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Abstract
The genomes of individuals are moulded by past demographic events, which are reflected in changes in allele frequencies. 
These genomic “records” contain a wealth of information that can be harnessed to understand how species respond to 
processes such as climate change, human exploitation and habitat fragmentation. Using the arctic fox (Vulpes lagopus) as 
a model species, I used modern, historical and ancient DNA to investigate the microevolutionary processes that drive these 
changes, such as mutation, genetic drift, natural selection and gene flow at various spatial and temporal scales. In Paper 
I, I resequenced whole nuclear genomes from Late Pleistocene Central Europe (~12.5 – 12.8 ka Before Present; BP) and 
Siberia (18.3 – >54.3 ka BP) along with historical and modern genomes from the contemporary circumpolar populations. 
There was limited population structure in the Late Pleistocene samples with no direct continuity with the contemporary 
circumpolar populations. These lineages were likely part of a larger, connected population across Eurasia at the end of 
the Last Glacial Maximum (~26.5 – 19 ka BP). The retained autosomal diversity despite the previously detected loss of 
mitogenomic diversity suggests a potential population bottleneck at the onset of the Holocene. In Paper II, I investigated 
the fragmentation of the contemporary endangered Fennoscandian population from its historical range in Siberia using 
whole nuclear genomes. There was an isolation-by-distance pattern with increasing signals of genome erosion towards 
Northern Fennoscandia, consistent with the recent bottleneck from overhunting, habitat fragmentation and reduced gene 
flow from Siberia via the Kola Peninsula. In Paper III I explored the origin and the genomic consequences of intensive 
farming in farmed arctic foxes, i.e. semi-domesticated lineages that are documented to originate from coastal populations in
the late 20th century. Using resequenced whole nuclear genomes I showed that all farmed arctic foxes included in the study 
shared a common origin with the coastal Icelandic population and had signatures of a population bottleneck, founder effects 
and long-term low population size following the establishment of farms. In Paper IV, I harnessed an 86 Single Nucleotide 
Polymorphism (SNP) panel to genotype over a thousand Fennoscandian arctic foxes to quantify introgression from farmed 
foxes. Introgression levels were low but increased farmed fox ancestry was associated with decreased juvenile survival 
and increased adult longevity. Fitness trade-offs suggest that gene flow from farmed foxes has had complex impacts on 
the population, and I recommend that in situ conservation initiatives continue to screen for farmed fox ancestry. Taken 
together, the results from this thesis show how microevolutionary processes are intertwined and act together to shape genetic 
diversity. I demonstrated how genomic data at different resolutions can be effective in disentangling these processes. The 
results of this thesis are especially important for understanding how species respond to past climate change and human 
persecution, especially during a time of heightened global conflict and accelerating climate change.
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Introduction 

 

Genomes as records of past demographic change 

 

In the field of population genetics, events that change the frequencies of alleles 

in a population are recorded in an individual’s genetic composition (Fisher 

1930; Wright 1931, 1984; Nei et al., 1975). These changes can be harnessed 

to investigate how the demography of a species has changed through time and 

space (Lande, 1988). Such events can include population decline or 

expansion, the recolonisation of a region after the removal of a geographic 

barrier, or changes in habitat availability (Wade and McCauley, 1988). It is 

through these recorded changes that we can reconstruct the past and model 

these demographic events that have led to the genetic variation we see today 

(Ellegren, 2014). By analysing genomes from populations with different 

demographic histories, we can uncover differences in genetic variation and 

assess genomic divergence and shared variation among populations.  

The genome has been moulded by demographic events, yet it is the underlying 

microevolutionary processes that drive changes in allele frequencies. These 

processes include mutation, genetic drift, natural selection, and gene flow 

(Charlesworth et al., 2003). Genetic drift, inbreeding and gene flow can have 

particularly pronounced effects in small populations, while the effects of 

natural selection can become more apparent in larger, outbreeding populations 

(Keller and Waller, 2002). Small populations often have a reduced effective 

population size (Nₑ; the size of an idealised population experiencing the same 

degree of genetic drift as the population of interest), resulting in stronger 

genetic drift and the stochastic loss of genetic variation (Wright, 1984). 

Coupled with inbreeding and inbreeding depression, recessive deleterious 

mutations can be unmasked and expressed in the homozygous state, 
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potentially initiating a feedback loop known as the extinction vortex that can 

ultimately lead to population extinction (Blomqvist et al., 2010; Gilpin and 

Soulé, 1986; Palomares et al., 2012; Saccheri et al., 1998). 

The development and widespread application of Whole Genome Sequencing 

(WGS) over the last two decades have revolutionised the level of detail we 

can draw from the genetic code of individuals. This has allowed us to compare 

entire genomes to identify signatures of demographic events (Díez-del-

Molino et al., 2018; Hohenlohe et al., 2021). We can additionally assess the 

state of deleterious mutations within a population and determine whether they 

have been purged (i.e., reduced in frequency through purifying selection) or 

accumulated, based on the relative abundance of Loss of Function (LoF) and 

missense mutations and the extent of genome erosion (Bertorelle et al., 2022; 

Dussex et al., 2023). 

 

Climate change and the genomic legacy of range 

shifts 

 

The global climate has fluctuated for millennia (Jones and Mann, 2004), and 

the extent and rate of climate change follow predictable trajectories over time 

(Palmer et al., 2005). The upper Pleistocene was a period of intense climatic 

fluctuations characterised by glacial-interglacial cycles that imposed 

substantial restructuring of the environment (Hofreiter and Stewart, 2009) and 

consequently, the distribution of the species that existed at the time (Hewitt 

1999; Hewitt 2000; Hewitt 2004). The Late Pleistocene was the final Epoch 

that reached a cold peak during the Last Glacial Maximum (LGM) around 

26.5-19 ka BP (Clark et al., 2009), during which many cold-adapted species 

such as the arctic fox (Vulpes lagopus), wolverine (Gulo gulo), reindeer 

(Rangifer tarandus) and musk ox (Ovibos moschatus) were found as far south 
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as the Iberian Peninsula (Álbarez-Lao and García, 2010). These 

redistributions have had impacts on the allele frequencies of populations and 

leave unique signatures of past climate change in the genomes, still seen today. 

Such signatures can be used to determine whether these southern populations 

during the Ice Age managed to persist and track emerging habitat north. 

