 

geographic distance, along with lower genetic diversity within Zealand relative to Jutland. 

Palo et al. (2004) explain these patterns by ocean barriers, phylogeographical structuring, 

and gene flow between individuals on Jutland and mainland Europe. In the case of the red 

foxes, the patterns seen on Jutland and Zealand should however be interpreted with care 

as a small number of individuals was involved in this observation. Although the genetic 

4 Discussion 
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differentiation between Southern Sweden and Denmark is relatively larger than the genetic 

distance between e.g. Southern Sweden and Southern Norway, it is important to note that 

the pairwise FST-values obtained are in general small. It therefore seems unlikely that the 

straits represent a perfect barrier. The relatively larger FST-values for Denmark could 

indicate that marine barriers, such as straits, provide higher landscape resistance than 

what is generally experienced by red foxes on the Scandinavian peninsula. This could play 

a part in why watersheds within Norway and Sweden cluster close together, while they 

cluster relatively far from watersheds in Denmark in the PCA plot (Supplementary Figure 

13). However, it is important to note that the array used in the SNP genotyping was 

developed using Norwegian samples. The observed genetic differentiation, at least what is 

attributable to differences in heterozygosity, could therefore be due to ascertainment bias. 

4.2 Phylogeographical history 

The dominance of either a northern (A) or southern (B) ancestry in the Norwegian and 

Swedish individuals (Figure 1 and Supplementary Figure 4), and the division of these at 

about 65N (Figure 3 and Supplementary Figure 6), may reflect phylogeographical history. 

This is in accordance with Wallén et al. (2018), whose findings suggest that the 

Fennoscandian red fox population consists of at least two lineages, divided between 

southern and northern areas, which were recolonised following retreat of the LGM from 

southern and eastern refugia respectively. Migration from southern refugia would be 

possible through the land bridges previously mentioned. However, other phylogeographical 

studies have indicated that red foxes may have been present across Europe throughout 

the last glaciation (Edwards et al., 2012), while others did not find evidence of 

phylogeographical structuring of populations at all (Teacher et al., 2011). Bidirectional 

recolonisation routes and contact zones on the Scandinavian peninsula have been 

suggested for several species; for instance the European pine marten (Martes martes) 

(Ruiz-Gonzalez et al., 2013), the common shrew (Sorex araneus) (Lundqvist et al., 2011), 

the field vole (Microtus agrestis) (Jaarola and Searle, 2002; Herman et al., 2014), the 

common European adder (Vipera berus) (Carlsson et al., 2004), the common frog (Rana 

temporaria) (Palo et al., 2004), and the moor frog (Rana arvalis) (Knopp and Merila, 2009). 

Hence, the division of Scandinavian red foxes into a southern and northern group is in line 

with phylogeographical studies on several other species in Scandinavia. 

4.3 Dispersal and range expansion 

I did not detect any SNPs significantly associated with level of 3D distance. It therefore 

appears unlikely that a single or a few large-effect genes mediate a phenotype that makes 

red foxes relatively better adapted for dispersal to and colonisation of high elevational and 

northern areas. In another canine, the coyote, Heppenheimer et al. (2018) found candidate 

genes under selection in two expansion fronts in Eastern North America, among which were 

three genes considered to be related to dispersal. There are examples also from other taxa, 

in which loci have been detected to be under selection following range expansion, including 

mammals (White et al., 2013), tunicates (Chen et al., 2018), and insects (Buckley et al., 

2012; Swaegers et al., 2015). Dispersal is in itself a complex trait, and although there are 

examples of dispersal being determined by large-effect genes, multiple small-effect genes 

are probably responsible most of the time when dispersal has a genetic basis 

(Saastamoinen et al., 2018). Additionally, dispersal at the local scale may be influenced 

by social interactions, although this has little effect on dispersal on regional scales (Walton 

et al., 2021). Phenotypes which are advantageous for expansion in the red fox may to 

some degree be determined genetically, however, there may be other sources of variance 
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not explained by genotypes that account for most of the variation observed in phenotypes, 

such as environmental variation or phenotypic plasticity (Gienapp et al., 2008). Previous 

studies have suggested further range expansion in the red fox due to future climate 

warming (Elmhagen et al., 2015; Elmhagen et al., 2017), especially due to change in snow 

conditions (Gomo et al., 2020). Gallant et al. (2020) found previous range expansion by 

the red fox in the Canadian arctic to be driven by northwards expansion of human 

settlements, and less so by climate change. Food waste associated with human settlements 

was highlighted as the most important factor (Gallant et al., 2020). Similarly, highways 

and littering have been linked to expansion in the red fox in Fennoscandia (Rød-Eriksen et 

al., 2020). Range expansion in the red fox might therefore occur due to ecological release 

as a consequence of the complicated interplay of human impacts, climate warming, and 

increased productivity in alpine areas, and may not be attributable to changes in allele 

frequencies. 

4.4 Risk of emerging infectious diseases 

There appeared to be good connectivity between watersheds within Norway and Sweden. 

The FST-values previously discussed also imply that there is gene flow across the 

Scandinavian peninsula. These findings suggest no strong landscape barriers between 

Norway and Sweden, except for the branching of the Scandinavian peninsula into 

southernmost Norway and Sweden. However, these areas are still very genetically similar 

judging by the FST-values. Hagenlund et al. (2019) argue that there is indeed high levels 

of gene flow, and being barely genetically distinguishable, Norwegian and Swedish red 

foxes can be considered part of the same population. Due to the often complicated 

relationship between the landscape, gene flow, and pathogen spread, the genetic structure 

of the host species is often best fit to provide a qualitative measure of spread risk, rather 

than a quantitative, through providing hints towards the pathogen's likely routes across 

the landscape (Biek and Real, 2010). 

Owing to the straits that separate Denmark from the Scandinavian peninsula, spread of 

parasites and pathogens to Norway appear more likely westwards from Sweden than 

northwards from Denmark. Although present in Sweden, E. multilocularis is far from 

widespread, having only been detected in a handful of southern counties (National 

Veterinary Institute (SVA), 2021). Given that geographic distance seems to determine 

some of the genetic structure, it is likely that the Swedish and Norwegian counties in closest 

proximity to areas of E. multilocularis occurrence face the largest invasion risk. Wahlström 

et al. (2015) argue that it is likely that E. multilocularis will spread to Norway, as well as 

to Finland. This may seem likely given the low genetic differentiation seen here, and signals 

of low genetic differentiation on Fennoscandian scale (Norén et al., 2015), but with no red 

fox samples from Finland included here, any speculation about invasion risk for Finland is 

beyond the scope of this thesis. I also recognise that this study would benefit from better 

coverage in Sweden with a higher number of individuals, especially in central Sweden. 

