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Abstract

Anthropogenic reintroductions are a commonly used conservation strategy following local
extirpations. However, establishing new populations with a small number of founders can
result in population bottlenecks causing reduced genetic diversity, increased inbreeding, and
altered genetic structuring of sub-populations. Following large-scale extirpations due to severe
overharvesting in the 19" - 20" Century, many current populations of the endemic high-arctic
Svalbard reindeer subspecies, Rangifer tarandus platyrhynchus, originate from recent
reintroduction programs or natural recolonisations. This study uses whole-genome shotgun
sequencing of 100 reindeer to investigate the population genomic consequences of both
anthropogenic reintroductions and natural recolonisation. Genetic structure analyses indicate
significant genetic drift resulting from reintroductions occurred, with reintroduced populations
forming two distinct genetic clusters corresponding to the two reintroductions. There was little
evidence for gene flow between reintroduced and natural populations, with very high genetic
divergence between a reintroduced and a naturally recolonised population only separated by
~15km. However, reintroduced populations showed no significant decrease in heterozygosity
or increase in inbreeding compared to the source population, and no signature of the
reintroduction event could be observed in Runs of Homozygosity (RoH) length distributions.
In contrast, some naturally recolonised populations showed high inbreeding (F=>0.3), longer
RoH segments, and reduced heterozygosity. These results indicate that some naturally
recolonised sub-populations were likely founded by a small number of individuals, and that
anthropogenic reintroductions can be more effective for establishing populations with high
genetic diversity than some cases of natural recolonisation. Populations naturally recolonised
from remnant populations may be particularly vulnerable to the accumulation of inbreeding
and drift-load, and therefore warrant particular attention in future research. These findings have
relevance for the conservation and management of other species with similar life histories
where natural recolonisation from fragmented populations is expected to play a key role in

population recovery, or where reintroductions are being considered.
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Introduction

Species reintroductions involve the artificial establishment of new populations to areas in
which they once occurred but have since become locally extirpated, and are commonly used in
ecological restoration and biodiversity conservation programmes (Armstrong and Seddon
2008; Weeks et al. 2011). Most reintroductions involve translocation of a limited (often very
small) number of individuals to establish new populations that are, to some degree,
geographically isolated from the species’ current range (Frankham 2010). Together, these
characteristics may impart genetic consequences on the newly founded populations. Founding
populations are often characterised by a small effective population size, contain only a subset
of the genetic variation that exists in their source populations, and have limited or no migration
between other populations (Lynch and Gabriel 1990; Frankham 2010). This can impact the
short- and long-term viability of populations (Frankham, 2005; Weeks et al., 2011).

Founder effects are effectively a bottleneck of the source population and have the short-term
effect of an immediate reduction in genetic diversity, because the founder population typically
only represents a sample of the genetic variation found in the source population (Nei et al.
1975; Willis and Willis 2010). As a consequence, reintroduced populations commonly have
lower heterozygosity or allelic richness than their source populations (e.g. Williams et al. 2002;
Jamieson 2011; Grossen et al. 2018). Founding events also influence genetic diversity in the
medium- and long-term because bottlenecked populations have reduced population sizes,
which lead to the erosion of genetic diversity as alleles become lost due to genetic drift over
time (Nei et al. 1975; Allendorf 1986). The magnitude of loss of genetic diversity is highly
dependent on the effective population size, and the length (in generations) of the bottleneck.
Effective population sizes depends not only on the number of individuals but also factors such
as mating system (variance in reproductive success), sex ratios, and generational overlap, as
well as the demographic history (such as past bottlenecks) because these influence the
probability that all alleles in the population will be passed on at equal rates (Frankham 1995).
A key factor determining the long-term genetic effects of a bottleneck is the growth rate of the
population and overlap of generations, which influence the effective length of the population
bottleneck. A high degree of generational overlap and fast population growth reduce the length
of the bottleneck and reduce the probability that alleles will be lost or change in frequency due
to genetic drift (Nei et al. 1975; Allendorf 1986). Conversely, in populations which remain
small for long periods of time, genetic drift will reduce genetic variation by leading to loss of

alleles by random chance, and as a result, fixation of deleterious recessive alleles that reduce



population fitness, known as drift-load (Whitlock et al. 2000; Willi et al. 2013). In small
populations the rate of inbreeding also increases because there is a higher probability that two
individuals share recent common ancestors, which causes a decrease in genetic diversity at the
individual level by increasing homozygosity. This leads to an increase of homozygous
genotypes of segregating deleterious recessive alleles which can reduce individual fitness,

known as inbreeding depression (Charlesworth and Willis 2009).

Gene flow can also act to maintain or counteract the loss of genetic diversity in small
populations by introducing novel genetic material and replenishing genetic variation lost to
drift and bottleneck effects (Vucetich and Waite 2000; Latch and Rhodes 2005). Furthermore,
it can reduce rates of inbreeding because new migrants from genetically differentiated
populations reduce the average relatedness between individuals in a population, hence
population connectivity may be the most efficient way in which to maintain or restore genetic
variation in small populations (Frankham et al. 2017). Inbreeding and drift-load accumulate
over generations at a rate that depends on the population size and the rate of immigration
(Whitlock et al. 2000; Willi et al. 2013). Therefore population growth rate and structure are
key factors in determining the genetic diversity of a reintroduced population, the effect of
mutational load on fitness, and thus population viability (Latch and Rhodes 2005; Biebach and
Keller 2010, 2012).

Genetic diversity is important for population viability in the medium to long-term because it
influences the evolutionary potential of a population and its capacity to adapt to changing
environmental conditions (Frankham 2005a), Currently, climate change and the fragmentation
and degradation of habitats occur at unprecedented rates across the globe (Bellard et al. 2012;
Hooper et al. 2012). Such changes in the environment can lead to maladaptation and reduced
fitness of populations (Hendry 2017), and evolutionary responses may be required for a
population to persist (Bell and Gonzalez 2009). Small, isolated populations with low levels of
genetic diversity and elevated mutational load can be particularly vulnerable to environmental
change (Frankham 2005b). The fitness consequences of inbreeding and drift load may also be
higher in stressful environments, such as when a population is maladapted to its environment
(Hedrick 2000; Frankham 2005a). Standing genetic variation (i.e. the variation that currently
exists in the population) is particularly important for enabling a population to respond to rapid
environmental changes; populations with reduced genetic variation that natural selection can
act upon have a reduced evolutionary potential and thus may be slower or less likely to adapt

to the changes in their environment (Orr and Unckless 2008). Furthermore, if population sizes



are small, there is a greater probability of extinction before such adaptation can occur (Bell

2013; Carlson et al. 2014).

A key goal in the management of reintroduced or fragmented populations is thus to maximise
the genetic diversity and minimise inbreeding to increase their long-term viability (Frankham
et al. 2017). To this end, genetic studies of reintroduced populations have become a focus of
conservation biology in the last decade to better understand the genetic consequences of
reintroductions (Frankham 2010). Several studies have shown that genetic diversity in
reintroduced populations is often higher in those which receive gene flow from other
populations (Latch and Rhodes 2005; Biebach and Keller 2012), which use multiple source
populations to buffer against founder effects (Williams et al. 2000; Huff et al. 2010; Williams
and Scribner 2010; Sasmal et al. 2013), and those which use augmentation, or multiple waves
of reintroduction (Drauch and Rhodes 2007; Cullingham and Moehrenschlager 2013). Other
studies have shown that inbreeding depression can occur in reintroduced populations (Marshall
and Spalton 2000; Jamieson et al. 2007). Erosion of genetic diversity in reintroduced
populations most often occurs in those which are isolated and do not experience rapid
population growth (Williams et al. 2002; Hundertmark and van Daele 2010). This can

potentially have detrimental consequences for fitness related traits (Wisely et al. 2008).

Based on this body of work, a number of management practice recommendations have been
put forward, such as “rules of thumb” that give general guidelines for the number of individuals
that need to be reintroduced and the amount of gene flow required to maintain genetic diversity.
For example, 20 effective founders (Willis and Willis 2010) and one effective migrant per
generation (Vucetich and Waite 2000). These recommendations come with the caveat that they
are highly dependent on the ecology and life history of the species in question (Willis and
Willis 2010).

Typically, microsatellite markers have been used to quantify the genetic diversity and structure
of reintroduced populations (Frankham 2010). Such genetic analyses are fundamental for
understanding the genetic outcome of reintroductions (Hicks et al. 2007; Taylor and Jamieson
2008; Wright et al. 2014). In recent years genomic data has shown increased power and utility
for providing insights into both the “traditional” population structure and genetic diversity
analyses, but also into the demographic processes related to reintroductions, such as
quantifying inbreeding (Grossen et al. 2018). One such advantage of genomic data is its utility
for detecting runs of homozygosity. Inbreeding between individuals that share common
ancestors results in offspring with stretches of contiguous homozygous loci along segments of

their chromosomes that both parents inherited from a common ancestor, known as Identical by



descent (IBD) tracts or Runs of Homozygosity (RoH) (Kardos et al. 2015). These can be
quantified to provide an estimate of individual inbreeding coefficients (i.e. the proportion of
the genome that is in RoH) similar to other molecular methods of estimating inbreeding
(Kardos et al. 2015). However, analysis of RoH can also provide insights into the demographic
history of a population by providing indications of how many generations prior the shared
ancestors of the parents were, based on the length distribution of RoH (Kardos et al. 2016;
Druet and Gautier 2017; Briiniche-Olsen et al. 2018). RoH-based inbreeding estimates used in
combination with population structure analyses (to infer/confirm admixture and population
origins) can provide important insights into the contribution of historical demography to
current levels of genetic diversity and inbreeding, for example past population bottlenecks

associated with founder events (e.g. Grossen et al. 2018).