Indeed, it has been shown by several studies using the fossil record and ancient 

DNA that many cold-adapted species went extinct during the rapid warming 

that proceeded the LGM. Species such as the woolly rhinoceros (Coelodonta 

antiquitatis; Lorenzen et al., 2011; Rey-iglesia et al., 2021) and the woolly 

mammoth (Mammuthus primigenius; MacDonald et al., 2012) went extinct, 

while populations of cold-adapted species such as Norwegian lemmings 

(Lemmus lemmus; Lagerholm et al., 2014; Lord et al., 2025) failed to track 

habitat northwards as the Eurasian ice sheet retreated. These insights into past 

species responses to climate change can inform how species of today may 

respond to present and future climate change.  

In contrast to the past, modern-day climate change is occurring at an 

accelerating rate and exceeding previous projections (Steffen et al., 2015). The 

Arctic undergoes greater acceleration still, being one of the most impacted 

regions on the planet by global warming (Overland et al., 2019). Arctic species 

have adapted to extreme cold and seasonality, leading to high specialisation, 

such as winter colour morphs seen in the mountain hare (Lepus timidus), the 

ptarmigan (Lagopus muta and L. lagopus), and the arctic fox (Vulpes lagopus; 

Zimova et al., 2018). Specialisation comes at a cost, however, as species that 

are highly adapted to specific environments may be less able to respond to 

environmental change than generalist species (Clavel et al., 2011). In 

consequence, specialised species end up isolated in mountain “islands”, 

becoming disconnected and fragmented (Cartwright, 2019). These isolated 

subpopulations will subsequently exhibit increased genetic drift and 

inbreeding, shaping the genomes of individuals (Hirao et al., 2017). 
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Anthropogenic threats reshaping the genomic 

landscape 

 

Following Darwin’s observations, the phrase “survival of the fittest” aptly 

describes the harsh reality of the natural world and what benefits one species 

is often at the cost of another (Darwin 1859; Polis et al., 1989). Humans are 

no exception and have utilised the natural resources at their disposal to ensure 

survival, reproduction and successful colonisation of the globe (Braje and 

Erlandson, 2013). Exploitation of these natural resources has had indirect 

effects through environmental change, habitat loss and habitat fragmentation 

(Channell and Lomolino, 2000; Lande, 1988). This has, in turn, caused species 

to decline in distribution and abundance (Fahrig, 1997). Meanwhile, animal 

harvesting and overexploitation have led to direct effects; including 

demographic and genetic consequences in many wildlife populations (Dussex 

et al., 2023a; Kvalnes et al., 2024), which accelerates extinction risk (Cooke 

et al., 2023). Animal furs were vital for surviving harsh weather in human 

history and animals were often hunted for their fur. However, harvesting from 

wild populations can be inefficient and unpredictable, which is why fur 

farming became an important practice that may have begun as early as the late 

iron age (2.7 – 1.9 ka BP; Fairnell and Barrett, 2007). The stable resources 

farming provided throughout the year allowed the transition from a transient 

hunter gatherer lifestyle to building farming communities (Tresset and Vigne, 

2011).  

The act of farming introduced a new process that itself would be utilised by 

humans for their own gain – artificial selection (Diamond, 2002). Although at 

first, early humans might not have fully understood the underlying 

mechanisms of artificial selection, they learned that breeding animals with 

desired phenotypes would ensure those phenotypes passed to the subsequent 
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generations and could enhance the phenotype beyond that of their parents 

(Darwin, 1868). Over time, various breeds were developed for specific uses, 

such as strong oxen for pulling carts, or goats, sheep and cows that were bred 

for meat and docile, compliant behaviour, which is a familiar trait of domestic 

species (Hemmer, 1990; Wilkins, 2020). Within the genomes of these species, 

the same microevolutionary processes as for wild populations have been at 

play, only this time they are acting in consequence to human manipulation 

(Bosse et al., 2019).  The number of individuals that a farmed population 

begins with is often relatively few, which increases the risk for founder effects, 

that is, the subsampling of the source population’s genetic variation, leading 

to a low starting point for the new, smaller population (Frantz et al., 2020; 

Figure 1). Moreover, these populations are usually kept at a small size, 

enhancing the effect of genetic drift while the lack of gene flow causes post-

domestication erosion (Allaby et al., 2019). In the absence of predators, access 

to medical care and stable food, natural selection cannot act on these 

populations in the same way. Thus, recessive deleterious mutations are 

expected to accumulate and be unmasked by elevated inbreeding and 

prevented from purging due to favourable captive conditions (Lynch and 

O’Hely, 2001; Moyers et al., 2018; Figure 1). Considering these altered 

microevolutionary processes, domesticated individuals may have low genetic 

health (Berry et al., 2011). 

 

The genomic consequences of domestic 

introgression 

 

Humans have not only changed the environment that wildlife inhabit, but they 

have also altered the genetic composition of their conspecifics. Secondary 

contact between domesticated animals and their wild counterparts occurs 
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frequently across the globe, and such contact can result in breeding and 

admixture. This has been noted in several domesticated species, where feral 

animals readily breed with the native wild population, such as domestic dogs 

(Canis lupus familiaris) into wolves (Canis lupus; Pilot et al., 2021), domestic 

ducks (Anas platyrhynchos domesticus) into wild duck populations  (Anas 

platyrhynchos; Lavretsky et al., 2023), domestic pigs (Sus domesticus) into 

wild boar (Sus scrofa; Frantz et al., 2013; Dzialuk et al., 2018), and domestic 

cats (Felis catus) into European wildcats (Felis silvestris; Hertwig et al., 2009; 

Nussberger et al., 2014; Senn et al., 2019). Therefore, domesticated animals 

pose a substantial risk to these wild populations, given that they are often 

selected for the most economical traits, rather than survival in any given 

environment. Fitness consequences such as those associated with outbreeding 

depression or the introduction of deleterious mutations are real threats to wild 

populations, especially when recipient populations are small. Although 

several studies have found that domesticated genes can be advantageous in 

certain contexts, as seen in some wolf populations (Pilot et al., 2021; Sarabia 

et al., 2025; Lobo et al., 2025), these genetic contributions can have both 

positive and negative effects on fitness, depending on the environment, the 

recipient population, and the domesticated lineages involved. For this reason, 

it is vital to prevent the spread of domesticated genes into wild populations 

and to closely monitor those in which introgression has occurred. Genes that 

persist in a population could have lasting consequences for fitness as 

environments and landscapes change, with both beneficial and harmful effects 

potentially becoming more or less pronounced under future climate change. 