The potential for spread of E. multilocularis will not only be dependent on red foxes or 

other definitive hosts, but also on the presence, density, and identity of intermediate hosts, 

as there is evidence for variation in parasite susceptibility in different intermediate hosts 

(Miller et al., 2017). Individual contact rates in red foxes vary with season, sex, and social 

status of the individual, and a better understanding of social groups will be important in 

management of other pathogens that spread through contact between individuals (Dorning 

and Harris, 2019). Spread of wildlife disease can have detrimental impacts on public health, 

domestic animals, and can even lead to endangerment of wildlife populations (Macphee 
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and Greenwood, 2013). Potential future outbreaks of sarcoptic mange is for instance a 

concern for the conservation of the Scandinavian arctic fox (Eide et al., 2017). Examples 

from other wild canine populations have shown that wildlife disease can have severe 

impacts. For instance, an outbreak of sarcoptic mange in Scandinavia lead to high mortality 

and rapid decrease in the red fox population, as was seen in Sweden (Willebrand et al., 

2022). Similarly, outbreaks of rabies virus have been known to cause increased mortality 

in endangered Ethiopian wolf (Canis simensis) populations at several times in the past 

(Randall et al., 2004; Marino et al., 2017), and an outbreak of canine distemper virus 

caused high mortality in a pack of endangered African wild dogs (Lyacon pictus) in the 

Serengeti ecosystem (Goller et al., 2010). Owing to the weak genetic structure observed 

in Scandinavian red foxes, the red fox represent a vessel for pathogen spread, and a 

species highly relevant for public health and wildlife conservation. 
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In this study I have demonstrated that there is weak genetic structure in the Scandinavian 

red fox, in line with previous literature on the species in Europe. The genetic structure 

implied high gene flow and good connectivity across Scandinavia. This leads to the 

conclusion that the red fox represents an important invasion pathway for pathogens across 

Scandinavia. However, there were indications that waterbodies, to some degree, function 

as barriers to gene flow. An interesting subject for future studies would therefore be the 

genetic structure of the red fox and its relation to landscape resistance on a more detailed 

level. From the ecological association analysis, it seemed unlikely that a potentially 

beneficial phenotype in high elevational and northern areas is mediated by a few large-

effect genes, and it might be that range expansion in the red fox is mainly or fully driven 

by environmental change and human impacts, as earlier studies have suggested. Through 

its role as a host species for emerging infectious diseases, and the weak genetic structure 

seen across Scandinavia, the red fox remains a species highly relevant in the context of 

public health and for the management and conservation of Scandinavian fauna.

5 Conclusions and future prospects 



 30 

  



 31 

References 
Aguirre-Liguori, J. A., Ramirez-Barahona, S. & Gaut, B. S. 2021. The evolutionary genomics 

of species' responses to climate change. Nat Ecol Evol, 5, 1350-1360. doi:10.1038/ 
s41559-021-01526-9 

Angerbjörn, A. & Tannerfeldt, M. 2014. Vulpes lagopus. The IUCN Red List of Threatened 
Species 2014. doi:10.2305/IUCN.UK.2014-2.RLTS.T899A57549321.en 

Basto, M. P., Santos-Reis, M., Simoes, L., Grilo, C., Cardoso, L., Cortes, H., Bruford, M. W. 

& Fernandes, C. 2016. Assessing Genetic Structure in Common but Ecologically 
Distinct Carnivores: The Stone Marten and Red Fox. Plos One, 11. doi:10.1371/ 

journal.pone.0145165 

Biek, R. & Real, L. A. 2010. The landscape genetics of infectious disease emergence and 
spread. Mol Ecol, 19, 3515-31. doi:10.1111/j.1365-294X.2010.04679.x 

Bubac, C. M. & Spellman, G. M. 2016. How connectivity shapes genetic structure during 
range expansion: Insights from the Virginia's Warbler. Auk, 133, 213-230. doi: 

10.1642/Auk-15-124.1 

Buckley, J., Butlin, R. K. & Bridle, J. R. 2012. Evidence for evolutionary change associated 
with the recent range expansion of the British butterfly, Aricia agestis, in response 

to climate change. Mol Ecol, 21, 267-80. doi:10.1111/j.1365-294X.2011.05388.x 
Carlsson, M., Soderberg, L. & Tegelstrom, H. 2004. The genetic structure of adders (Vipera 

berus) in Fennoscandia: congruence between different kinds of genetic markers. 

Mol Ecol, 13, 3147-3152. doi:10.1111/j.1365-294X.2004.02315.x 
Chang, C. C., Chow, C. C., Tellier, L. C., Vattikuti, S., Purcell, S. M. & Lee, J. J. 2015. 

Second-generation PLINK: rising to the challenge of larger and richer datasets. 

GigaScience, 4, 7. doi:10.1186/s13742-015-0047-8 
Chen, Y., Shenkar, N., Ni, P., Lin, Y., Li, S. & Zhan, A. 2018. Rapid microevolution during 

recent range expansion to harsh environments. BMC Evol Biol, 18, 187. doi: 
10.1186/s12862-018-1311-1 

Clobert, J., Le Galliard, J. F., Cote, J., Meylan, S. & Massot, M. 2009. Informed dispersal, 

heterogeneity in animal dispersal syndromes and the dynamics of spatially 
structured populations. Ecol Lett, 12, 197-209. doi:10.1111/j.1461-0248. 

2008.01267.x 
Cote, H., Garant, D., Robert, K., Mainguy, J. & Pelletier, F. 2012. Genetic structure and 

rabies spread potential in raccoons: the role of landscape barriers and sex-biased 

dispersal. Evol Appl, 5, 393-404. doi:10.1111/j.1752-4571.2012.00238.x 
Cote, J., Fogarty, S., Weinersmith, K., Brodin, T. & Sih, A. 2010. Personality traits and 

dispersal tendency in the invasive mosquitofish (Gambusia affinis). P Roy Soc B-
Biol Sci, 277, 1571-1579. doi:10.1098/rspb.2009.2128 

Davey, C. M., Chamberlain, D. E., Newson, S. E., Noble, D. G. & Johnston, A. 2012. Rise 

of the generalists: evidence for climate driven homogenization in avian 
communities. Global Ecol Biogeogr, 21, 568-578. doi:10.1111/j.1466-8238.2011. 

00693.x 

Dorning, J. & Harris, S. 2019. Individual and seasonal variation in contact rate, connectivity 
and centrality in red fox (Vulpes vulpes) social groups. Sci Rep, 9. doi:10.1038/ 

s41598-019-56713-3 
Duckworth, R. A. & Kruuk, L. E. B. 2009. Evolution of Genetic Integration between 

Dispersal and Colonization Ability in a Bird. Evolution, 63, 968-977. doi:10.1111/ 

j.1558-5646.2009.00625.x 
Earl, D. A. & Vonholdt, B. M. 2012. STRUCTURE HARVESTER: a website and program for 

visualizing STRUCTURE output and implementing the Evanno method. Conserv 
Genet Resour, 4, 359-361. doi:10.1007/s12686-011-9548-7 

Eckert, J. & Deplazes, P. 2004. Biological, epidemiological, and clinical aspects of 

echinococcosis, a zoonosis of increasing concern. Clin Microbiol Rev, 17, 107-35. 
doi:10.1128/cmr.17.1.107-135.2004 

Edwards, C. J., Soulsbury, C. D., Statham, M. J., Ho, S. Y., Wall, D., Dolf, G., Iossa, G., 

Baker, P. J., Harris, S., Sacks, B. N. & Bradley, D. G. 2012. Temporal genetic 



 32 

variation of the red fox, Vulpes vulpes, across western Europe and the British Isles. 