The Svalbard reindeer (Rangifer tarandus platyrhynchus Vrolik, 1829) subspecies and its
strong metapopulation structure provides an ideal system in which these novel methods can
now be applied to address the genetic consequences of local extirpations and subsequent
anthropogenic reintroductions. Furthermore, this particular study system allows comparisons
to be made between the genetic consequences of reintroductions, and those related to natural
recolonisation processes. On a circumarctic scale, reindeer and caribou (Rangifer tarandus)
populations show diverse population trends in response to habitat disturbances and climate
change (Uboni et al. 2016), including widespread population declines (Vors and Boyce 2009).
The number of Svalbard reindeer declined drastically due to overharvesting until 1925, and the
subspecies (endemic to the Svalbard archipelago) was extirpated from much of its former range
(Le Moullec et al. 2019). The subspecies has since largely recovered, with natural
recolonisation and anthropogenic reintroductions restoring most of its former range.
Accordingly, Svalbard reindeer are now very abundant (Le Moullec et al. 2019) with many
populations relatively stable or increasing in size (Hansen et al. 2019c). However,
environmental conditions are rapidly changing in the arctic due to climate change (Post et al.
2009), and this may possibly be contributing to reindeer and caribou population declines at a
pan-arctic scale (Vors and Boyce 2009). On Svalbard, there has been a “regime-shift” in winter
weather conditions, with an increased frequency of rain-on-snow (ROS) events (Peeters et al.
2019). These ROS events result in ground ice formation that limits reindeer’s access to forage,
and this interacts with population density to cause food limitation in poor winters, thus
occasionally destabilizing population dynamics (Kohler and Aanes 2004; but see Hansen et al.
2019a). Reindeer partly buffer against the effects of this with behavioural plasticity in foraging
strategies at small spatial scales (Hansen et al. 2010b, 2019b; Loe et al. 2016). However, a



further complicating factor is that in coastal areas on Svalbard, reindeer are distributed in small
patches of suitable habitat on isolated peninsulas and valleys separated by glaciers, mountains
and water (Le Moullec et al. 2019). Sea and fjord ice have facilitated gene-flow between some
Svalbard reindeer populations in the past (Peeters et al. 2020), but the extent and frequency of

ice cover are rapidly declining, which may lead to further isolation of populations.

As environmental conditions continue to change, genetic diversity of reindeer populations may
be important for their capacity to adapt to these conditions and influence their future population
dynamics. Therefore, knowledge of the genetic consequences of the Svalbard reindeer
reintroduction and recolonisation is important for understanding how the meta-population
might respond in future, and to contribute to a broader understanding of the genetic
consequences of species reintroductions. Here, I use whole-genome sequencing data to
investigate the genetic consequences of Svalbard reindeer reintroductions and compare these
to the natural recolonisation process in adjacent, comparable habitats with similar ecological

conditions.

Specifically, I test the prediction that the single population bottleneck associated with
anthropogenic reintroductions, and the subsequent rapid population growth, would result in
populations that retained most of the genetic diversity of the source population, but would still
exhibit a signature of this reintroduction in the form of longer runs of homozygosity.
Additionally, I predicted that naturally recolonised populations that were not admixed would
show lower genetic diversity and higher inbreeding coefficients due to the compounding effects
of sequential founding events. To achieve this, I (1) characterised the population structure of
reintroduced, remnant, and naturally recolonised populations, and identified any admixture
between them; (2) quantified and compared the genetic diversity of reintroduced and source
populations to determine how much of the genetic diversity of the source population has been
retained in reintroduced populations; (3) compared this to levels of genetic diversity in
naturally recolonised populations; and (4) quantified inbreeding and the length distributions of
RoH/IBD tracts in individuals’ genomes to relate current levels of autozygosity to past
demographic processes, and to detect genetic signatures of reintroduction or recolonisation

events.



Methods

Study area

The high-arctic Svalbard archipelago lies in arctic ocean approx. 700km north of mainland
Norway (76-81° N, 10-35°E). The archipelago is characterised by vegetated peninsulas and
valleys comprising only 16% of the landmass (Johansen et al. 2012), which are fragmented by
glaciers and mountains that comprise the majority of the land area. Vegetation on the
archipelago includes Dryas, snowbed, and marsh tundra communities, arctic meadows
dominated by forbs and grasses, and barren, exposed graminoid communities (Johansen et al.

2012).

Study species

The Svalbard reindeer is an endemic subspecies that likely colonised the archipelago from
Eurasia 6700 - 5000 ago (Kvie et al. 2016). The species is the dominant herbivore in the
terrestrial ecosystem with little interspecific competition and almost non-existent predation
pressure (Derocher et al. 2000). Reindeer were overharvested to near-extinction on Svalbard
during the 19™ and early 20™ century before coming under legal protection from hunting in
1925 (Le Moullec et al. 2019). By this time, it had been extirpated from much of its former
natural range, and isolated remnant populations were largely confined to northern,
northeastern, and eastern extremes of the archipelago, as well as the central Spitsbergen region
(Le Moullec et al. 2019). After coming under legal protection, the sub-species began to recover
but was still absent from much of its range by 1978, including the west coast of Spitsbergen.
In 1978, 15 individuals (with 12 surviving the first months, including three males) were
translocated from Adventdalen in central Spitsbergen to Breggerhalveya on the west coast
(Figure 1, Aanes et al. 2000). In 1984-85 a second translocation reintroduced 12 individuals to
Daudmannsegyra, on the north-western edge of Isfjorden, to the south of Breggerhalveya
(Gjertz 1995). The reintroduced population at Braggerhalveya has been the subject of an
ongoing population monitoring program (Aanes et al. 2000; Hansen et al. 2019c). This has
recorded population’s rapid expansion after translocation (from 12 individuals in 1978 to ~360
individuals in 1993), until a combination of high population density and poor winter conditions
triggered a population crash and migration to recolonise the nearby peninsulas of Sarsgyra and
Kaffigyra to the south, and Prins Karls Forland island to the west (Gjertz 1995; Aanes et al.
2000). Reindeer populations have since recolonised most of their former range, including
southern Spitsbergen, the north coast of Isfjorden to the east of the reintroduced population at
Daudmannseyra, the north-west coast south to Mitrahalveya, 15km to the North of
Broggerhalvaya (Le Moullec et al. 2019). Genetic evidence suggests the Svalbard reindeer



metapopulation has low levels of genetic diversity and shows strong population structure (Coté
et al. 2002; Kvie et al. 2016; Peeters et al. 2020), reflecting a history of population bottlenecks
and the largely philopatric nature of the species with no large scale migration (Hansen et al.
2010a). Populations at Mitrahalveya, Wijdefjorden, and Southern Spitsbergen appear naturally
recolonised from remnant populations, while the origins of the populations along North
Isfjorden are unclear, but possibly originated via admixture between the second reintroduction

and naturally recolonising individuals (Peeters et al. 2020).

Genetic sample collection

Genetic data were generated from tissue samples (ear, antler, bone, or fur) collected in 2014-
18 from 100 individual reindeer originating from twelve sub-populations on the Svalbard
archipelago, Norway (Figure 1, Table 1). These included six sub-populations believed to have
originated from the two translocations: (1) Braggerhalveya (BGR, the initial reintroduction
site), Sarsoyra (SAR), Kaffigyra (KAF), and Prins Karls Forland (PKF) from the first
translocation (hereafter collectively referred to as “reintroduction 1), and (2) Daudmannseyra
(DAU, the second reintroduction site) and North Isfjorden (NIF) from the second translocation
(hereafter referred to as “reintroduction 2”’). Samples were collected from the source population
of the reintroductions (Adventdalen, ADV) and five other remnant or naturally recolonised
populations: (Mitrahalveya (MTR), Southern Spitsbergen (STH), Wijdefjorden (WDF),
Eastern Svalbard (EST), and North East Land (NE). All samples were previously used to
generate microsatellite data in a study by Peeters et al. (2020), except those from

Daudmannseyra (n=8), which are new in this study.
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Table 1. Number of samples from each sub-population sequenced, and number used in population structure
analyses (NGSadmix, PCAngsd, only), inbreeding analyses (Figp and Runs of Homozygosity analyses), and
heterozygosity estimates.

Sub-population n Seq n Struct? n Figp? n RoH3 n Hetero*
Adventdalen (ADV)® 17 17 14 16 16
Brgggerhalvgya (BGR)R 8 8 8 8 8
Sarsgyra (SAR)R 6 6 6 6 6
Kaffigyra (KAF)R 9 9 9 9 9
Prins Karls Forland (KAF)R 6 5 3 3 3
Daudmannsgyra (DAU)R 8 6 8 8 8
North Isfjorden (NIF)® 9 8 8 6 6
Wijdefjorden (WDF) 8 8 8 8 7
Mitrahalvgya (MTR) 8 6 6 5 3
Southern Spitsbergen (STH) 8 6 6 4 3
Eastern Svalbard (EST) 10 9 7 7 5
North East Land (NE) 3* 3 2 2 3
Total 100 91 85 82 77

*Only two samples from NE were mapped to the caribou reference genome; ! Samples > 0.2x coverage and
individuals not closely related; 2 Only samples from low-depth sequencing run and > 0.5x coverage; 3 Samples > 1x
coverage; 4 Samples > 1.3x coverage; S Reintroduction source population; R Reintroduced populations.