 

 



   

 

7 

 

The arctic fox and its challenges – a study 

system 

 

The arctic fox is a circumpolar species that inhabits the Arctic tundra and can 

be found in almost all countries that extend into the Arctic circle (Angerbjörn 

and Tannerfeldt, 2014). The species can be divided into two distinct ecotypes; 

the lemming fox of Canada, inland Alaska, Eastern Greenland, Russia and 

Fennoscandia, and the coastal fox of the Alaskan coast, West and Southern 

Greenland, Svalbard and Iceland (Braestrup, 1941; Norén et al., 2011). 

Although traditional population genetics tools detected low genetic 

divergence between ecotypes (Norén et al., 2017), they differ in key life 

history traits, including stable inter-annual marine resources of the coastal fox 

and smaller litter sizes, whereas lemming foxes track the cyclic population 

dynamics of their main prey, the lemmings (Lemmus spp., Dicrostonyx spp.; 

Angerbjorn et al., 1999; Braestrup, 1941) in their reproductive pattern. During 

low-resource years, lemming foxes often disperse long-distances (Tarroux et 

al., 2010), whereas this is not as common in coastal foxes, likely due to a more 

stable resource availability (Norén et al., 2011).   

 

Adaptation and climate change 

 

To survive the harsh conditions of the Arctic, arctic foxes have adapted to 

extreme cold temperatures with thick insulated fur, short limbs, increased 

vascularity in its extremities and low metabolic rate, allowing the species to 

endure temperatures as low as -50°C (Kumar et al., 2015; Prestrud, 1991). The 

species has gone through several warming and cooling periods, particularly 

following the Last Glacial Maximum (26.5-19 ka Before Present; BP) and it 
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is hypothesised that natural selection during repeated climate cycles led to the 

adaptation and rapid speciation of the arctic fox (Norén et al., 2017). 

Adaptation comes at a cost, however, and the arctic fox rarely ventures below 

the treeline, where boreal predators are also a significant challenge. Rapid 

climate change has caused the treeline to increase in altitude onto the Arctic 

tundra, decreasing viable habitat for the arctic fox (Ims et al., 2017). A large, 

outbreeding population with sufficient numbers can buffer against climate 

change; however, local extinctions become more likely with low population 

size (Tanaka and Wahl, 2022). As mentioned earlier, the mountain tundra 

tends to become isolated mountain “islands” when the treeline increases. For 

the arctic fox in Fennoscandia, this has led to population fragmentation and 

subsequent isolation, increasing the effects of genetic drift, inbreeding and 

inbreeding depression (Cockerill et al., 2022; Dalén et al., 2002; Hasselgren 

et al., 2021; Norén et al., 2016; Figure 1). The arctic fox population in 

Fennoscandia is therefore disconnected from its historical range across 

Siberia, where genetic variation declines towards northern Fennoscandia 

(Dalén et al., 2006). Furthermore, it is thought that climate change has had a 

potential impact on the lemming cycles, which usually follow a 3–5-year cycle 

(Kausrud et al., 2008). However, the cycles have become increasingly 

irregular, which has imposed an additional challenge for the arctic fox 

population in Fennoscandia, having to endure longer low lemming abundance 

years (Angerbjörn et al., 2013). Exacerbating the situation, the expanding 

treeline, milder climate and human waste encourage the red fox (Vulpes 

vulpes) to increase its already extensive distribution further north, into the 

Arctic, claiming high-quality dens and territories (Elmhagen et al., 2017). The 

red fox is larger and dominant over the arctic fox and imposes a negative 

impact on the population through interspecific competition, predation, and 

transmission of pathogens (Elmhagen et al., 2017; Wallén et al., 2024).  
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The unresolved legacy of Late Pleistocene arctic 

foxes 

 

After the Late Pleistocene as the Eurasian ice shelf retreated, several species 

recolonised the emerging regions North. The arctic fox, being a long-distance 

disperser would be expected to colonise newly available regions relatively 

fast. However, mitogenomic diversity showed that maternal lineages from 

Western Europe and Siberia did not persist beyond this pivotal period (Dalén 

et al., 2007; Larsson et al., 2019). The absence of mitochondrial lineage 

persistence does not necessarily prove these populations went extinct 

however, given the maternal inheritance of the mitogenome. This pattern 

could be explained by female philopatry or a bottleneck reducing 

mitogenomic diversity. Separating these scenarios poses a challenge that can 

only be resolved by investigating temporal autosomal diversity, which should 

hold signatures of past dispersal and demographic change throughout the 

Holocene.   

 

Hunting and fur farming 

 

The arctic fox is hunted extensively across much of its global distribution 

range, and the population in Fennoscandia experienced a strong demographic 

bottleneck in the 20th Century (Lönnberg, 1927). The population has since 

struggled to recover, regardless of conservation efforts that have been 

implemented in situ since the 1990s (Angerbjörn et al., 2013; Hemphill-

Keeling et al., 2020).  Depleted genetic variation through heightened genetic 

drift and inbreeding means that the population lacks the adaptive potential or 

effective population size to withstand the pressure of climate change 

(Hoffmann et al., 2017), and with it, red fox competition and irregular 
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lemming cycles, leaving the population at risk of extinction. Indeed, by the 

1990s, the Fennoscandian arctic fox population was almost extinct, having 

declined to as few as 50 adult individuals (Angerbjörn et al., 2013).   

Although arctic fox hunting has pushed several populations to the brink of 

extinction, it is not an efficient means of fur acquisition and trapping is timely 

and inconsistent. With an increasing demand for furs in the early 20th Century, 

the first arctic fox farms were established on Arctic islands in The United 

States (Ashbrook and Walker, 1925; Konnerup-Madsen and Hansen, 1980; 

Lucas, 1900; Nes et al., 1987). Farming arctic foxes had difficult beginnings, 

and the few farms that were successful were isolated islands that were 

introduced with blue morph foxes (Lucas 1900; Ashbrook and Walker 1925). 