Quat Sci Rev, 57, 95-104. doi:10.1016/j.quascirev.2012.10.010 
EFSA & Zancanaro, G. 2021. Annual assessment of Echinococcus multilocularis surveillance 

reports submitted in 2021 in the context of Commission Delegated Regulation (EU) 

2018/772. EFSA J, 19, e06945. doi:10.2903/j.efsa.2021.6945 
Eide, N. E. 2015. Rødrev Vulpes vulpes (Linnaeus, 1758). Artsdatabanken. Available: 

https://artsdatabanken.no/Pages/180936. 

Eide, N. E., Elmhagen, B., Norén, K., Killengreen, S. T., Wallén, J. F., Ulvund, K., Landa, 
A., Ims, R. A., Flagstad, Ø., Ehrich, D. & A, A. 2017. Norwegian-Swedish action plan 

for the arctic fox (Vulpes lagopus), 2017-2021. Rapport M-794 | 2017. 
Miljødirektoratet. 

Eldegard, K., Syvertsen, P., Bjørge, A., Kovacs, K., Støen, O.-G. & van der Kooij, J. 2021. 

Pattedyr: Vurdering av fjellrev Vulpes lagopus for Norge. Norsk rødliste for arter 
2021. Artsdatabanken. 

Elmhagen, B., Berteaux, D., Burgess, R. M., Ehrich, D., Gallant, D., Henttonen, H., Ims, 
R. A., Killengreen, S. T., Niemimaa, J., Norén, K., Ollila, T., Rodnikova, A., Sokolov, 

A. A., Sokolova, N. A., Stickney, A. A. & Angerbjorn, A. 2017. Homage to 

Hersteinsson and Macdonald: climate warming and resource subsidies cause red 
fox range expansion and Arctic fox decline. Polar Res, 36. doi:10.1080/ 

17518369.2017.1319109 
Elmhagen, B., Kindberg, J., Hellstrom, P. & Angerbjorn, A. 2015. A boreal invasion in 

response to climate change? Range shifts and community effects in the borderland 

between forest and tundra. Ambio, 44 Suppl 1, S39-50. doi:10.1007/s13280-014-
0606-8 

Enemark, H. L. & Nielsen, H. V. 2012. Fox tapeworm in Denmark: New status. EPI-NEWS. 

Statens Serum Institut, No 19. Available: https://en.ssi.dk/-/media/arkiv/ 
uk/news/epi-news/2012/pdf/epi-news---2012---no-19.pdf?la=en. 

Epps, C. W., Palsboll, P. J., Wehausen, J. D., Roderick, G. K., Ramey, R. R. & McCullough, 
D. R. 2005. Highways block gene flow and cause a rapid decline in genetic diversity 

of desert bighorn sheep. Ecol Lett, 8, 1029-1038. doi:10.1111/j.1461-0248. 

2005.00804.x 
European Environment Agency. 2011. WISE River basin districts (RBDs). Available: 

https://www.eea.europa.eu/data-and-maps/data/wise-river-basin-districts-rbds-
1. 

Evanno, G., Regnaut, S. & Goudet, J. 2005. Detecting the number of clusters of individuals 

using the software STRUCTURE: a simulation study. Mol Ecol, 14, 2611-2620. doi: 
10.1111/j.1365-294X.2005.02553.x 

Falush, D., Stephens, M. & Pritchard, J. K. 2003. Inference of population structure using 

multilocus genotype data: Linked loci and correlated allele frequencies. Genetics, 
164, 1567-1587. doi:10.1093/genetics/164.4.1567 

Fountain-Jones, N. M., Kraberger, S., Gagne, R. B., Trumbo, D. R., Salerno, P. E., Chris 
Funk, W., Crooks, K., Biek, R., Alldredge, M., Logan, K., Baele, G., Dellicour, S., 

Ernest, H. B., VandeWoude, S., Carver, S. & Craft, M. E. 2021. Host relatedness 

and landscape connectivity shape pathogen spread in the puma, a large secretive 
carnivore. Commun Biol, 4, 12. doi:10.1038/s42003-020-01548-2 

François, O. 2016. Running Structure-like Population Genetic Analyses with R. R Tutorials 
in Population Genetics. Available: http://membres-timc.imag.fr/Olivier.Francois/ 

tutoRstructure.pdf. 

Frichot, E. & François, O. 2015a. LEA: An R package for landscape and ecological 
association studies. Methods Ecol Evol, 6, 925-929. doi:10.1111/2041-210x.12382 

Frichot, E. & François, O. 2015b. LEA: An R Package for Landscape and Ecological 
Association Studies. R package Vignette. Available: https://bioconductor.org/ 

packages/release/bioc/vignettes/LEA/inst/doc/LEA.pdf. 

Fuglei, E. & Tarroux, A. 2019. Arctic fox dispersal from Svalbard to Canada: one female's 
long run across sea ice. Polar Res, 38. doi:10.33265/polar.v38.3512 

Gallant, D., Lecomte, N. & Berteaux, D. 2020. Disentangling the relative influences of 

global drivers of change in biodiversity: A study of the twentieth-century red fox 

https://en.ssi.dk/-/media/arkiv/uk/news/epi-news/2012/pdf/epi-news---2012---no-19.pdf?la=en
https://en.ssi.dk/-/media/arkiv/uk/news/epi-news/2012/pdf/epi-news---2012---no-19.pdf?la=en
https://www.eea.europa.eu/data-and-maps/data/wise-river-basin-districts-rbds-1
https://www.eea.europa.eu/data-and-maps/data/wise-river-basin-districts-rbds-1


 33 

expansion into the Canadian Arctic. J Anim Ecol, 89, 565-576. doi:10.1111/1365-

2656.13090 
Galov, A., Sindicic, M., Andreanszky, T., Curkovic, S., Dezdek, D., Slavica, A., Hartl, G. B. 

& Krueger, B. 2014. High genetic diversity and low population structure in red foxes 

(Vulpes vulpes) from Croatia. Mamm Biol, 79, 77-80. doi:10.1016/ 
j.mambio.2013.10.003 

Gienapp, P., Teplitsky, C., Alho, J. S., Mills, J. A. & Merila, J. 2008. Climate change and 

evolution: disentangling environmental and genetic responses. Mol Ecol, 17, 167-
78. doi:10.1111/j.1365-294X.2007.03413.x 

Goller, K. V., Fyumagwa, R. D., Nikolin, V., East, M. L., Kilewo, M., Speck, S., Muller, T., 
Matzke, M. & Wibbelt, G. 2010. Fatal canine distemper infection in a pack of African 

wild dogs in the Serengeti ecosystem, Tanzania. Vet Microbiol, 146, 245-52. 

doi:10.1016/j.vetmic.2010.05.018 
Goltsman, M., Kruchenkova, E. P., Sergeev, S., Volodin, I. & Macdonald, D. W. 2005. 