DNA extraction and library building

DNA was extracted from ear tissue for the eight samples from Daudmannsgyra using a Qiagen
(Hilden, Germany) DNeasy Blood & Tissue extraction kit according to the manufacturer’s
instructions (details in SI 1.). Genomic library building was based on the BEST v 1.1 (Blunt
End Single Tube) 96 well-plate format protocol (Vanessa Bieker, personal communication)
based on the method presented in Carge et al., (2018), and then sequenced to a target depth of
2-3x at the NTNU Genomics Core Facility (see Figure S1 and Table S1 for details). These
sequencing data were combined with data from higher-depth (target 20x) sequencing (using
the NovasSeq platform) of four of the previously sequenced 94 samples, plus an additional six

samples from which libraries were built using the same method.

Bioinformatics

The Paleomix pipeline version 1.2.13.4 (Schubert et al. 2014) was used to map demultiplexed
sequence reads to a reindeer reference genome. Adapters were trimmed with adapterremoval
version 2 (Schubert et al. 2016) and the BWA aligner program version 0.7.15 was used with
the MEM algorithm (Li 2013) without filtering for mapping quality. Reads that did not map to
the reference were filtered out. Sequence data was mapped to a reindeer reference genome
assembled from a female Mongolian reindeer (Li et al. 2017) as well as a caribou reference
genome assembled from a North American male (Taylor et al. 2019). Svalbard reindeer are
likely more closely related to Eurasian reindeer populations than North American caribou
(Kvie et al. 2016), so the reindeer mapped sequence data was used in all analyses except for
RoH inbreeding, for which the overall short length of the assembly scaffolds (Nso = 0.94 Mbp)
rendered it ineffective. The caribou genome assembly has longer scaffolds (Nso = 11.765 Mbp)
that are more appropriate for RoH inbreeding analysis, so this reference genome was used

instead in these analyses.

There is considerable uncertainty in calling genotypes with low coverage data due to
sequencing errors and sampling error of homologous sites. Therefore, no genotype calls are
made, and instead the software package ANGSD v0.93 (Korneliussen et al. 2014) was used to
generate genotype likelihood data for each individual based on the mapping and base quality
scores, and coverage at each loci. This enables the uncertainty inherent in low-coverage
sequence data to be properly accounted for in downstream analyses (Korneliussen et al. 2014).
Genotype likelihood files were generated in beagle format inferring allele frequencies with
fixed major and minor alleles using the command-line arguments -doGlf 2, -doMajorMinor 1,
and -doMaf 1. Variants were called with a threshold of 1e-6, (-SNP_pval 1e-6) at sites for which

there was sequence data in at least 50 individuals. Reads with mapping quality less than 30 and



base quality less than 20, and those with multiple mapping hits, were filtered out using -
minMapQ 30, -minQ 20, and -uniqueOnly 1, and bad reads were removed with
-remove_bads 1. Sites on scaffolds mapping to the goat X-chromosome (a list of these
scaffolds was provided by Lei Chen, Center for Ecological and Environmental Sciences, NPU)
were removed from the data mapped to the Mongolian reindeer reference genome. No removal
of sex chromosome linked sites was necessary for the caribou mapped data because all
scaffolds mapping to sex chromosomes were very short and therefore not used in the analyses

(Taylor et al. 2019) (see RoH inbreeding methods below).

Ancestry/admixture analyses

To infer population structure and identify admixture between populations, the maximum
likelihood based clustering analysis software package NGSadmix (Skotte et al. 2013) was used.
NGSadmix uses a similar core model to more well-known software packages such as
STRUCTURE (Pritchard et al. 2000) and ADMIXTURE (Alexander et al. 2009) but is
appropriate for low-coverage WGS data as it uses genotype likelihoods rather than genotype
data, and thus incorporates uncertainty due to coverage and sequencing error. Samples with
sequencing depth less than 0.2x (n = 7) were removed prior to analysis. Closely related
individuals can bias admixture results (Garcia-Erill and Albrechtsen 2020), so the ngsRelate
software package (Hanghgj et al. 2019) was used to check relatedness between individuals
(using population allele frequencies) for all populations with n > 5. Three individuals (sampled
at the same location on the same day) were closely related in the Daudmannsgyra sub-
population (coefficient of kinship > 0.7) so the two individuals with the lowest coverage were
removed for all population structure analyses. Admixture models were run for the number of
genetic clusters (K) ranging from 2 — 10, with 10 replicates of each. Only sites with a minimum
minor allele frequency greater than 0.05 (using - minMaf 0.05) and that had data in at least half
(46) the 92 individuals in the analysis (using - minind 46) were included in the analysis. For

each value of K, the replicate with the highest likelihood was chosen.

Evaluation of admixture models

Evaluating and interpreting admixture models can be problematic because they rely on many
assumptions to infer ancestry and admixture of individuals, which are often not met in natural
populations (Garcia-Erill and Albrechtsen 2020). One key assumption is the number of
ancestral populations (that are assumed to be distinct), or K. Typically, this is not known for
the study population, so admixture models are run for a range of K values and some model
selection procedure is applied find the “optimum” or “true” K value, e.g. the delta-K procedure

(Evanno et al. 2005). However, most of these have significant drawbacks, (the ‘K conundrum’,
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Janes et al. 2017), and if the population history is complex, there may be no “true” K value
(Garcia-Erill and Albrechtsen 2020). To avoid erroneous or arbitrary selection of one
“optimum” model, no rule-based model selection procedure was used. Instead all K models
from 1-10 were considered, and evaluated using the EVALadmix software package (Garcia-
Erill and Albrechtsen 2020). This package allows admixture models to be evaluated by
calculating and plotting the correlation of residuals between individuals and sub-populations.
Positively correlated residuals within a sub-population and negatively correlated residuals
among sub-populations can indicate the model underestimates genetic structure (Garcia-Erill
and Albrechtsen 2020). Using this approach, admixture models were assessed at the sub-
population level by identifying which populations were affected by poor model fit and

accounting for this in the interpretation of the results.

Principal component analysis

Principal component analysis (PCA) was conducted by using the software package PCAngsd
(Meisner and Albrechtsen 2018) to estimate a genetic covariance matrix using individual allele
frequencies based on genotype likelihood data. The genetic covariance matrix was imported
into R 3.6.1 (R Core Team 2019) where eigenvectors and eigenvalues were computed using
the eigen function. Principle components (eigenvectors) were plotted and ellipses based on 95
% confidence intervals were estimated for each natural population, and for each reintroduction
group (consisting of reintroduced sub-populations grouped according to their expected
reintroduction of origin) using ggplot2 (Wickham 2016). Based on NGSadmix K=2 model
results, two individuals that represented admixture between divergent populations were not
included in population ellipse calculations. PCA analysis was conducted on a dataset including
all individuals in the Svalbard meta-population, and then repeated only including individuals
from the Adventdalen, Southern Spitsbergen, and reintroduced populations to characterise fine-

scale population structure.

Fsr analysis

Pairwise Fsr values were estimated for each sub-population pair using RealSFS in ANGSD
v0.93 (Korneliussen et al. 2014) based on 2D (pairwise) sub-population site frequency spectra
(SES) including all samples. Folded SFS were used because no ancestral states were available
to polarize the ancestral/derived alleles. First, BAM files were used to generate unfolded per-
site allele frequencies (SAF) for each sub-population using the -dosaf 1 argument in ANGSD.
The SAMtools genotype likelihood model was specified using -gl 1, reads with mapping
quality less than 30 and base quality less than 20, and those with multiple mapping hits were

filtered out using -minMapQ 30, -minQ 20, and -uniqueOnly respectively, and reads on
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scaffolds mapping to the X chromosome were filtered out using the -rf argument. The reindeer
reference genome was specified as the ancestral genome. Then using the realSFS module in
ANGSD v0.93, the unfolded SAF were used to generate folded 2D SFS priors for each pair of
sub-populations using the -fold 1 option. Then both the folded SAFs and the folded 2D SFS
prior were used to estimate per-site and global Fsr in realSFS, specifying the Hudson estimation
method which is more suitable for smaller sample sizes (Bhatia et al. 2013) using -whichFST 1.

Finally, the weighted global Fst was calculated using the realSFS fst stat function.

Heterozygosity

Genome-wide heterozygosity was estimated for each individual using realSFS in ANGSD
v0.93 based on the folded site frequency spectrum of each individual (Korneliussen et al. 2014).
This followed the same procedure for filtering as described for Fst, and unfolded SAF and then
folded SFS were generated separately for each individual. The number of heterozygous sites
was divided by the total number of non-N sites to calculate the genome-wide heterozygosity in
each individual. Samples with low coverage were found to have upwardly biased
heterozygosity estimates (see SI 3 for details), so only samples with coverage above 1.3x were
included (n=77) because above 1.3x no relationship between heterozygosity and coverage was
detected. To compare mean heterozygosity between reintroduced and source populations, a
linear mixed model was performed in R using the Ime4 package (Bates et al. 2014). Population
group (source, reintroduction 1, reintroduction 2) was used as a fixed factor with individual

subpopulation as a random intercept.