Farming was eventually successful, and arctic fox farms were established in 

several countries, including Norway, Sweden and Finland (Frafjord, 1993; 

Mustonen et al., 2006; Nes et al., 1987). Historical records state that farmed 

foxes were imported from the early lineages in The United States, however, 

the validity of this claim has not been confirmed. Mitochondrial analyses 

suggest a farmed foxes trace a maternal origin in Alaska, Greenland and 

Svalbard (Norén et al. 2005); however, the ecotype origin is uncertain.  

 

Farmed foxes on the Fennoscandian tundra 

 

Over the decades, evidence has shown that farmed arctic foxes have either 

escaped or been released into the wild, notable instances including in Iceland 

and Norway (Hersteinsson, 2004; Frafjord, 1985 in Linnell et al., 1999), where 

putative hybrids were observed in Iceland and entire subpopulations of farmed 

foxes in Østerdalen and Hardangervidda, Norway (Eide and Hamlander, 1933; 

Norén et al., 2009). Given the history of the population decline in 
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Fennoscandia, the presence of domesticated genes segregating within this 

endangered population poses risks for individual survival and in turn, 

population persistence. The fluctuating rodent cycles represent an important 

environmental challenge on the Fennoscandian tundra that arctic foxes face. 

Arctic foxes respond to fluctuations in food availability through changes in 

reproductive investment, with populations experiencing fluctuating food 

resources producing larger litters (Tannerfeldt and Angerbjörn, 1998). These 

responses may reflect adaptations to contrasting resource regimes, allowing 

arctic foxes to take advantage of rodent peaks while enduring rodent crashes 

with little to no reproduction. A farmed fox in this environment cannot be 

assumed to have the same adaptations and is predicted to be maladapted given 

their possible coastal ecotype and history of extensive artificial selection. 

Therefore, if introgression has occurred at a large scale, it is vital to quantify 

and assess the potential fitness consequences imposed on the foxes in this 

dynamic and challenging environment. 
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Figure 1. Demographic and microevolutionary processes in Chapter I, 

Chapter II, Chapter III, and Chapter IV study populations. 
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Research aims 

 

The overarching goal of this doctoral thesis was to understand what shapes the 

genomic variation of an Arctic species that has endured past climate change 

and exploitation. Specifically, the aims were to use genomic tools to 

investigate how demographic change, climate-driven range shifts, human 

persecution, and domestication have influenced genomic variation in the arctic 

fox. First, I examined the genomic history of arctic foxes from the Late 

Pleistocene to the present, with particular focus on whether ancient Eurasian 

lineages contributed to modern circumpolar diversity following postglacial 

environmental change. Second, I investigated the genomic consequences of 

the severe hunting-induced bottleneck and fragmentation of the 

Fennoscandian population. Third, I examined the origins and genomic 

consequences of arctic fox domestication by inferring the wild source 

populations of farmed fox lineages and assessing signatures of genome 

erosion in captivity. Finally, I investigated the extent of farmed fox 

introgression into wild Fennoscandian arctic foxes and assessed its fitness and 

behavioural consequences in the Swedish population. Together, these chapters 

use genomic tools to understand how past and recent demographic processes 

have contributed to genome erosion in both farmed and wild arctic fox 

populations, and to identify risks relevant for conservation. 
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Figure 2. Map of the Arctic showing mountain tundra in light blue, the ice 

sheet extent during the Last Glacial Maximum (LGM; 18 ka BP) in transparent 

white, coastline above sea-level during the LGM. Modern and ancient samples 

are indicated by blue and purple circles, respectively. Known dates for ancient 

samples are given for England, Belgium and Russia. 
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Methods 

 

Paper I 

 

For this study, we extracted and resequenced genome-wide DNA from bone 

and permafrost tissue samples dating to the Late Pleistocene from Belgium (n 

= 1), England (n = 1), and Siberia (n = 4), together with five historical 

Fennoscandian samples and 31 modern genomes representing the 

contemporary circumpolar distribution. Ancient DNA extraction and double-

stranded library preparation were performed in a controlled ancient DNA 

laboratory at the Centre for Palaeogenetics in Stockholm, Sweden. Sequences 

were mapped to a red fox genome assembly (GCF_048418805.1) to minimise 

reference bias, with coyote (Canis latrans) included as an outgroup. We used 

PCA and admixture analysis to investigate population structure across 

temporal and spatial scales, and inferred phylogenetic relationships among 

Late Pleistocene, historical, and modern samples using a maximum-likelihood 

phylogeny in IQ-TREE. We additionally used D-statistics to test for 

asymmetric allele sharing between Late Pleistocene European and Siberian 

samples and each modern arctic fox population, to assess whether either 

ancient group showed greater genetic affinity to particular modern 

populations. 

 

Paper II 

 

In this study we resequenced the whole genomes of 43 arctic foxes from across 

Fennoscandia (northern Scandinavia and the Kola Peninsula) and Siberia to 

estimate and compare genomic variation and inbreeding levels (Figure 2). 
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Sequences were mapped to a genome assembly that was based on two 

individuals from the Swedish subpopulation, Helagsfjällen (50X genome 

coverage, Scaffold N50 = 132 Mb, genome size = 2.36 Gb). Thereafter, we 

estimated genome-wide variation as heterozygous Single Nucleotide 

Polymorphisms (SNPs) per 1000 bp and genomic inbreeding coefficient 

(FROH), the proportion of the genome within Runs of Homozygosity (ROH; 

homozygous stretches of the genome due to mating between close relatives). 

We used the equation: g = 100/(2rL), to estimate the number of generations 

the inbreeding took place, based on the length of the ROH, where g is the 

number of generations, r is the recombination rate (based on the red fox 

recombination rate; 0.6 cM per Mb; Kukekova et al., 2007), and L is the length 

of the ROH. This was calculated for all ROH larger than 100 kb and captured 

inbreeding events that were recent (10 generations ago, 8 Mb), those further 

back in time (45 generations back; 2 Mb), and historical inbreeding events 

(850 generations; 100 kb). To quantify mutational load, we used the red fox 

annotation (Kukekova et al., 2018) to estimate the number of mutations in 

important genomic regions; Loss of Function (LoF) mutations and missense 

mutations. We then compared these measurements between Fennoscandia and 

Siberia and between each subpopulation.  