'Island syndrome' in a population of Arctic foxes (Alopex lagopus) from Mednyi 
Island. J Zool, 267, 405-418. doi:10.1017/S0952836905007557 

Gomo, G., Rod-Eriksen, L., Andreassen, H. P., Mattisson, J., Odden, M., Devineau, O. & 

Eide, N. E. 2020. Scavenger community structure along an environmental gradient 
from boreal forest to alpine tundra in Scandinavia. Ecol Evol, 10, 12860-12869. 

doi:10.1002/ece3.6834 
Goudet, J. & Jombart, T. 2020. hierfstat: Estimation and Tests of Hierarchical F-Statistics. 

R package version 0.5-7.  

Hagenlund, M., Linlokken, A., Ostbye, K., Walton, Z., Odden, M., Samelius, G., Willebrand, 
T. & Wilson, R. 2019. Genetic Structure and Gene Flow in Red Foxes (Vulpes vulpes) 

in Scandinavia: Implications for the Potential Future Spread of Echinococcus 

multilocularis Tapeworm. Appl Sci, 9. doi:10.3390/app9245289 
Hamnes, I. S., Henriksen, K., Madslien, K., Øines, Ø. & Er, C. 2021. The surveillance 

programme for Echinococcus multilocularis in red foxes (Vulpes vulpes) in Norway 
2020. Surveillance program report. Norwegian Veterinary Institute  

Henden, J. A., Ehrich, D., Soininen, E. M. & Ims, R. A. 2021. Accounting for food web 

dynamics when assessing the impact of mesopredator control on declining prey 
populations. J Appl Ecol, 58, 104-113. doi:10.1111/1365-2664.13793 

Henttonen, H., Fuglei, E., Gower, C. N., Haukisalmi, V., Ims, R. A., Niemimaa, J. & Yoccoz, 
N. G. 2001. Echinococcus multilocularis on Svalbard: introduction of an 

intermediate host has enabled the local life-cycle. Parasitology, 123, 547-52. 

doi:10.1017/s0031182001008800 
Heppenheimer, E., Brzeski, K. E., Hinton, J. W., Patterson, B. R., Rutledge, L. Y., DeCandia, 

A. L., Wheeldon, T., Fain, S. R., Hohenlohe, P. A., Kays, R., White, B. N., 

Chamberlain, M. J. & vonHoldt, B. M. 2018. High genomic diversity and candidate 
genes under selection associated with range expansion in eastern coyote (Canis 

latrans) populations. Ecol Evol, 8, 12641-12655. doi:10.1002/ece3.4688 
Herman, J. S., McDevitt, A. D., Kawalko, A., Jaarola, M., Wojcik, J. M. & Searle, J. B. 2014. 

Land-bridge calibration of molecular clocks and the post-glacial Colonization of 

Scandinavia by the Eurasian field vole Microtus agrestis. PLoS One, 9, e103949. 
doi:10.1371/journal.pone.0103949 

Hersteinsson, P., Landa, A., Eide, N. E., Linell, J. D. C., Henttonnen, H., Tikhonov, A. & 
Angerbjörn, A. 2007. Vulpes lagopus. The IUCN Red List of Threatened Species 

2007. Available: https://www.iucnredlist.org/species/899/13090095. 

Hersteinsson, P. & Macdonald, D. W. 1992. Interspecific Competition and the Geographical-
Distribution of Red and Arctic Foxes Vulpes-Vulpes and Alopex-Lagopus. Oikos, 64, 

505-515. doi:Doi 10.2307/3545168 
Hodzic, A., Alic, A., Fuehrer, H. P., Harl, J., Wille-Piazzai, W. & Duscher, G. G. 2015. A 

molecular survey of vector-borne pathogens in red foxes (Vulpes vulpes) from 

Bosnia and Herzegovina. Parasit Vectors, 8, 88. doi:10.1186/s13071-015-0692-x 
Hoffmann, M. & Sillero-Zubiri, C. 2016. Vulpes vulpes. The IUCN Red List of Threatened 

Species 2016. IUCN. 

https://www.iucnredlist.org/species/899/13090095


 34 

Holmala, K. & Kauhala, K. 2006. Ecology of wildlife rabies in Europe. Mamm Rev, 36, 17-

36. doi:DOI 10.1111/j.1365-2907.2006.00078.x 
Ims, R. A., Killengreen, S. T., Ehrich, D., Flagstad, O., Hamel, S., Henden, J. A., Jensvoll, 

I. & Yoccoz, N. G. 2017. Ecosystem drivers of an Arctic fox population at the western 

fringe of the Eurasian Arctic. Polar Res, 36. doi:10.1080/17518369.2017.1323621 
Jaarola, M. & Searle, J. B. 2002. Phylogeography of field voles (Microtus agrestis) in Eurasia 

inferred from mitochondrial DNA sequences. Mol Ecol, 11, 2613-21. 

doi:10.1046/j.1365-294x.2002.01639.x 
Jaarola, M., Tegelstrom, H. & Fredga, K. 1999. Colonization history in Fennoscandian 

rodents. Biol J Linn Soc, 68, 113-127. doi:10.1111/j.1095-8312.1999.tb01161.x 
Jaffe, R., Veiga, J. C., Pope, N. S., Lanes, E. C. M., Carvalho, C. S., Alves, R., Andrade, S. 

C. S., Arias, M. C., Bonatti, V., Carvalho, A. T., de Castro, M. S., Contrera, F. A. L., 

Francoy, T. M., Freitas, B. M., Giannini, T. C., Hrncir, M., Martins, C. F., Oliveira, 
G., Saraiva, A. M., Souza, B. A. & Imperatriz-Fonseca, V. L. 2019. Landscape 

genomics to the rescue of a tropical bee threatened by habitat loss and climate 
change. Evol Appl, 12, 1164-1177. doi:10.1111/eva.12794 

Jones, P. H. & Britten, H. B. 2010. The absence of concordant population genetic structure 

in the black-tailed prairie dog and the flea, Oropsylla hirsuta, with implications for 
the spread of Yersinia pestis. Mol Ecol, 19, 2038-2049. doi:10.1111/j.1365-

294X.2010.04634.x 
Kaikusalo, A. & Angerbjorn, A. 1995. The Arctic Fox Population in Finnish Lapland during 

30 Years, 1964-93. Ann Zool Fenn, 32. Available: http://www.jstor.org/stable/ 

23735565. 
Kapel, C. & Saeed, I. 2000. Echinococcus multiocularis: en ny zoonotisk parasit i Danmark. 

Dansk Veterinærtidsskrift, 83, 14-16.  