Inbreeding and runs of homozygosity

ZooRoH (Bertrand et al. 2019) was used to identify tracts of individual genomes identical by
descent (IBD, inherited from a common ancestor of the parents), also known as runs of
homozygosity (RoH) and to estimate inbreeding coefficients. This method utilises a hidden
Markov model approach to estimate per-site probabilities of being IBD rather than a rule-based
method, and can be used with genotype likelihood data, so is more appropriate for use with
low-depth WGS data (Druet and Gautier 2017). This model-based approach scans the genome
for IBD tracts, and can also partition the proportion of the genome IBD into inbreeding “age”
classes (4). IBD tracts are assigned to the most likely age classes based on their length,
assuming a recombination rate of 1 cM/Mb and that lengths of IBD tracts are exponentially
distributed around (1/4)*100 MB, where A4 is the number of generations separating the two
homologous segments that are IBD (i.e. two times the number of generations to the common
ancestor of the parents). The Mongolian reindeer reference genome has a scaffold Nso of only

0.94 (Li et al. 2017), limiting its effectiveness for detecting runs of homozygosity. Therefore,
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sequence data was mapped to the more distantly related caribou reference genome with a
scaffold Nsp of 11.77 Mbp (Taylor et al. 2019). Scaffolds shorter than 10 Mbp were excluded
from RoH analyses, leaving approximately 56% of the assembled genome (1.235 Gbp) covered
by 4,835,080 variable sites. Prior to analysis, the beagle-format genotype likelihoods (GL)
were converted to phred-scale likelihoods using the formula -10*logio(GL). A model with eight
predefined inbreeding classes and one non IBD class was specified: 4 =8, 16, 32, 64, 128, 256,
512, 1024, corresponding to inbreeding due to common ancestors from four to 512 generations
ago. Two inbreeding coefficients were estimated in addition to partitioning of IBD tracts into
the different age classes: First, a total inbreeding coefficient (Figp) was estimated based on the
combined proportion of the genome in all inbreeding age classes. This analysis was based on
individuals with coverage > 0.5x and excluded high-depth samples from the second sequencing
run (total n = 85). Estimates based on non LD pruned data are upwardly biased when including
all inbreeding age classes (Bertrand et al. 2019), but LD pruning introduced upward biased
estimates in Figp for high-depth samples from the second round of sequencing (data not
shown), so these samples were excluded for this analysis. The genotype likelihood data for
Fisp analysis was LD pruned based on called genotypes in PLINK v 1.9 (Chang et al. 2015)
using --indep-pairwise 50 5 0.3 to specify a window size of 50, step size of 5, and a r* threshold
of 0.3. Secondly, an alternative measure of inbreeding based on the proportion of the genome

in ROH segments > 0.3mb (Fron) was estimated for all individuals with coverage >1x (n = 82).

RoH Simulation

A custom script was written in R 3.6.1 (R Core Team 2019) to simulate runs of homozygosity
and inbreeding in a population founded by 12 outbred diploid individuals. Each individual was
simulated with one diploid 1 Gbp chromosome consisting of 10,000 evenly spaced markers.
The model simulated recombination and Mendelian inheritance at an individual chromosome
level, with overlapping generations, random mating and equal probability to reproduce each
year dependent on breeding population size (resulting in a stable maximum population size).
The script did not simulate separate sexes or non-random individual differences in reproductive
success. An age- (but not density) based survival probability was implemented to reduce an
excess of older individuals reproducing while still allowing some long generational overlaps,
and therefore reduce the chance to overestimate average RoH lengths. Age based mortality was
loosely based on data for female Svalbard reindeer in Douhard et al. (2016), but with higher
survival for one and two year-olds. Survival probability was arbitrarily reduced in the older
age classes because males have lower survival probabilities than females (Reimers 1983), but

no age-specific survival data on males was available. Age-based mortality probability under
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10 years was not implemented for founding individuals to avoid unrealistically slow population
growth in the starting years, accounting for the high resource availability and rapid population
growth after reintroduction (Aanes et al. 2000; Kohler and Aanes 2004). A more detailed

description of the simulation can be found in SI 2.

Results

Sequencing results

Whole-genome sequencing of 100 individual samples resulted in an average of 2.33x coverage
(mapped to the reindeer genome) and 3.03x (mapped to the caribou genome) for the 90 samples
sequenced to low target coverage, after quality filtering. The 10 deep-sequenced samples had
an average coverage of 19.07x and 24.92x when mapped to the reindeer and caribou genomes
respectively (see Figure S1 for distribution of sequencing coverage). Seven samples had <0.2x
coverage and were not used in downstream analyses, except for SAF/SFS estimates. Genotype
likelihoods for 8,255,693 variable sites were calculated from the reindeer genome mapped
sequence data (6,309,215 after removing scaffolds mapping to the X chromosome) after quality

filtering.

Admixture analysis

Admixture analysis identified clear genetic structure in the Svalbard reindeer meta-population
(Figure 2). On a broad scale, the K=2 and K=3 models indicated the southern/western
(reintroduced populations, Adventdalen and Southern Spitsbergen), northern (Mitrahalveya)
and eastern Svalbard populations originate from different ancestral populations, with
Wijdefjorden showing admixture between the Mitrahalveya and the East / North East Land
Svalbard clusters. On a finer scale, reintroduced populations were assigned either entirely or
as admixed to one unique genetic cluster (models K=4 — K= 6), or to two (K=7 — K=9) or three
(K=10) genetic clusters distinct from each other, the source population in Adventdalen, and the
southern Spitsbergen population. Two individuals showed evidence of admixture between
reintroduced and naturally recolonised populations; one individual from Kaffigyra was
assigned approximately 50% to the Mitrahalveya cluster, and one individual in the natural
Wijdefjorden population was assigned approximately 50% to the first reintroduction cluster in
all K-value models (Figure 2b). Evaluation of the admixture models showed moderate or high
correlation between residuals within some populations for all K models < K= 7, which indicated
poor model fit (Figure S2). Residuals were positively correlated within some sub-populations
and negatively correlated among them in models where reintroduced sub-populations shared a

genetic cluster with the Adventdalen or Southern Spitsbergen, indicating the model
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underestimated genetic structure. The K= 7 model was the model with the lowest number of
genetic clusters where no sub-population had average correlation of residuals > 0.1 and is most
compatible with PCA and Fsr results (see below), so was selected as the most appropriate

model.

Principal component analysis

The major axis of variation in the principal component analysis (PC1) appears to explain
variation due to genetic divergence between the Adventdalen/South/reintroduced populations
and Mitrahalveya, while the secondary PC axis was driven by variation explained by
divergence between the FEastern population and both  Mitrahalveya and
Adventdalen/South/reintroduced populations, indicating these three groups were divergent
from each other (Figure 3a). On a finer scale, PCA including only the
Adventdalen/South/reintroduced populations showed structuring within this group, with
Adventdalen and Southern Spitsbergen segregating from each other and reintroduced sub-
populations (Figure 3b). Individuals in reintroduced populations segregated according to their
reintroduction of origin, and only one individual was outside the 95% confidence ellipse
calculated using PC1 and PC2. No structuring among sub-populations within reintroduction
groups was evident until PC4, where segregation between most individuals in Daudmannseyra

and North Isfjorden was apparent (Figure S4).
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Fsranalyses

Pairwise Fsr estimates largely supported admixture and PCA results (Table 2). Sub-populations
assumed to originate from the same reintroductions showed lower pairwise Fsr values between
each other than other sub-populations, but populations within the first reintroduction group
(BGR, SAR, KAF, and PKF) showed lower divergence among each other than did the two
populations in the second reintroduction group (DDM and NIF). Similar levels of genetic
differentiation were found in comparisons between the source population and both groups of
reintroduced sub-populations, and between the two groups of reintroduced sub-populations.
The naturally recolonised population at Mitrahalveya appeared to be the most genetically
distinct, as the highest Fst values were found between this and all other populations except for

Wijdefjorden.

Table 2. Pairwise weighted Fst estimates based on 2DSFS between all sub-populations. ADV = Adventdalen,
BGR = Brgggerhalvgya, SAR = Sarsgyra, KAF = Kaffigyra, PKF = Prins Karl Forland, DAU = Daudmannsgyra, NIF =
North Isfjorden, WDF = Wijdefjorden, MTR = Mitrahalvgya, STH = Southern Spitsbergen, EST = Eastern Svalbard,
NE = North East Land.