 

Paper III 

 

For this study we combined 24 resequenced data with published and existing 

genomes for a dataset of 70 whole genomes to investigate the origin of farmed 

arctic fox lineages and assess genomic variation and genomic inbreeding 

levels between farmed and wild populations across the Arctic. For estimating 

genome-wide variation and inbreeding levels, we used the same methods 

described for paper II, however, we used a new genome assembly from the 
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same individuals based on a combination of PacBio and HiC reads that had a 

N50 scaffold value of 128.36 Mb and genome size of 2.56 Gb (PRJEB71153), 

generated as part of The European Reference Genome Atlas (Mc Cartney et 

al., 2023). Moreover, to estimate genomic FROH that coincides with the time 

farms were established, using the same equation described in Paper II, we 

estimated inbreeding events that took place 10 generations back (ROH >8 

Mb), 10-100 generations back (8 Mb-800 kb), 100-300 generations back (800-

365kb), and 300-600 generations back (365-133 kb).  To investigate 

demographic history of the farmed arctic foxes, we ran SMC++ (Terhorst et 

al., 2017), which uses the Sequentially Markov Coalescence to estimate 

effective population size (Ne), using mutation rate and generation time to scale 

the timing of Ne. We used GoNe to estimate recent demographic history using 

the spectrum of Linkage Disequilibrium to estimate changes in NeLD (Santiago 

et al., 2020). We built a maximum likelihood phylogeny to infer the 

relationship between farmed and wild arctic foxes, and we ran admixture 

analysis to estimate the proportions of admixture between populations.  

 

Paper IV 

 

For this study we opted for a reduced panel of 86 informative SNPs, a subset 

of a larger Affymetrix panel (Hagen et al., in press) that was designed based 

on the arctic fox genome assembly (GCA_018835635.1). This allowed us to 

cost effectively genotype 1,930 individual arctic foxes from a variety of 

sample material such as tissue and scat. We used this genotyped dataset to 

infer admixture proportions between 38 genotyped farmed foxes from Norway 

and 1,892 wild Fennoscandian arctic foxes using the LEA package in R. We 

additionally identified the number of fixed alleles in farmed foxes with < 0.4 

frequency in the wild Fennoscandian foxes. To assess the potential fitness 



   

 

18 

 

consequences of farmed fox introgression in the Swedish population, we 

harnessed an event dataset of reobserved foxes (n = 123) to construct fitness 

metrics including juvenile survival (n = 602), breeding status (yes/no; n = 

123), lifetime reproductive success (n = 123), breeding success (n= 119), adult 

longevity (n = 115) and age at first reproduction (n = 86). Additional 

morphological and behavioural measurements included body condition index 

(n = 318), colour morph (n = 670), boldness (n = 30) and shyness (n = 29). 

We built linear mixed models and generalised linear mixed models to 

investigate whether farmed fox introgression had a significant effect on any 

of these measurements. 

 

Results 

 

Paper I 

 

In this paper, we aimed to investigate how the demographic history of the 

arctic fox has shaped modern genetic diversity by analysing ancient Eurasian 

samples in the context of present-day populations. Late Pleistocene samples 

showed little population structure in the admixture analysis and principal 

component analysis (PCA; Figure 3 and 4), whereas modern Fennoscandian 

and Icelandic populations formed distinct clusters in both analyses. In the 

maximum-likelihood phylogeny (Figure 5), the Late Pleistocene samples 

formed lineages outside the major modern population clades. The Siberian 

Late Pleistocene samples showed a temporal pattern in their phylogenetic 

relationships, whereas the western European samples did not form sister 

lineages. Modern Fennoscandian and Icelandic samples each formed well-

supported monophyletic clades, while Siberian, North American, and 
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Svalbard samples were paraphyletic, with generally low bootstrap support 

among internal nodes. D-statistics revealed an excess of shared derived alleles 

between the Late Pleistocene European samples and modern Fennoscandian, 

Svalbard, North American, and Siberian populations relative to the Late 

Pleistocene Siberian samples, whereas this pattern was not significant for 

modern Icelandic foxes. Together, these results indicate that Late Pleistocene 

European arctic foxes share greater genetic affinity with most sampled modern 

populations than do the Late Pleistocene Siberian samples. 

 

Figure 3. Admixture plot for inferred admixture proportions (ancient: N = 6, 

wild: N = 42) at (a) K = 2, (b) K = 3 and (c) K = 4 based on genotype 

likelihoods.  
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Figure 4. PCA of modern and Late Pleistocene arctic foxes based on genotype 

likelihoods. a) PC1 displayed on x-axis and PC2 on the y-axis, b) PC3 on the 

x-axis and PC4 on the y-axis. Percentage of variance explained is shown in 

parentheses. 

 

Figure 5. Maximum-likelihood nuclear phylogeny of ancient and modern 

arctic foxes, inferred from a pseudo-haploid variable-site alignment generated 

from BAM files mapped to the red fox reference assembly. The tree is shown 

as a cladogram and was rooted using coyote (Canis latrans; SRR1518486) as 

an outgroup. Ultra-fast bootstrap support values > 70% are indicated at nodes. 

Selected modern clades are collapsed for visualisation. 
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Paper II 

 

Our goal for this paper was to understand the genetic and demographic 

processes underlying the fragmentation of the Fennoscandian and Siberian 

arctic fox populations. The sample areas showed an isolation-by-distance 

pattern from northern Fennoscandia to eastern Siberia, with increased 

divergence from the populations in the east. Runs of Homozygosity (ROH) 

were on average 1.47 times longer in northern Fennoscandia than in Siberia, 

stretching almost entire scaffolds (Figure 6). Consistent with such levels of 

inbreeding, genome-wide heterozygosity was significantly decreased in 

Fennoscandia and there was a higher occurrence of recessive deleterious 

mutations in homozygous state compared to Siberia (Figure 7 and 8), having 

been unmasked due to inbreeding. In contrast, Siberia demonstrated more 

recessive deleterious mutations in heterozygous state.  