Kern, P., Bardonnet, K., Renner, E., Auer, H., Pawlowski, Z., Ammann, R. W., Vuitton, D. 
A., Kern, P. & European Echinococcosis, R. 2003. European echinococcosis registry: 

human alveolar echinococcosis, Europe, 1982-2000. Emerg Infect Dis, 9, 343-9. 
doi:10.3201/eid0903.020341 

Knopp, T. & Merila, J. 2009. The postglacial recolonization of Northern Europe by Rana 

arvalis as revealed by microsatellite and mitochondrial DNA analyses. Heredity, 
102, 174-181. doi:10.1038/hdy.2008.91 

Linnell, J. D. C., Landa, A., Andersen, R., Strand, O., Eide, N., van Dijk, J. & May, R. 2004. 
Captive-breeding, population supplementation and reintroduction as tools to 

conserve endangered arctic fox populations in Norway: detailed proposal and 

progress 2001-2004. Oppdragsmelding 825. Trondheim: Norwegian Istitute for 
Nature Research. 

Linnell, J. D. C., Strand, O. & Landa, A. 1999a. Use of dens by red Vulpes vulpes and arctic 

Alopex lagopus foxes in alpine environments: Can inter-specific competition explain 
the non-recovery of Norwegian arctic fox populations? Wildlife Biol, 5, 167-176. 

doi:10.2981/wlb.1999.021 
Linnell, J. D. C., Strand, O., Loison, A., Solberg, E. J. & Jordhøy, P. 1999b. Har fjellreven 

en framtid i Norge? Statusrapport og forslag til forvaltningsplan. NINA 

Oppdragsmeldning 575. NINA/NIKU. 
Liukko, U.-M., Henttonen, H., Kauhala, K., Kojola, I., Kyheröinen, E.-M. & Pitkänen, J. 

2019. Mammals Mammalia. In: Hyvärinen, E., Juslén, A., Kemppainen, E., 
Uddström, A. & Liukko, U. M. (eds.) The 2019 Red List of Finnish Species. Helsinki: 

Ministry of the Environment & Finnish Environment Institute. 

Lundqvist, A. C., Alstrom-Rapaport, C. & Tegelstrom, H. 2011. Fennoscandian 
phylogeography of the common shrew Sorex araneus. Postglacial recolonisation-

combining information from chromosomal variation with mitochondrial DNA data. 
Acta Theriol, 56, 103-116. doi:10.1007/s13364-010-0022-9 

Macdonald, D. W. & Sillero-Zubiri, C. 2004. Dramatis personae. In: Macdonald, D. W. & 

Sillero-Zubiri, C. (eds.) The Biology and Conservation of Wild Canids. New York: 
Oxford University Press. 

Macphee, R. D. & Greenwood, A. D. 2013. Infectious disease, endangerment, and 

extinction. Int J Evol Biol, 2013, 571939. doi:10.1155/2013/571939 



 35 

Main, M. T., Davis, R. A., Blake, D., Mills, H. & Doherty, T. S. 2020. Human impact overrides 

bioclimatic drivers of red fox home range size globally. Divers Distrib, 26, 1083-
1092. doi:10.1111/ddi.13115 

Manel, S. & Holderegger, R. 2013. Ten years of landscape genetics. Trends Ecol Evol, 28, 

614-21. doi:10.1016/j.tree.2013.05.012 
Marino, J., Sillero-Zubiri, C., Deressa, A., Bedin, E., Bitewa, A., Lema, F., Rskay, G., 

Banyard, A. & Fooks, A. R. 2017. Rabies and Distemper Outbreaks in Smallest 

Ethiopian Wolf Population. Emerg Infect Dis, 23, 2102-2104. doi:10.3201/ 
eid2312.170893 

Michelangeli, M., Smith, C. R., Wong, B. B. M. & Chapple, D. G. 2017. Aggression mediates 
dispersal tendency in an invasive lizard. Anim Behav, 133, 29-34. doi:10.1016/ 

j.anbehav.2017.08.027 

Miller, A. L., Olsson, G. E., Sollenberg, S., Walburg, M. R., Skarin, M. & Hoglund, J. 2017. 
Transmission ecology of taeniid larval cestodes in rodents in Sweden, a low endemic 

area for Echinococcus multilocularis. Parasitology, 144, 1041-1051. doi:10.1017/ 
S0031182017000257 

National Veterinary Institute (SVA) 2021. Surveillance of infectious diseases in animals and 

humans in Sweden 2020. Uppsala, Sweden: SVA. 
Norén, K., Angerbjörn, A., Wallén, J., Meijer, T. & Sacks, B. N. 2017. Red foxes colonizing 

the tundra: genetic analysis as a tool for population management. Conserv Genet, 
18, 359-370. doi:10.1007/s10592-016-0910-x 

Norén, K., Statham, M. J., Ågren, E. O., Isomursu, M., Flagstad, Ø., Eide, N. E., Berg, T. 
B. G., Bech‐Sanderhoff, L. & Sacks, B. N. 2015. Genetic footprints reveal geographic 

patterns of expansion in Fennoscandian red foxes. Glob Chang Biol, 21, 3299-3312. 
doi:10.1111/gcb.12922 

O´Riain, M. J., Jarvis, J. U. M. & Faulkes, C. G. 1996. A dispersive morph in the naked 

mole-rat. Nature, 380, 619-621. doi:DOI 10.1038/380619a0 
Osterman Lind, E., Juremalm, M., Christensson, D., Widgren, S., Hallgren, G., Agren, E. 

O., Uhlhorn, H., Lindberg, A., Cedersmyg, M. & Wahlström, H. 2011. First detection 
of Echinococcus multilocularis in Sweden, February to March 2011. Euro Surveill, 

16. doi:10.2807/ese.16.14.19836-en 

Palo, J. U., Schmeller, D. S., Laurila, A., Primmer, C. R., Kuzmin, S. L. & Merila, J. 2004. 
High degree of population subdivision in a widespread amphibian. Mol Ecol, 13, 

2631-44. doi:10.1111/j.1365-294X.2004.02269.x 

Perez-Espona, S., Perez-Barberia, F. J., Mcleod, J. E., Jiggins, C. D., Gordon, I. J. & 
Pemberton, J. M. 2008. Landscape features affect gene flow of Scottish Highland 

red deer (Cervus elaphus). Mol Ecol, 17, 981-996. doi:10.1111/j.1365-294X. 
2007.03629.x 

Petersen, H. H., Al-Sabi, M. N. S., Enemark, H. L., Kapel, C. M. O., Jorgensen, J. A. & 

Chriel, M. 2018. Echinococcus multilocularis in Denmark 2012-2015: high local 
prevalence in red foxes. Parasitol Res, 117, 2577-2584. doi:10.1007/s00436-018-

5947-y 
Pisano, S. R. R., Zimmermann, F., Rossi, L., Capt, S., Akdesir, E., Burki, R., Kunz, F., 

Origgi, F. C. & Ryser-Degiorgis, M. P. 2019. Spatiotemporal spread of sarcoptic 

mange in the red fox (Vulpes vulpes) in Switzerland over more than 60 years: 
lessons learnt from comparative analysis of multiple surveillance tools. Parasit 

Vectors, 12. doi:10.1186/s13071-019-3762-7 

Pritchard, J. K., Stephens, M. & Donnelly, P. 2000. Inference of population structure using 
multilocus genotype data. Genetics, 155, 945-959. doi:10.1093/genetics/ 

155.2.945 
Purcell, S. & Chang, C. 2020. PLINK v1.90b6.21. Available: www.cog-genomics.org/plink/ 

1.9/. 