Population ADV® BG1' SAR' KAF! PKF! DAU? NIF2 WDF MTR EST STH
BGR! 0.047

SAR!? 0.044 0.016

KAF?! 0.032 0.009 0.011

PKF?! 0.051 0.015 0.014 0.018

DAU 2 0.041 0.053 0.051 0.042 0.051

NIF2 0.046 0.048 0.060 0.046 0.058 0.035

WDF 0.116 0.155 0.151 0.126 0.158 0.149 0.150

MTR 0.283 0.327 0.327 0.290 0.334 0.324 0.322 0.110

EST 0.129 0.170 0.169 0.155 0.176 0.167 0.168 0.164 0.326

STH 0.082 0.108 0.104 0.093 0.109 0.094 0.093 0.174 0.351 0.190

NE 0.194 0.238 0.237 0.216 0.240 0.232 0.233 0.174 0.359 0.210 0.257

S Reintroduction source population; !Reintroduction 1; 2 Reintroduction 2

Heterozygosity

The mean genome-wide heterozygosity for all individuals in this study with coverage >1.3x
was 0.00090 + 0.00014 SD, (range 0.00053 — 0.00142, n=77). The mean heterozygosity of all
regions (sub-populations originating from each reintroduction are combined) was 0.00089 +
0.00012. Sub-populations originating from the first and second reintroductions had mean
heterozygosities of 0.00089 + 0.00011 and 0.00088 + 0.00011 respectively, representing an
approximately 6% reduction in mean heterozygosity compared to the source population
(Genome-wide heterozygosity 0.00094 + 0.00008, Figure 4a) although this difference was not
statistically significant (mixed model including group (source, reintrol, reintro2) as fixed factor

and sub-population as random intercept, p > 0.1). The remnant natural population in Eastern
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Svalbard had the highest mean heterozygosity (0.00109 + 0.00021) whilst the naturally
recolonised population at Mitrahalveya had the lowest heterozygosity of all populations

(0.00065 + 0.00011), however this estimate was based on only three individuals.

Inbreeding

The total inbreeding coefficient (Figp) measured as the proportion of the genome in IBD tracts
closely reflects heterozygosity scores (Figure 4b). Total Inbreeding coefficients of individuals
in reintroduced populations (Reintro 1 mean Figp 0.12 + 0.05 SD, Reintro 2 Figp 0.10 + 0.03)
were similar to those in the source population, ADV (Figp 0.11 £ 0.04), and lower than in most
natural populations. The naturally recolonised population at Mitrahalveya had the highest mean
Fisp of 0.27 £ 0.06. Most of the total inbreeding coefficient was attributed to RoH < 0.3 Mbp
as seen by the lower Fron inbreeding coefficients (Figure 4c). Fron was also similar between
the source and two reintroduced populations (ADV Fron 0.008 + 0.007 SD, Reintro 1 Frou
0.008 = 0.008, Reintro 2 Fron 0.011 £ 0.013), and lower than in all natural populations except
North East Land. Southern Spitsbergen had the highest Fron with 0.042 + 0.033.
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Distribution of RoH lengths and simulated inbreeding

The ZooRoH age-class inbreeding model assigned all inbreeding to common ancestors > 512
generations ago. The longest RoH detected using the ZooRoH analysis was 1.77 Mbp, found
in an individual at Mitrahalveya, and in total only 16 RoH > 1 Mbp were found in seven
individuals. Only one of these individuals was in a reintroduced sub-population
(Daudmannsgyra), while remaining six belonged to naturally recolonised populations.
Reintroduced populations showed only a minor increase in RoH lengths compared to the source
population. In contrast, simulated reintroduced populations originating from twelve outbred
founders had exponentially distributed RoH lengths (Figure 5b) with mean length in
individuals of 7.4 Mbp (+/- 3.2 SD) and mean maximum RoH length in individuals of 20.1
Mbp (+/-11.9 SD). These RoH resulted in a mean Fron attributable to shared common ancestry
from the founding individuals of 0.059 (+/-0.037 SD), equivalent to a mean reduction in

heterozygosity of 5.9%.
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Figure 5. a) Frequency of runs of homozygosity > 0.5 Mbp long identified using ZooRoH in
individuals with greater than 1x coverage. b) Simulated RoH length distributions of individuals
produced in year 40 from 20 simulation runs. Error bars indicate SD of population means among
runs. Dashed line indicates individual mean RoH length +/- SD. ADV = Adventdalen; Reintro 1 =
Brgggerhalvgya, Sarsgyra, Kaffigyra, and P.K. Forland; Reintro 2 = Daudmannsgyra and North
Isfjorden; WDF = Wijdefjorden; MTR = Mitrahalvgya; STH = Southern Spitsbergen; EST = Eastern
Svalbard; NE = North East Land.
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Discussion

By using whole-genome shotgun sequencing of Svalbard reindeer, this study has demonstrated
important population genomic consequences of anthropogenic reintroductions versus natural
recolonizations. I found evidence of significant genetic drift resulting from reintroductions
(Figures 2, 3, Table 2), with reintroduced populations forming two distinct genetic clusters
corresponding to the two reintroductions (Figures 2, 3b). There was little evidence for gene
flow between reintroduced and natural populations, with very high genetic divergence between
a reintroduced and a naturally recolonised population only separated by ~15 km (Figure 2a,
Table 2). However, reintroduced populations showed no significant decrease in heterozygosity
or increase in inbreeding compared to the source population (Figure 4), and no signature of the
reintroduction event could be observed in Runs of Homozygosity length distributions (Figure
5). In contrast, some naturally recolonised populations showed very high inbreeding (F=>0.3),

longer ROH segment distributions), and reduced genetic diversity (Figures 4, 5).

Admixture, principal component, and Fsranalyses identified a high degree of structuring in the
Svalbard reindeer metapopulation, typical of ungulate populations with a history of population
fragmentation and bottlenecks due to past harvesting pressure (Williams et al. 2002; Haanes et
al. 2010). On a broad-scale, results show strong genetic differentiation between populations
from Southern/Central Svalbard, Mitrahalveya, Eastern Svalbard, and North East Land, in
agreement with results based on a microsatellite analysis by Peeters et al. (2020). The close
association between the source population in Adventdalen, the reintroduced populations, and
the Southern Spitsbergen population is congruent with all having origins in Central
Spitsbergen, and forming a broad “Central Svalbard” genetic group. Reindeer were apparently
extirpated in Southern Spitsbergen until after the 1950s, but their distribution in the region is
now almost continuous with that of central Svalbard (Le Moullec et al. 2019). Given the genetic
evidence presented here and in Peeters et al. (2020), it appears the region has been naturally
recolonised from Central Spitsbergen, resulting in genetic drift that has driven the observed
divergence from the Adventdalen population. The high degree of genetic structure is likely to
be a consequence of both: (1) the philopatric behaviour of Svalbard reindeer which, unlike
most other reindeer and caribou populations, do not undertake large-scale migration (Hansen
et al. 2010a); and (2) the geographical isolation of suitable habitats, which are separated by
geographical features such as mountain ranges and glaciers that inhibit dispersal of reindeer
(Peeters et al. 2020). In addition, severe overharvesting during the 19-20™ centuries resulted in
remaining populations becoming small and isolated (Le Moullec et al. 2019), which may have

accentuated genetic drift and subsequent divergence.
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On a finer scale, this study reveals population structure within the Central Svalbard group
between the source and reintroduced populations, and among reintroduced sub-populations.
Admixture and principal component analyses indicate the presence of two distinct genetic
clusters among reintroduced populations corresponding to the two separate reintroductions,
and pairwise Fsr estimates indicate both reintroductions have resulted in a similar degree of
genetic divergence from the source population. Founder effects and subsequent genetic drift
resulting in genetic divergence between reintroduced populations and their source has been
documented in several reintroductions (Williams et al. 2002; Latch and Rhodes 2005; Brekke
etal. 2011; Andersen et al. 2014; Grossen et al. 2018), which reflects isolation from the source
population after reintroduction. However, such patterns do not always occur; a lack of
population divergence between reintroduction and source populations is more typical when
high levels of gene flow occur between them e.g. Latch and Rhodes (2005) and Drauch and
Rhodes (2007).

Close genetic clustering of multiple sub-populations colonised by individuals from a common
reintroduced population is a common characteristic of reintroduction programmes (Andersen
et al. 2014; Grossen et al. 2018). The first reintroduction group of sub-populations (BGR,
SARS, KAFI and PKF) appears almost homogenous, with low pairwise Fst estimates between
all pairs, no segregation among sub-populations in the PCA analysis, and no genetic clusters
exclusive to any sub-population in any of the admixture models. The low level of genetic
structure is likely due to dispersal between these sub-populations, and the relatively recent re-
colonisation; after reintroduction in 1978, reindeer were restricted to BGR until poor winter
conditions and high population density (Aanes et al. 2000; Kohler and Aanes 2004) triggered
migration to PKF (Gjertz 1995), SAR, and KAF (Aanes et al. 2000) in 1994. Population
monitoring since the initial reintroduction has identified dispersal between BGR, SAR, and
KAF (Hansen et al. 2009; Stien et al. 2010) which would be expected to reduce divergence
between these populations (Wright 1931). The second reintroduction group (“reintroduction
2”") also shows lower pairwise Fst among its two sub-populations (DAU and NIF) than between
these and any other populations, although they are more differentiated than those within the
first reintroduction group. A PCA examining only the central Svalbard group shows
segregation between these two sub-populations on PC4 (Figure S4) and admixture models
assign NIF as either admixed or in an entirely separate genetic cluster to DAU in the K=10

model.