 

Figure 6. Genome-wide inbreeding (FROH) in a) northern Fennoscandia with 

Siberia and b) across individual regions. Orange bars show inbreeding in the 

distant past (45-850 generations), green bars show inbreeding occurring 10-

45 generations back and blue bars show inbreeding within the past 10 

generations. Obtained from Cockerill et al., 2022, Fig. 5. 
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Figure 7. Genome-wide heterozygosity as the number of heterozygote site per 

1000 kb in a) northern Fennoscandia with Siberia and b) across individual 

regions. * Denotes significant results. Obtained from Cockerill et al., 2022, 

Fig. 4. 
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Figure 8. Mutation load between northern Fennoscandia and Siberia showing 

a) the proportion of homozygous Loss of Function mutations, b) the 

proportion of heterozygous Loss of Function mutations, c) the proportion of 

homozygous missense mutations and d) the proportion of heterozygous 

missense mutations. * Denotes significant results. Obtained from Cockerill et 

al., 2022, Fig. 6. 
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Paper III 

 

This paper was undertaken to understand the phylogenetic origin of the farmed 

arctic fox lineages and assess the demographic history and genomic 

consequences of domestication. PCA and admixture analyses identified 

moderate population structure among the different wild populations (Figure 9 

and 10), aside from the circumpolar foxes (Siberia, North America, and 

Svalbard), which formed a cluster together. Fennoscandian farmed foxes with 

one North American farmed fox and, separately, the two Alaskan farmed 

foxes from the Aleutian Islands each formed their own clusters. The results 

identified a potential farm hybrid in Iceland, showing signatures of hybrid 

ancestry between Icelandic foxes and Fennoscandian farmed foxes. The other 

putative Icelandic farmed foxes were assigned 100% to the wild Icelandic 

cluster, however, they exhibited long branch lengths in the phylogeny, 

measured as substitutions per site, potentially indicating greater divergence. 

The individuals from the Alaskan Aleutian Islands, which were colonised for 

fur farming in the 18th century, formed their own population in the admixture 

analyses and exhibited substantial genetic divergence from the remaining 

samples in the PCA. The Fennoscandian farmed foxes were placed 

phylogenetically close to coastal foxes in Iceland (Figure 11). Meanwhile, the 

two Aleutian Island farmed foxes were placed close to the Wrangel Island 

population, which is genetically and geographically part of the Siberian 

lemming population. Signatures of a potential domestication bottleneck were 

detected, along with substantially reduced heterozygosity and increase in 

inbreeding in Fennoscandia and North American farmed foxes (Figure 12 and 

13), indicating drastic genomic consequences of domestication.   
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Figure 9. PCA based on genotype likelihoods showing a) PC1 against PC2 

and b) PC3 against PC4. Obtained from Cockerill et al., 2025, Fig. 2. 

 

 

Figure 10. Admixture plot for inferred admixture proportions (farm: n=18, 

wild: n=52) at K = 3, K = 6 and K = 10 based on genotype likelihoods. 

Obtained from Cockerill et al., 2025, Fig. 3. 
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Figure 11. Maximum likelihood phylogeny based on 70 individuals. 

Icelandic foxes are highlighted in green, foxes with known farm 

heritage are shown in red and circumpolar foxes in blue. Obtained from 

Cockerill et al., 2025, Fig. 6. 

  

Figure 12. Genome-wide heterozygosity as the number of heterozygote 

site per 1000 kb. * Denotes significant results. Obtained from Cockerill 

et al., 2025, Fig. 8. 
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Figure 13. Genome-wide inbreeding (FROH). Green bars show inbreeding in 

the distant past (600-300 generations), blue bars show inbreeding occurring 

100-300 generations back, red bars show inbreeding 100-10 generations back 

and orange shows inbreeding I the past 10 generations. Obtained from 

Cockerill et al., 2025, Fig. 7. 

 

Paper IV 

 

In this paper, our goal was to investigate whether there is a genomic signal of 

introgression from farmed foxes into the wild Fennoscandian population and 

assess whether such introgression affects various life-history traits in the wild. 

Estimated farmed fox ancestry in Fennoscandian individuals ranged from 0 to 

0.4 (Figure 14), although most individuals showed low levels of introgression. 

The PCA likewise showed clear separation between farmed and wild foxes 

(Figure 15). We identified two loci that were fixed in farmed foxes but 

occurred at frequencies below 0.4 in the wild population. Increased farmed 

fox ancestry was associated with significantly reduced juvenile survival and 

increased adult longevity (Figure 16). Higher farmed fox ancestry was also 
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associated with reduced shyness (PC1) and a tendency to reproduce later in 

life, although these relationships were weaker. 

 

Figure 14. Admixture plot for inferred admixture proportions of 

Fennoscandian and farmed foxes using 86 SNPs (farm: n=38, wild: n=1,892) 

at K = 4. 

 

Figure 15. PCA of Fennoscandian and farmed foxes based on 86 SNPs a) PC1 

and PC2, b) PC3 and PC4. 
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Figure 16. Effect of farmed fox ancestry (V4) on life-history, morphological, 

behavioural, and genetic traits. Points represent standardised effect sizes (β) 

with 95% confidence intervals. Significant effects (p < 0.05) are shown in bold 

with asterisks (*p < 0.05, **p < 0.01). 
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Discussion 

 

This thesis investigated the genomic consequences of demographic change in 

the context of past climate change, recent fragmentation, exploitation, 

bottlenecks, present introgression signals, and future population persistence. 

Although the underlying processes, spatial scales, and temporal scales differ, 

we see similar genomic signatures in the form of increased genomic 

inbreeding coefficients (FROH) and reduced genetic variation in farmed foxes 

and the fragmented Fennoscandian population. In farmed foxes, these patterns 

largely reflect recent demographic bottlenecks and founder effects associated 

with domestication, whereas in Fennoscandia they are the result of prolonged 

population fragmentation, reduced gene flow, and demographic decline. Thus, 

different demographic histories can produce similar genomic consequences, 

highlighting how genomic patterns must be interpreted in the context of the 

processes and timescales that generated them (Charlesworth et al., 2003). At 

the same time, these contrasting demographic histories have resulted in 

different patterns of population structure. The Fennoscandian metapopulation 

exhibits signatures of subpopulation isolation, with increased population 

structure and differentiation, whereas the farmed populations are largely 

homogeneous and show little population structure. Interestingly, a similar lack 

of population structure was observed among the Late Pleistocene Eurasian 

samples in Paper I, despite the very different microevolutionary processes 

and timescales involved. Based on Paper I, past climate change has had an 

impact on arctic fox populations and Fennoscandia and Iceland were 

highlighted as the most vulnerable arctic fox populations in the world. The 

Fennoscandian population has subsequently undergone extensive genome 

erosion following demographic decline, a bottleneck, and population 

fragmentation. Inbreeding has increased since the 20th-century bottleneck 
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(von Seth et al., 2025) and is ongoing. In Paper II, runs of homozygosity in 

this population reached lengths of up to 95.8 Mb, comparable to those 

observed in a highly inbred Scandinavian grey wolf (Canis lupus) population 

(Kardos et al., 2018). Genetic drift is likely heightened in these small 

subpopulations, increasing the risk of further loss of genetic variation (Wright, 