R Core Team 2020. R: A Language and Environment for Statistical Computing. Vienna: R 
Foundation for Statistical Computing. 

Randall, D. A., Williams, S. D., Kuzmin, I. V., Rupprecht, C. E., Tallents, L. A., Tefera, Z., 
Argaw, K., Shiferaw, F., Knobel, D. L., Sillero-Zubiri, C. & Laurenson, M. K. 2004. 



 36 

Rabies in endangered Ethiopian wolves. Emerg Infect Dis, 10, 2214-7. doi:10.3201/ 

eid1012.040080 
Rioux Paquette, S., Talbot, B., Garant, D., Mainguy, J. & Pelletier, F. 2014. Modelling the 

dispersal of the two main hosts of the raccoon rabies variant in heterogeneous 

environments with landscape genetics. Evol Appl, 7, 734-49. doi:10.1111/ 
eva.12161 

Rød-Eriksen, L., Skrutvold, J., Herfindal, I., Jensen, H. & Eide, N. E. 2020. Highways 

associated with expansion of boreal scavengers into the alpine tundra of 
Fennoscandia. J Appl Ecol. doi:10.1111/1365-2664.13668 

Rstudio Team 2016. RStudio: Integrated Development for R. Boston: Rstudio, Inc. 
Ruegg, K., Bay, R. A., Anderson, E. C., Saracco, J. F., Harrigan, R. J., Whitfield, M., Paxton, 

E. H. & Smith, T. B. 2018. Ecological genomics predicts climate vulnerability in an 

endangered southwestern songbird. Ecol Lett, 21, 1085-1096. doi:10.1111/ 
ele.12977 

Ruiz-Gonzalez, A., Madeira, M. J., Randi, E., Abramov, A. V., Davoli, F. & Gomez-Moliner, 
B. J. 2013. Phylogeography of the forest-dwelling European pine marten (Martes 

martes): new insights into cryptic northern glacial refugia. Biol J Linn Soc, 109, 1-

18. doi:10.1111/bij.12046 
Saastamoinen, M., Bocedi, G., Cote, J., Legrand, D., Guillaume, F., Wheat, C. W., 

Fronhofer, E. A., Garcia, C., Henry, R., Husby, A., Baguette, M., Bonte, D., Coulon, 
A., Kokko, H., Matthysen, E., Niitepold, K., Nonaka, E., Stevens, V. M., Travis, J. 

M. J., Donohue, K., Bullock, J. M. & Del Mar Delgado, M. 2018. Genetics of dispersal. 

Biol Rev Camb Philos Soc, 93, 574-599. doi:10.1111/brv.12356 
Schwartz, M. K., Luikart, G., McKelvey, K. S. & Cushman, S. A. 2010. Landscape Genomics: 

A Brief Perspective. In: Cushman, S. A. & Huettman, F. (eds.) Spatial Complexity, 

Informatics and Wildlife Conservation. Springer. 
Schweizer, R. M., vonHoldt, B. M., Harrigan, R., Knowles, J. C., Musiani, M., Coltman, D., 

Novembre, J. & Wayne, R. K. 2016. Genetic subdivision and candidate genes under 
selection in North American grey wolves. Mol Ecol, 25, 380-402. doi:10.1111/ 

mec.13364 

Selås, V. & Vik, J. O. 2006. Possible impact of snow depth and ungulate carcasses on red 
fox (Vulpes vulpes) populations in Norway, 1897-1976. J Zool, 269, 299-308. 

doi:10.1111/j.1469-7998.2006.00048.x 
Selås, V. & Vik, J. O. 2007. The arctic fox Alopex lagopus in Fennoscandia: a victim of 

human-induced changes in interspecific competition and predation? Biodivers 

Conserv, 16, 3575-3583. doi:10.1007/s10531-006-9118-6 
Sillero-Zubiri, C. 2009. Family Canidae (Dogs). In: Wilson, D. E. & Mittermeier, R. A. (eds.) 

Handbook of the Mammals of the World. Vol 1. Carnivores. Barcelona: Lynx 

Edicions. 
SLU Artdatabanken 2020. Rödlistade arter i Sverige 2020. Uppsala: SLU. 

Smedshaug, C. A., Selas, V., Lund, S. E. & Sonerud, G. A. 1999. The effect of a natural 
reduction of red fox Vulpes vulpes on small game hunting bags in Norway. Wildlife 

Biol, 5, 157-166. doi:DOI 10.2981/wlb.1999.020 

Stronen, A. V., Navid, E. L., Quinn, M. S., Paquet, P. C., Bryan, H. M. & Darimont, C. T. 
2014. Population genetic structure of gray wolves (Canis lupus) in a marine 

archipelago suggests island-mainland differentiation consistent with dietary niche. 
BMC Ecol, 14, 11. doi:10.1186/1472-6785-14-11 

Swaegers, J., Mergeay, J., Van Geystelen, A., Therry, L., Larmuseau, M. H. & Stoks, R. 

2015. Neutral and adaptive genomic signatures of rapid poleward range expansion. 
Mol Ecol, 24, 6163-76. doi:10.1111/mec.13462 

Talbot, B., Vonhof, M. J., Broders, H. G., Fenton, B. & Keyghobadi, N. 2017. Comparative 
analysis of landscape effects on spatial genetic structure of the big brown bat and 

one of its cimicid ectoparasites. Ecol Evol, 7, 8210-8219. doi:10.1002/ece3.3329 

Tannerfeldt, M., Elmhagen, B. & Angerbjorn, A. 2002. Exclusion by interference 
competition? The relationship between red and arctic foxes. Oecologia, 132, 213-

220. doi:10.1007/s00442-002-0967-8 



 37 

Teacher, A. G., Thomas, J. A. & Barnes, I. 2011. Modern and ancient red fox (Vulpes 

vulpes) in Europe show an unusual lack of geographical and temporal structuring, 
and differing responses within the carnivores to historical climatic change. BMC Evol 

Biol, 11, 214. doi:10.1186/1471-2148-11-214 

Trefilov, A., Berard, J., Krawczak, M. & Schmidtke, J. 2000. Natal dispersal in rhesus 
macaques is related to serotonin transporter gene promoter variation. Behav Genet, 

30, 295-301. doi:10.1023/A:1026597300525 

Ulvund, K., Miller, A. L., Eide, N. E., Meås, R., Andersen, R., Flagstad, Ø., R, J. C. & A, L. 
2020. Avlsprogrammet for fjellrev - Årsrapport 2019. NINA Report 1843. 