The cause of the higher population divergence among the two sub-populations within

reintroduction 2 than among those in reintroduction 1 is unclear, and no long-term population
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monitoring program exists for DAU or NIF to provide additional insight. Stronger genetic drift
as a result of lower migration rates, smaller populations sizes, a longer time since the
colonisation of NIF from DAU compared to colonisation of sub-populations in reintroduction
1, and/or admixture between NIF and an unsampled population to the east are all potential
causes for this. Reduced gene flow between DAU and NIF could be due to a greater separation
by water and other landscape features between areas of suitable foraging habitat (see figure 1
in Le Moullec et al. 2019) inhibiting dispersal between the two sub-populations. Alternatively
(or additionally), a low level of gene flow between NIF and unsampled populations further east
along the north coast of Isfjorden is likely. Reindeer are distributed on peninsulas and in valleys
along the whole north coast of Isfjorden (Le Moullec et al. 2019), and the peninsulas further
east are more likely to be connected by sea ice (Peeters et al. 2020), which occurs more
frequently further east (inland) in the fjord (Muckenhuber et al. 2016). Sea ice may therefore
be more likely to facilitate dispersal between NIF and unsampled populations to the east than

it is to bridge the barriers to gene flow between DAU and NIF.

Similar patterns of genetic structure as seen here in Svalbard reindeer have also been found in
systems with multiple reintroductions in both alpine ibex (Grossen et al. 2018) and large blue
butterflies (Andersen et al. 2014), where multiple secondary sub-populations founded by
individuals from the same primary reintroduced populations form genetic clusters with their
source population, distinct from other groups of reintroduced sub-populations. Such patterns
of genetic structuring are likely driven by founder effects and a lack of gene flow between the

primary reintroduced populations (Hicks et al. 2007; Andersen et al. 2014; Grossen et al. 2018).

A notable discrepancy between Fsr analysis, admixture, and (to a lesser extent) the principal
component analyses is the relationship between DAU, NIF, Southern Spitsbergen and the
source population in Adventdalen. Fsr analysis indicates Adventdalen, reintroduction 1 and
reintroduction 2 are all approximately equally differentiated to each other, and more
differentiated to Southern Spitsbergen population. However, DAU and NIF (models K=4 —
K=6) are assigned as admixed between reintroduction 1 and Adventdalen and/or Southern
Svalbard whereas reintroduction 1 is assigned to a separate genetic cluster. This discrepancy is
likely due to sample size bias. Both PCA (McVean 2009) and admixture-type analyses
(Lawson et al. 2018) with unequal sample sizes can result in primary PC axes or admixture
models that separate larger populations first, even if genetic differentiation may be higher
between two other smaller populations because doing so explains more of the total variance in
the genetic data. In this case, DAU and NIF may be more similar to Southern Spitsbergen at

loci which explain more genetic variance than the genome-wide average, and result in them
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appearing more closely related in PCA and admixture analyses despite being equally

differentiated when measured across all loci.

Admixture analysis indicates very little gene flow between reintroduced populations and
sampled natural populations. Only one individual in a reintroduced population appears to be
admixed with a natural population, with admixture proportions consistent with an F1 offspring
resulting from a mating between individuals in reintroduction 1 and Mitrahalveya genetic
clusters. Mitrahalveya and Breggerhalveya, the closest subpopulation in reintroduction 1, are
only approximately 15km apart across the mouths of Kongsfjorden and Krossfjorden. The outer
regions of these fjords rarely freeze over in winter due to warm Atlantic currents and exposure
to ocean swell (Pavlova et al. 2019), which has likely contributed to the lack of gene flow and
maintained a high degree of genetic differentiation between these geographically proximate
populations. Admixture between the two reintroduction groups is more difficult to elucidate
due to the shared recent ancestry of these populations. Some individuals in all reintroduced
sub-populations show low to moderate levels of assignment to the opposite reintroduction
group, however these should be interpreted with caution, as many individuals from the
reintroduced populations are also assigned partially to the source population at Adventdalen.
Given the geographical distance and barriers to dispersal between Adventdalen and the
reintroduced populations (Peeters et al. 2020), it is highly unlikely to represent migration and
is more likely an artefact of their shared ancestry. Interpreted in this light, there is possible
admixture between the reintroductions, but at levels low enough that genetic differentiation

between them has been maintained.

Small and isolated populations (such as reintroduced populations) are susceptible to
accumulation of inbreeding and erosion of genetic diversity (Frankham 2005b; Frankham et al.
2017). Despite their isolation however, the reintroduced populations had comparable levels of
heterozygosity to the source population and showed no increase in inbreeding based on Fisp
(which closely mirrored heterozygosity results) or Fron results. Genome-wide heterozygosity
estimates showed a non-significant ~6% reduction in heterozygosity for both reintroduction 1
and 2 in this study, which differs markedly from a ~23% reduction of microsatellite
heterozygosity in this population found by Peeters et al. (2020). However, allelic richness may
more accurately predict genome-wide heterozygosity than microsatellite heterozygosity
(Fischer et al. 2017), and a 5% reduction in allelic richness found by Peeters et al. (2020) is
concordant with the results in this study. Rapid population growth immediately after
reintroduction (Aanes et al. 2000), and the long generational overlap in reindeer, are both

characteristics that act to reduce the loss of genetic diversity after population bottlenecks (Nei
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et al. 1975). These characteristics probably contributed to the maintenance of diversity in the
reintroduced populations. In the case of a single-generation population bottleneck of 12
individuals, a small loss of genetic diversity similar to that observed in these reintroductions is
expected (Allendorf 1986). Similar outcomes have been observed in many other
reintroductions, particularly those that experience rapid population growth after reintroduction
(Hicks et al. 2007; Brekke et al. 2011; Murphy et al. 2015; White et al. 2017). Ungulate
populations colonised by only a few founding individuals have been shown to retain high levels
of heterozygosity as a result of overlapping generations and rapid population expansion
(Kaeuffer et al. 2007; Kekkonen et al. 2012), whereas those which have remained at small
population sizes for several generations after reintroduction often display a pronounced
reduction in diversity (e.g. Williams et al. 2002; Wisely et al. 2008). Furthermore, populations
which have experienced past bottlenecks and have low genetic diversity , as is the case for
Svalbard reindeer (Kvie et al. 2016), may be less susceptible to loss of genetic diversity in
future bottlenecks because they have fewer rare alleles (Taylor and Jamieson 2008; Wright et
al. 2014). However, this should be more likely to reduce loss of allelic diversity than
heterozygosity (Allendorf 1986). These results indicate that a founding population size of
twelve individuals has been sufficient to maintain most of the heterozygosity of the source
population and avoid serious accumulation of inbreeding in both reintroductions, both of which

are a key concern for reintroduced populations (Weeks et al. 2011; Frankham et al. 2017).

Relatively low sample sizes in the naturally recolonised populations (Mitrahalveya, Southern
Spitsbergen, and Wijdefjorden) limit the confidence with which inferences can be made.
However, there was a high degree of variation in heterozygosity and inbreeding among these
populations which corresponds to variation in their origins and demographic histories.
Colonising populations that are admixed between divergent lineages tend to show higher
genetic diversity than those originating from a single source (Kolbe et al. 2008; Havrdova et
al. 2015), and this is reflected in some naturally recolonising Svalbard reindeer. The population
at Wijdefjorden appears to be admixed between highly divergent genetic clusters (primarily
the northern genetic cluster [closely related to Mitrahalveya] and the North-East land cluster)
and has higher genetic diversity and lower inbreeding than Mitrahalveya and Southern

Spitsbergen, both of which appear to originate from a single source (Peeters et al. 2020).
Signatures of reintroduction in the form of long RoH have been identified in several

reintroduced populations of mammal species. Druet et al. (2020) found two populations of

European bison, descended from 7 and 12 founders respectively, had a high proportion of the
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genome in (>0.2) in RoH segments likely tracing back to common ancestors 4 — 8 generations
ago. Grossen et al. (2018) found long RoH segments (>20 Mbp) in up to 50% of individuals in
reintroduced (but not source) European ibex populations. In contrast to these studies, no long
RoH were detected here in any population, and the ZooRoH inbreeding model did not allocate
inbreeding in any sub-population to recent inbreeding age classes. Hence, no clear signature of
the reintroduction bottleneck (e.g. inbreeding from < 10 generations in the past) or bottlenecks
associated with natural recolonisation since the end of hunting (< 30 generations in the past)
could be detected. Indeed, all inbreeding was inferred to be due to common ancestors over 500
generations in the past. This hindered efforts to tease apart the relative contribution of recent
inbreeding (that could be associated with recolonisation bottlenecks) and inbreeding due to
small population sizes and low genetic diversity in populations’ more distant past. Thus, it is
unclear to the extent recolonisation has contributed to the extremely low level of genetic
diversity and high inbreeding in the Mitrahalveya population, because the low genetic diversity
of its source population in North-Western Spitsbergen (Peeters et al. 2020) is probably at least
partially responsible.

Admixture and population structure analyses suggest the Southern Spitsbergen population
originates from the same (or a closely related) ancestral population as reintroduced individuals
(Adventdalen) allowing a more direct comparison of reintroduction vs recolonisation. The
higher levels of inbreeding in the Southern Spitsbergen population may also reflect multiple
bottlenecks and isolation from a sequential recolonisation process. Sequential recolonisation
of suitable peninsulas and valleys from the remnant natural source populations may have
resulted in cumulative effects from multiple founder-event (Le Corre and Kremer 1998),
reducing effective population sizes and eroding genetic diversity (Clegg et al. 2002; Pruett and
Winker 2005). Although no long RoH were found in any populations, naturally recolonised
populations still had longer RoH distributions and a greater proportion of the genome in RoH
longer than 0.3 Mbp than the reintroduced and source populations. This lends support to the
idea that the recolonisation process has resulted in populations with smaller effective
population sizes in their recent history and thus greater inbreeding compared to reintroduced
populations. Ongoing gene flow among nearby sub-populations recolonised from the initial
reintroduced populations (Hansen et al. 2010a; Stien et al. 2010) may have buffered against
sequential founder effects accumulating to the same extent as in the naturally recoloinsed

populations.