1984; Charlesworth et al., 2003). The increased occurrence of potentially 

deleterious variants in the homozygous state suggests that genome erosion 

may have consequences for individual fitness. Indeed, Hasselgren et al (2024) 

linked homozygous strongly deleterious mutations with reduced reproductive 

output and longevity in the vulnerable arctic population in Helagsfjällen. 

Unless connectivity and gene flow with Siberia are restored, the 

Fennoscandian population may remain small and fragmented, potentially 

increasing its long-term risk of extinction. 

In Paper III, the Fennoscandian farmed fox lineage appeared to be largely 

homogenous, with slight signatures of admixture with wild Icelandic and 

circumpolar foxes. Results provide evidence of a mixed origin; however, the 

coastal ecotype probably contributed substantially to farmed arctic fox 

populations. We find support for a population bottleneck that may be 

associated with the process of domestication and genome erosion consistent 

with long-term low population size. Domestication does not always begin with 

a domestication bottleneck, which has been shown to be less common than 

previously thought (Allaby et al., 2019). However, the farmed arctic fox 

populations seem to have a substantially narrow genetic base, and genomic 

inbreeding coefficients are in line with estimates obtained in domestic dogs 

(FROH = 0.3; Sams and Boyko, 2019). Such a demographic history likely 

means that the farmed foxes may have accumulated recessive deleterious 

mutations that have not been purged in the favourable captive environment 

where veterinary care and lack of predators is common (Lynch and O’Hely, 

2001; Bertorelle et al., 2022). 
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Introgression of domesticated genes into wild populations has been of 

conservation concern for a variety of species (Dzialuk et al., 2018; Frantz et 

al., 2013; Hertwig et al., 2009; Senn et al., 2019). In Paper III, I detected 

signals for a potential hybrid individual between Fennoscandian farmed foxes 

and wild Icelandic foxes. This is consistent with historical accounts that 

indicate farmed foxes were imported from Norway to Iceland to stock farms 

(Unnsteinsdottir, pers comm). It is uncertain, however, whether the 

hybridisation event occurred within an Icelandic farm or in the wild, but 

introgression in the wild Icelandic population was documented as early as the 

1980s (Hersteinsson et al., 1989). 

In Paper IV, I detected signals of historical introgression from Norwegian 

farmed foxes into the wild Fennoscandian population. If the proposed coastal 

origin of farmed foxes is correct, these lineages may be less suited to the 

fluctuating environments experienced by lemming-dependent foxes in 

Fennoscandia (Tannerfeldt and Angerbjörn, 1998). The coastal origin 

identified in Paper III may therefore provide a potential explanation for the 

significantly reduced juvenile survival associated with increased farmed fox 

ancestry in Paper IV. Although higher farmed fox ancestry was also 

associated with increased adult longevity, this pattern may reflect selection or 

survivorship bias, whereby only individuals that survive the early life stages 

persist into adulthood. Regardless of the underlying mechanism, reduced 

juvenile survival may impose an additional burden on an already small and 

fragmented population (Keller and Waller, 2002; Charlesworth et al., 2003). 

These findings highlight the importance of implementing measures to 

minimise contact between farmed and wild foxes, thereby reducing the risk of 

eroding local adaptations and introducing potentially maladaptive or 

deleterious genetic variation into the remaining Fennoscandian 

subpopulations. 
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Overall, the findings of this thesis illustrate how the four major 

microevolutionary processes interact to shape genetic variation. Mutation 

provides the raw material for evolutionary change, while the fate of this 

variation is subsequently influenced by genetic drift, natural selection, and 

gene flow (Charlesworth et al., 2003). In the Fennoscandian arctic fox 

population, demographic contraction and isolation have increased the 

influence of genetic drift, contributing to the loss of genetic variation, whereas 

the larger Siberian population appears to have experienced weaker effects of 

drift. In the farmed population, the strong bottleneck and founder effects 

similarly increased the influence of drift, while relaxed selection in captivity 

may have allowed variants that would otherwise be removed by natural 

selection to persist. Conversely, natural selection is likely to have been more 

effective in the larger Siberian population, where the effects of drift are 

weaker (Wright, 1931; Charlesworth et al., 2003), and may have played an 

important role in enabling arctic foxes to persist through major environmental 

changes during and following the LGM (Hewitt 1999; Hewitt 2000; Hewitt 

2004). Gene flow can counteract differentiation generated by drift, while 

reduced gene flow allows drift to act more independently within isolated 

populations. Historical connectivity with gene flow across Eurasia during the 

LGM may have contributed to the maintenance of genetic connectivity, like 

the dispersal and gene flow that occur across Arctic sea ice today. In contrast, 

reduced contemporary gene flow into Fennoscandia, and the long-term 

isolation of Iceland, has allowed genetic drift to contribute more strongly to 

differentiation in these populations. Thus, the genetic structure observed 

across arctic fox populations reflects the combined and changing influence of 

these processes across both temporal and spatial scales. Capturing this 

complexity requires complementary genomic approaches, from whole 

genomes of modern and ancient individuals that provide detailed insight into 

demographic history and genome-wide variation, to targeted SNP data from 
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thousands of individuals that reveal patterns across contemporary populations. 

Together, these approaches demonstrate how the genomes of arctic foxes have 

been shaped by the interplay of microevolutionary processes and how 

genomic tools can begin to disentangle their effects. 

 

Applications and future perspectives 

 

The chapters in this thesis present important findings regarding the genetic 

status of these contrasting populations and have several practical applications 

for conservation and captive population management. Furthermore, 

synthesising the empirical evidence presented here provides broader insights 

into how evolutionary processes shape genetic variation in small populations. 