Trondheim: Norwegain Institute for Nature Research. 
Vander Wal, E., Edye, I., Paquet, P. C., Coltman, D. W., Bayne, E., Brook, R. K. & Andres, 

J. A. 2013. Juxtaposition between host population structures: implications for 

disease transmission in a sympatric cervid community. Evol Appl, 6, 1001-1011. 
doi:10.1111/eva.12065 

Wahlström, H., Enemark, H. L., Davidson, R. K. & Oksanen, A. 2015. Present status, 
actions taken and future considerations due to the findings of E. multilocularis in 

two Scandinavian countries. Vet Parasitol, 213, 172-81. doi:10.1016/j.vetpar. 

2015.07.037 
Wallén, J., Statham, M. J., Ågren, E., Isomursu, M., Flagstad, Ø., Bjørneboe-Berg, T., 

Sacks, B. N. & Norén, K. 2018. Multiple recolonization routes towards the north: 
Population history of the Fennoscandian red fox (Vulpes vulpes). Biol J Linn Soc, 

124, 621-632. doi:10.1093/biolinnean/bly060 

Walton, Z., Hagenlund, M., Ostbye, K., Samelius, G., Odden, M., Norman, A., Willebrand, 
T. & Spong, G. 2021. Moving far, staying close: red fox dispersal patterns revealed 

by SNP genotyping. Conserv Genet, 22, 249-257. doi:10.1007/s10592-021-01332-

7 
Walton, Z., Samelius, G., Odden, M. & Willebrand, T. 2017. Variation in home range size 

of red foxes Vulpes vulpes along a gradient of productivity and human landscape 
alteration. PLoS One, 12, e0175291. doi:10.1371/journal.pone.0175291 

Walton, Z., Samelius, G., Odden, M. & Willebrand, T. 2018. Long-distance dispersal in red 

foxes Vulpes vulpes revealed by GPS tracking. Eur J Wildlife Res, 64. doi:10.1007/ 
s10344-018-1223-9 

Weir, B. S. & Cockerham, C. C. 1984. Estimating F-Statistics for the Analysis of Population 
Structure. Evolution, 38, 1358-1370. doi:10.1111/j.1558-5646.1984.tb05657.x 

White, T. A., Perkins, S. E., Heckel, G. & Searle, J. B. 2013. Adaptive evolution during an 

ongoing range expansion: the invasive bank vole (Myodes glareolus) in Ireland. Mol 
Ecol, 22, 2971-85. doi:10.1111/mec.12343 

Wickham, H., Chang, W., Henry, L., Pedersen, T. L., Takahashi, K., Wilke, C., Woo, K., 

Yutani, H. & Dunnington, D. 2016. ggplot2: Elegant Graphics for Data Analysis. New 
York: Springer-Verlag. 

Willebrand, T., Samelius, G., Walton, Z., Odden, M. & Englund, J. 2022. Declining survival 
rates of red foxes Vulpes vulpes during the first outbreak of sarcoptic mange in 

Sweden. Wildlife Biol, 2022. doi:10.1002/wlb3.01014 

Woodroffe, R., Cleaveland, S., Courtenay, O., Laurenson, K. M. & Artois, M. 2004. 
Infectious disease. In: Macdonald, D. W. & Sillero-Zubiri, C. (eds.) Biology and 

Conservation of Wild Canids. New York: Oxford University Press. 
Zecchin, B., De Nardi, M., Nouvellet, P., Vernesi, C., Babbucci, M., Crestanello, B., Bago, 

Z., Bedekovic, T., Hostnik, P., Milani, A., Donnelly, C. A., Bargelloni, L., Lorenzetto, 

M., Citterio, C., Obber, F., De Benedictis, P. & Cattoli, G. 2019. Genetic and spatial 
characterization of the red fox (Vulpes vulpes) population in the area stretching 

between the Eastern and Dinaric Alps and its relationship with rabies and canine 

distemper dynamics. PLoS One, 14, e0213515. doi:10.1371/journal.pone.0213515 



 38 

  

  



 39 

Supplement 
Supplementary Figure 1: STRUCTURE plot for all individuals ...................................... I 
Supplementary Figure 2: PCA with cluster membership for all individuals .................... II 
Supplementary Figure 3: Map with cluster membership for all individuals ................... III 
Supplementary Figure 4: STRUCTURE plot for Norwegian and Swedish individuals ....... IV 
Supplementary Figure 5: PCA with cluster membership for Norway and Sweden. .......... V 
Supplementary Figure 6: Map with cluster membership for individuals in Norway and 

Sweden. ......................................................................................................... VI 
Supplementary Figure 7: PCA plot of all individuals including latitude. ...................... VII 
Supplementary Figure 8: PCA plot of all individuals including longitude. ................... VIII 
Supplementary Figure 9: PCA plot of all individuals including 3D distance ................... IX 
Supplementary Figure 10: Map including 3D distance for all individuals ....................... X 
Supplementary Figure 11: PCA plot of individuals in Norway and Sweden including 

longitude ........................................................................................................ XI 
Supplementary Figure 12: PCA plot of individuals in Norway and Sweden including 3D 

distance ........................................................................................................ XII 
Supplementary Figure 13: PCA plot of all individuals including Watershed ID ............ XIII 
Supplementary Figure 14: PCA plot of individuals in Norway and Sweden including 

watershed ID ................................................................................................. XIV 
Supplementary Figure 15: Map including Watershed ID for all individuals ................... XV 
Supplementary Figure 16: PCA plot of all individuals including heterozygosity ........... XVI 
Supplementary Figure 17: PCA plot of individuals in Denmark ............................... XVII 
Supplementary Figure 18: Map of Denmark ...................................................... XVIII 
Supplementary Figure 19: Distribution of F-values. .............................................. XIX 



 I 

 

Supplementary Figure 1: STRUCTURE plot for all individuals 

The plot shows ancestry proportions. Each vertical line represents one individual. Ancestry 

proportions are given on the y-axis. Colours correspond to ancestry populations: (C) Denmark = 

blue, (D) Norway and Sweden = purple. 
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Supplementary Figure 2: PCA with cluster membership for all individuals 

The x- and the y-axis show the first and second principal components respectively. Colours 

correspond to dominant ancestry according to the STRUCTURE analysis: (C) Denmark = blue, (D) 

Norway and Sweden = purple. Location is indicated by shape: Danish individuals are indicated by 

squares, Norwegian individuals by circles, and Swedish individuals by triangles. 
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Supplementary Figure 3: Map with cluster membership for all individuals 

Map of Scandinavia with the approximate positions of individuals. Colours correspond to dominant 
ancestry according to the STRUCTURE analysis: (C) Denmark = blue, (D) Norway and Sweden = 

purple. Colour morph is indicated by shape: red morphs are indicated by circles and black morphs 

are indicated by triangles. The individual positions have been plotted with a jitter-function, and 

positions of individuals may therefore be shifted somewhat from their sample-location. 
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Supplementary Figure 4: STRUCTURE plot for Norwegian and Swedish individuals 

The plot shows ancestry proportions. Each vertical line represents one individual. Ancestry 

proportions are given on the y-axis. Colours correspond to ancestry populations: (A) Northern 

Norway and Northern Sweden = yellow, (B) Southern Norway and Southern Sweden = green.  
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Supplementary Figure 5: PCA with cluster membership for Norway and Sweden.  