The lack of long RoH is unexpected given the known histories of these populations, and given

that much longer RoH are usually found in other species with known population bottlenecks
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(Kardos et al. 2017; Sinding et al. 2018). To confirm that the distribution of RoH identified in
the RoH analysis did indeed deviate from that expected given this specific (known) population
history, a simplistic simulation of the reintroduction was conducted. Simulation results suggest
given the limited number of founders, the parents would share all or most of the 12 reintroduced
reindeer as common ancestors, and thus share many identical segments of their genome.
Reindeer can reproduce from about three (occasionally two) until over 12 (and up to 19) years
of age (Lee et al. 2015; Douhard et al. 2016) this suggests that any segment of genetic material
probably passed through between three and 13 generations (i.e. on average between three and
13 recombination events per 100cM) from the reintroduction founders to individuals born 40
years after reintroduction (i.e., in 2018). The longest RoH segment found in any reintroduced
individual was 1.7 Mbp, which (assuming a recombination rate of 1cM/1Mbp), would be the
expected mean length for RoH segments formed due to a common ancestor approx. 28
generations previously. However, the length of a single RoH segment is unlikely to be a reliable
indicator of its generation of origin (age of inbreeding); RoH originating from common
ancestry in any given generation in the past are expected to have an exponential distribution of
lengths (Druet and Gautier 2017), thus the distribution of RoH lengths (which suggests no
inbreeding in an age class as recent as 28 generations) is a more appropriate indicator of

inbreeding age (Druet and Gautier 2017).

The simulation study predicted the reintroduction bottleneck to have resulted in approximately
6% of the genome to be in RoH exponentially distributed around a mean of 7.4 Mbp, with each
individual on average carrying at least one RoH 20Mbp long in every 1 Gbp of genome. This
was in agreement with the 6% reduction in heterozygosity found in both reintroduced
populations. However, results here found no reintroduced individual had even 5% of their
genome in RoH of 0.3 Mbp, a mean length of which would correspond to common ancestors
of the parents over 150 years ago. The ZooRoH inbreeding partitioning model allocated no
inbreeding to any age class more recent than 512 generations ago, which suggested no
significant inbreeding from common ancestors within hundreds of generations, and highlights

a major discrepancy between expectations and the RoH analysis results.

This discrepancy could be due to a number of factors. First, recombination rates are variable
which can influence RoH length (Kardos et al. 2017) and it is plausible that the recombination
rate in Svalbard reindeer is higher than 1 ¢cM/Mbp. No data has been published on reindeer
recombination rates, but a related cervid (red deer) has a genome-wide average recombination
rate of 1.04 cM/Mbp (Johnston et al. 2017). Another factor likely to reduce observed RoH

lengths in the Svalbard reindeer data compared to the simulation is the reference genome
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assembly. The simulation assumed a single chromosome 1000 Mbp in length. This is longer
than real reindeer chromosomes, of which there are 34 (Gripenberg et al. 1991) in an
approximately 2.76 Gbp genome (Li et al. 2017), and thus allowed unrealistically long RoH to
occur. Only scaffolds with a minimum length of 10 Mbp were used for RoH analyses, the
median length being 16.4 Mbp. Short scaffolds increase the likelihood of RoH being broken
by scaffold edges and could be expected to reduce the mean and maximum observed RoH
lengths to some extent (Briiniche-Olsen et al. 2018). However, the effects of both higher-than-
simulated recombination rate and limited scaffold length should contribute to a greater number
of shorter RoH, and even relatively short RoH (~1 Mbp) are absent in the reintroduced
populations, suggesting these issues are not the primary factor responsible for the discrepancy

in expected and observed RoH distributions.

Immigration of unrelated individuals after the reintroduction could explain the short
distribution of RoH, as reindeer would share fewer common ancestors from recent generations.
However, the population structure and admixture analyses show little evidence of admixture in
most reintroduced sub-populations, although a low level of admixture between them cannot be
ruled out. Given the known population history from long term monitoring (Aanes et al. 2000;
Hansen et al. 2019¢), results from admixture analysis and Fst comparisons, and the simulation
based on population genetics theory, the RoH inbreeding analysis results remain unexplained
and should be treated with caution. Technical factors related to the analysis could also
potentially confound RoH analysis, such as higher than expected sequencing error rates
(Briiniche-Olsen et al. 2018), biased genotype likelihood estimates (Fuentes-Pardo and
Ruzzante 2017) or errors in mapping to the reference genome assembly. No RoH inbreeding

analysis on any reindeer or caribou population could be found for comparison to this study.

Svalbard reindeer face rapid environmental change due to climate change (Hansen et al.
2019c), which could lead to maladaptation in these populations. For example, the changing
climate has resulted in an increase in winter precipitation or “rain-on-snow” events which
increases ground ice cover during winter (Peeters et al. 2019), and lead to some coastal reindeer
populations adopting novel foraging strategies by eating kelp (Hansen et al. 2019b). Climate
change is also altering the abundance and distributions of pathogens and parasites in the arctic,
and therefore influence host-pathogen interactions (Kutz et al. 2009; Hueffer et al. 2011). The
target and strength of any selection acting on Svalbard reindeer have not been measured,
however mortality and reproductive output are both highly related to basal-ice conditions as a
result of winter-rainfall (“rain on snow”), and diet switching appears to be a plastic response

to food shortages in winter, with coastal reindeer feeding on kelp in years with high ground ice
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coverage (Hansen et al. 2019b). Furthermore, host-pathogen dynamics may play an additional
role in Svalbard reindeer population dynamics (Albon et al. 2002), so selection on phenotypes
that influence tolerance to these novel conditions is plausible. Any evolutionary responses to
changing environmental conditions will likely depend on sufficient standing genetic variation
in populations for natural selection to act upon given the long generation time of reindeer

(Carlson et al. 2014).

Adaptation may be driven by selection on quantitative traits (i.e. controlled by many genes of
small effect, e.g. Grant and Grant 2006), or by single mutations that have large effects (e.g.
Colosimo et al. 2005; Pelz et al. 2005). Additive genetic variance in quantitative traits is less
sensitive to loss of rare alleles than heterozygosity in general (Lande 1980) so reintroduced
Svalbard reindeer populations may have incurred little reduction in additive genetic variance
for quantitative traits, however genetically depauperate remnant or naturally recolonised
populations may have reduced evolutionary potential. Rare alleles, which contribute relatively
little to heterozygosity, are much more likely to be lost during population bottlenecks or
founder events (Nei et al. 1975; Allendorf 1986). Simulations by (Weiser et al. 2013) showed
a red deer population with a carrying capacity of 100 individuals had only a 34% probability
of retaining a rare allele (frequency of 0.05) 10 generations after a bottleneck size of 40, despite
this bottleneck having only a small effect on heterozygosity. Empirical studies based on
microsatellites have revealed that reintroduced populations can maintain similar levels of
heterozygosity as source populations but have reduced allelic richness (White et al. 2017).
Therefore, both reintroduced and naturally recolonised populations may be less likely to carry
rare alleles that could be beneficial for their long-term viability. For example, population
bottlenecks have been found to reduce the variability in MHC genes in other species (Radwan
et al. 2007; Ejsmond and Radwan 2011), which may be important for parasite and disease
resistance (Radwan et al. 2010; Lee et al. 2011) and loss of MHC gene diversity has been
implicated in population declines due to disease in other species (Siddle et al. 2007). Other
adaptive alleles have been found to exist as standing variation at low frequency in populations
of other species prior to the environmental changes (Colosimo et al. 2005; Pelz et al. 2005;
Jones et al. 2013). Recolonised sub-populations with eroded genetic diversity and higher
inbreeding coefficients such as the population at Mitrahalveya may warrant particular attention
in future because they are likely to be the most limited in their ability to adapt to changing
environmental conditions, and stressful conditions can exacerbate the fitness consequences of

inbreeding (Kristensen et al. 2008; Fox and Reed 2011).
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In conclusion, the results of this study indicate that translocations of Svalbard reindeer to found
two reintroduced populations has been successful in establishing populations with comparable
genetic diversity to the source population, and higher than some naturally recolonising
populations. This supports other research showing that in “ideal” ecological conditions, such
as those likely experienced by Svalbard reindeer populations at the time of reintroduction, rapid
population growth after reintroduction is sufficient to maintain the genetic diversity of even
relatively small founder populations (Kekkonen et al. 2012). These findings have relevance for
the conservation and management of other species with similar life histories (e.g. other
ungulates) where reintroduction is being considered or where natural recolonisation from
fragmented populations is expected. The lower levels of genetic diversity and higher inbreeding
in naturally recolonised populations originating from a single source is likely to be related to
sequential founding events, although the RoH-based inbreeding analyses in this study failed to
identify any signatures of recent inbreeding that could be associated with founding events.
Importantly, however, despite the successful reintroduction of Svalbard reindeer to the west
coast, the meta-population as a whole still appears fragmented, and connectivity between
isolated populations may degrade further due to loss of sea ice that provides corridors for
dispersal between populations (Peeters et al. 2020). Some of the results in the present study are
based on small sample sizes, and more data is needed on remnant and naturally recolonised
populations to make robust assessments on how the genetic consequences of reintroduction
compare to recolonisation. However, these results suggest populations naturally recolonised
from already genetically depauperate remnant source populations may be particularly
vulnerable to the accumulation of inbreeding and drift-load. These populations are therefore
most likely to be limited in their capacity to adapt to the rapidly changing environment, and

thus warrant particular attention in future monitoring or research programmes.
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Supporting Information