The Fennoscandian arctic fox population shows typical signatures of genome 

erosion and mutational load following population decline and fragmentation, 

which is in line with the traditional background theories. Based on these 

results, it is important to increase metapopulation structure in northern 

Fennoscandia and understand the drivers of individual dispersal, so that we 

can implement in situ actions to promote movement across the Fennoscandian 

mountain into Siberia. Since its establishment in 2005, the Norwegian captive 

breeding programme has shown promising results and may provide a solution 

to enhancing connectivity in northern Fennoscandia (Landa et al., 2017; 

Bommerlund et al., in revision). Similar to the outcome of fragmentation, 

domestication appears to have played a large role in shaping the genetic 

composition of the farmed arctic fox lineage, exemplified through potential 

bottleneck events, founder effects, isolation, low population size, genetic drift 

and inbreeding. With understanding the microevolutionary processes driving 

each scenario, we gain further understanding into the incipient domestication 
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process and how this differs from long-term domestication, while 

characterising the trademarks of population decline.  

Given the mixed, likely coastal origin of farmed arctic foxes, I predicted that 

this genetic variation could be maladaptive if introduced into the wild, 

potentially reducing the fitness of farmed foxes in natural environments. The 

limited gene pool and population structure of farmed foxes also enabled the 

use of a reduced SNP panel to quantify farmed ancestry and investigate its 

potential fitness effects. My results indicate that farmed fox ancestry has a 

measurable impact on the fitness of the Swedish subpopulation through 

reduced juvenile survival and should therefore be considered in the future 

management of the Fennoscandian population. However, the consequences 

are more nuanced than a simple reduction in fitness, as farmed foxes and wild 

foxes with farmed ancestry can at least survive and reproduce in the wild. 

Overall, this work contributes to a growing body of evidence that human 

exploitation can have both direct and indirect consequences that are detectable 

in the genome and linked to life-history traits. More broadly, relatively few 

studies have linked introgression with fitness in wild populations (e.g. Pilot et 

al., 2021; Sarabia et al., 2025; Lobo et al., 2025), highlighting the value of 

integrating genomic measures of ancestry with demographic and life-history 

data when assessing its consequences. The arctic fox is one of many species 

particularly vulnerable to global warming, and as climate change continues to 

alter ecosystems at an unprecedented rate, genomic tools will become 

increasingly important for understanding how populations respond to 

environmental change and for identifying strategies to safeguard vulnerable 

species. 
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Svensk sammanfattning 

 

Individers genom formas av tidigare demografiska händelser, vilka återspeglas i 

förändringar i allelfrekvenser. Dessa genomiska ”register” innehåller en stor mängd 

information som kan användas för att förstå hur arter svarar på processer såsom 

klimatförändringar, mänsklig exploatering och habitatfragmentering. Med fjällräven 

(Vulpes lagopus) som modellart använde jag modernt, historiskt och forntida DNA 

för att undersöka de mikroevolutionära processer som driver dessa förändringar, 

såsom mutationer, genetisk drift, naturligt urval och genflöde, över olika rumsliga och 

tidsmässiga skalor. I Artikel I sekvenserade jag nukleära helgenom från 

senpleistocena individer från Centraleuropa (~12.5 – 12.8 ka före nutid; BP) och 

Sibirien (18.3 – > 54.3 ka BP), tillsammans med historiska och moderna genom från 

dagens cirkumpolära populationer. De senpleistocena proverna uppvisade begränsad 

populationsstruktur och ingen direkt kontinuitet med dagens cirkumpolära 

populationer. Dessa linjer utgjorde sannolikt delar av en större, sammanhängande 

population som sträckte sig över Eurasien vid slutet av den senaste istiden (~26.5 – 

19 ka BP). Den bevarade autosomala genetiska diversiteten, trots tidigare påvisad 

förlust av mitogenomisk diversitet, tyder på en möjlig flaskhals vid holocens början. 

I Artikel II undersökte jag fragmenteringen av den nutida hotade fennoskandiska 

populationen från dess historiska utbredningsområde i Sibirien med hjälp av nukleära 

helgenom. Ett mönster av isolering genom avstånd påvisades, tillsammans med förlust 

av genetisk variation mot norra Fennoskandien. Detta är förenligt med en flaskhals 

till följd av omfattande jakt, habitatfragmentering och minskat genflöde från Sibirien 

via Kolahalvön. I Artikel III undersökte jag ursprunget till och de genomiska 

konsekvenserna av den intensiva uppfödningen av fjällräv för pälsproduktion, det vill 

säga semidomesticerade linjer som enligt tidigare dokumentation har sitt ursprung i 

kustpopulationer från slutet av 1900-talet. Med hjälp av sekvensering av nukleära 

helgenom visade jag att alla farmrävar som inkluderades i studien hade ett gemensamt 

ursprung med den isländska kustpopulationen. De uppvisade även genomiska 

signaturer av en flaskhals, founder effects och långvarigt låg populationsstorlek efter 

etableringen av pälsfarmerna. I Artikel IV använde jag en panel med 86 single 

nucleotide polymorphisms (SNP) för att genotypa över tusen fennoskandiska 

fjällrävar och kvantifiera introgression från farmrävar. Nivåerna av introgression var 

låga, men en högre andel genetiskt ursprung från farmrävar var associerad med 

minskad överlevnad hos juveniler och ökad livslängd hos vuxna rävar. Trade-offs 

mellan olika fitnesskomponenter tyder på att genflödet från farmrävar har haft 

komplexa effekter på populationen, och jag rekommenderar att bevarandeinsatser in 

situ fortsätter att screena för genetiskt ursprung från farmrävar. Sammantaget visar 

resultaten från denna avhandling hur mikroevolutionära processer är sammanflätade 

och samverkar för att forma den genetiska variationen. Jag visar hur genomiska data 

med olika upplösningsgrad kan vara effektiva för att särskilja och klarlägga dessa 

processer. Resultaten från denna avhandling är särskilt betydelsefulla för förståelsen 

av hur arter svarar på tidigare klimatförändringar och mänsklig påverkan, särskilt i en 

tid präglad av ökade globala konflikter och accelererande klimatförändringar. 

 