The x- and the y-axis show the first and second principal components respectively. Colours 

correspond to dominant ancestry according to the STRUCTURE analysis: (A) Northern Norway and 

Northern Sweden = yellow, (B) Southern Norway and Southern Sweden = green. Location is 

indicated by shape: Norwegian individuals are indicated by circles and Swedish individuals are 

indicated by triangles.  
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Supplementary Figure 6: Map with cluster membership for individuals in Norway and 

Sweden.  

Map of the Scandinavian peninsula with the approximate positions of individuals. Colours correspond 

to dominant ancestry according to the STRUCTURE analysis: (A) Northern Norway and Northern 

Sweden = yellow, (B) Southern Norway and Southern Sweden = green. Colour morph is indicated 

by shape: red morphs are indicated by circles and black morphs are indicated by triangles. The 
individual positions have been plotted with a jitter-function, and positions of individuals may 

therefore be shifted somewhat from their sample-location. 
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Supplementary Figure 7: PCA plot of all individuals including latitude.  

The x- and the y-axis show the first and second principal components respectively. Individuals are 

coloured according to the latitude at their location, where yellow = north and blue = south. 

Individuals with missing latitude value are coloured black. Location is indicated by shape: Danish 
individuals are indicated by squares, Norwegian individuals by circles, and Swedish individuals by 

triangles. 
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Supplementary Figure 8: PCA plot of all individuals including longitude. 

The x- and the y-axis show the first and second principal components respectively. Individuals are 
coloured according to the longitude at their location, where yellow = east and blue = west. Individuals 

with missing longitude value are coloured black. Location is indicated by shape: Danish individuals 

are indicated by squares, Norwegian individuals by circles, and Swedish individuals by triangles. 
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Supplementary Figure 9: PCA plot of all individuals including 3D distance 

The x- and the y-axis show the first and second principal components respectively. Individuals are 

coloured according to the 3D distance at their location from the reference point, where longer 3D 

distance = yellow, and shorter 3D distance = teal. Individual with missing 3D distance value are 
coloured black. Location is indicated by shape: Danish individuals are indicated by squares, 

Norwegian individuals by circles, and Swedish individuals by triangles. 
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Supplementary Figure 10: Map including 3D distance for all individuals 

Map of Scandinavia with the approximate positions of individuals. Individuals are coloured according 

to the 3D distance at their location from the reference point, where longer 3D distance = yellow, and 

shorter 3D distance = teal. The individual positions have been plotted with a jitter-function, and 

positions of individuals may therefore be shifted somewhat from their sample-location. 
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Supplementary Figure 11: PCA plot of individuals in Norway and Sweden including 

longitude 

The x- and the y-axis show the first and second principal components respectively. Individuals are 

coloured according to the longitude at their location, where yellow = east and blue = west. Individuals 
with missing longitude value are coloured black. Location is indicated by shape: Norwegian 

individuals are indicated by circles and Swedish individuals are indicated by triangles.  
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Supplementary Figure 12: PCA plot of individuals in Norway and Sweden including 3D 

distance 

The x- and the y-axis show the first and second principal components respectively. Individuals are 

coloured according to the 3D distance at their location from the reference point, where longer 3D 

distance = yellow, and shorter 3D distance = teal. Individuals with missing 3D distance value are 

coloured black. Location is indicated by shape: Norwegian individuals are indicated by circles and 

Swedish individuals are indicated by triangles. 
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Supplementary Figure 13: PCA plot of all individuals including Watershed ID 

The x- and the y-axis show the first and second principal components respectively. Watershed ID is 

shown as different combinations of colour and shape. Watersheds in Norway are shown in blue and 

green, watersheds in Sweden are shown in yellow and orange, and watersheds in Denmark are shown 

in white. Colouration or shapes within these groups does not imply any further meaning and are only 

for distinction between watersheds.  



 XIV 

 

Supplementary Figure 14: PCA plot of individuals in Norway and Sweden including 

watershed ID 

The x- and the y-axis show the first and second principal components respectively. Watershed ID is 
shown as different combinations of colour and shape. Watersheds in Norway are shown in blue and 

green, and watersheds in Sweden are shown in yellow and orange. Colouration or shapes within 

these groups does not imply any further meaning and are only for distinction between watersheds. 
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Supplementary Figure 15: Map including Watershed ID for all individuals 

Watershed ID is shown as different combinations of colour and shape. Watersheds in Norway are 

shown in blue and green, watersheds in Sweden are shown in yellow and orange, and watersheds in 

Denmark are shown in white. Colouration or shapes within these groups does not imply any further 
meaning and are only for distinction between watersheds. The individual positions have been plotted 

with a jitter-function, and positions of individuals may therefore be shifted somewhat from their 

sample-location. 
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Supplementary Figure 16: PCA plot of all individuals including heterozygosity 

The x- and the y-axis show the first and second principal components respectively. Colour 

corresponds to average heterozygosity across non-missing loci. Higher heterozygosity is shown in 

yellow, and lower heterozygosity is shown in blue. Location is indicated by shape: Danish individuals 

are indicated by squares, Norwegian individuals by circles, and Swedish individuals by triangles.  
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Supplementary Figure 17: PCA plot of individuals in Denmark 

The x- and the y-axis show the first and second principal components respectively. Individuals are 

coloured according to whether they are located on Jutland or Zealand. Jutland* marks the individual 

in the bottom left corner of the plot. 
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Supplementary Figure 18: Map of Denmark 

Colours correspond to Jutland and Zealand. Jutland* marks an individual which, according to the PCA 

(Supplementary Figure 17), showed larger genetic differentiation from the rest of the individuals on 

Jutland. The individual positions have been plotted with a jitter-function, and positions of individuals 

may therefore be shifted somewhat from their sample-location. 
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Supplementary Figure 19: Distribution of F-values. 

The histograms show the distribution of F-values calculated for X-linked SNPs. Genotypic females 

are shown in light blue and genotypic males in dark blue. 
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