S1 1. DNA extraction appendix

Peeters et al. (2020). A Qiagen (Hilden, Germany) DNeasy Blood & Tissue extraction kit was
used to extract DNA from ~20 mg of ear tissue from each of the eight Daudmannseyra samples,
along with an extraction blank. The fur and outer skin layer were removed, and each tissue
sample was diced with a scalpel and then placed into a 1.5-ml Eppendorf tube with 180 pL
buffer ATL. 20 puL of proteinase K was added to each sample tube and vortexed. Samples were
then incubated at 56°C in a Thermoshaker set at 700 RPM for 5.5 hours. Each sample was
vortexed after incubation, then 200 pL buffer AL and 200 pL 96% ethanol were added to each
sample and immediately vortexed. The mixture was then pipetted into a DNeasy mini spin
column placed inside a 2 ml collection tube and centrifuged at 8000 RPM for one minute. Mini
spin columns were then placed in a new 2 ml collection tube, 500 puL buffer AW1 added, and
centrifuged at 8000 RPM for one minute. Mini spin columns were again placed in a new 2 ml
collection tube, 500 uL buffer AW2 added, and centrifuged for three minutes at 14000 RPM.
Finally, the mini spin columns were then placed in 1.5 ml centrifuge tubes and 200 pL buffer
AE was pipetted onto the DNeasy membrane, and incubated for one minute. The samples were
then centrifuged at 8000 RPM for one minute to elute. The DNA concentration was quantified
for all using a Thermo Fisher Scientific Qubit 2.0 fluorometer (Indiana, USA).

S1 2. Library build protocol

Genomic library building was based on the BEST v 1.1 (Blunt End Single Tube) 96 well-plate
format protocol (Vanessa Bieker, personal communication) based on the method presented in
Carpe et al., (2018). Samples were pipetted into a 96 well plate and diluted with EB buffer if
necessary, so all wells contain 60 pl. volume containing 500 — 5000 ng DNA. A Covaris
ME220 focused ultrasonicator was used for DNA fragmentation with a target fragment length

of 400 bp.
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Blunt end repair

8 uL of end-repair master mix (0.4 uL. T4 DNA polymerase at 0.03 U/uL concentration, 1 pL
T4 polynucleotide kinase at 0.25 U/uL, 0.4 uL dNTPs at 0.25 mM each, 4 uL. T4 NDA ligase
buffer (NEB) at 1x concentration, and 2.2 pL reaction enhancer) was added to 32 pL of extract
from each sample in a 96 well plate and incubated at 20°C for 30 minutes followed by 65°C

for 30 minutes and cooled to 4°C.

Adapter ligation

2 uL adapter solution (20 uM) was added and samples were vortexed. 8 uL ligase master mix
(1 uL T4 DNA ligase buffer (1x concentration), 6 pL PEG-4000 (6.25%), 1 uL T4 DNA ligase
(8 U/uL)). Samples were incubated at 20 °C for 30 minutes followed by 65 °C for 10 minutes
and cooled to 4 °C.

Adapter fill-in

10 pL of fill-in master mix (2 pL Isothermal amp. Buffer (0.33x concentration), 0.8 uL. dNTPs
(0.33mM), 1.6 uL. Bst 2.0 Warmstart pol. (0.21 U/uL), 5.6 uL. H>O) was then added to each
sample which were incubated at 65 °C for 15 minutes followed by 80 °C for 15 minutes and

then cooled to 4 °C.

Library purification

100 uL SPRI beads were added to each sample, incubated for five minutes at room temperature,
then the plate was placed on a magnetic rack and supernatant was removed once bead pellets
had formed. Each sample was washed twice with 200 pL 80% ethanol. The plate was removed
from the magnetic rack and 33 uLL EBT buffer was used to elute the DNA. The plate was sealed
with aluminum foil and incubated at 37 °C for 10 minutes, and then returned to the magnetic
rack where the DNA containing supernatant was transferred to a new well plate after bead

pellets had formed.

Indexing PCR and sequencing

Each sample was indexed with a unique combination of F and R index primers. For each
sample, 10 pL of library template and a unique combination of F and R index primers (2 uL of
each at 0.2 uM) was added to 96 pL. index PCR master mix (0.8 pL dNTPs (0.2 nM), 1 uL
AmpliTaq Gold polymerase (0.5 U/uL), 10 uL AmpliTaq Gold buffer (1x conc), 10 uL MgCl,
(2.5 mM), 2 uLL BSA (0.4 mg/ml), 62.2 uLL H>0), resulting in a total volume of 100uL for each
library. All samples were given nine cycles of PCR during indexing. PCR consisted of holding
libraries at 95 °C for 10 minutes, followed by nine cycles of 95 °C for 30 seconds, 60 °C for

one minute, and 72 °C for 45 seconds. After the final cycle, libraries were held at 72 °C for
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five minutes and then cooled to 4 °C. 100 uL of SPRI beads (Rohland & Reich, 2012) were
mixed with the 100 uL PCR product for each library, which were put onto magnetic racks after
incubating at room temperature for five minutes. Libraries were then washed twice with 200
uL 80% ethanol, then removed from the magnetic rack. 33 uL. EB buffer was added, libraries
were vortexed and incubated at 37 °C for 10 minutes and placed back on the magnetic rack.
Once beads had reformed, the DNA-containing supernatant was collected and transferred to a
new plate. Samples were then run on an Agilent TapeStation 4200 to estimate molarity of
samples for pooling. A pooling design was devised based on these morality values, resulting
in samples being combined into eight equimolar pools for sequencing. Samples were sequenced
on an Illumina HiSeq 4000 (one 150-bp paired-end flowcell) at the NTNU Genomics Core
Facility.

S1 3. Effect of coverage on genome-wide heterozygosity estimates

A strong negative non-linear relationship was found between sequencing coverage and
heterozygosity estimates, with very low coverage samples having strongly upward biased
heterozygosity scores (Supp. Fig. A. below). After filtering samples to 1.3x minimum
coverage, no significant relationship was observed (linear model heterozygosity~coverage,

slope =1.542¢-06, P = 0.53).
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S1 4. ROH simulation description

The simulation was designed as follows:

24 unique chromosomes were simulated by creating a vector with 10,000 repeats of a single
unique letter for each (A — X) to represent markers spaced 100 Kbp apart. Chromosomes were
paired together to form a 2 x 10,000 data frame representing individual animals. These
individual data frames are placed in a list of founder individuals. The simulation was set to
loop for 40 cycles, with each cycle representing one year. Founders were assumed to be three
years old in the first year. Individuals that are of breeding age, set to 3 — 10 years (cycles) are
extracted from the list and into a “breeding pool” list each year. When the number of breeding-
age individuals exceeded 140, a random sample of 140 of the available individuals of breeding
age was taken to maintain a stable population size. Within the breeding pool each year,
individuals were randomly paired together by randomising their order in the list and

sequentially moving through the randomised list pairing together individuals.

To simulate recombination and Mendelian inheritance, each year within each breeding
individual, every site along the chromosome was given a 1/1000 probability of recombination
(representing a recombination rate of 1 cM/Mbp) generating designated recombination sites.
Recombination to produce “gametes” involved replacing the portion of a chromosome vector
above each recombination site with the characters from the opposite homolog within the
individual, in sequential order from the first recombination site to the last. After recombination,
one of these "gamete" vectors was extracted from both individuals in a breeding pair and
combined into a new data frame to form a new individual. The new individuals produced each
year were then put into a sub-list (corresponding to the year/cycle it was created in) nested
within a combined list of all individuals. The breeding pool selection moves along a sliding
window of these sub-lists each cycle so that individuals were only selected for breeding when
they were three years old, and so that individuals over 10 years old were no longer selected
(effectively removed from breeding population). Age-based survival probability was
implemented by randomly removing a proportion of individuals in each age class each year
(not implemented for founders).

All homozygous sites (sites containing the same character in both chromosomes of an
individual) were therefore identical by descent (IBD). To identify RoH, tracts of matching

characters were extracted from all individuals produced in year 40 (70 individuals) to simulate
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offspring born in 2018 at the first reintroduction site in Braggerhalvoya. Inbreeding coefficients
were estimated as the proportion of the genome that was homozygous.

This script therefore allowed the frequency and length runs of homozygosity and overall
inbreeding coefficients/loss of heterozygosity attributable to the reintroduction bottleneck and

subsequent inbreeding in the simulated population to therefore be quantified.

Supplementary Figures
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Figure S1. Coverage frequency distribution of sequenced reindeer samples mapped to reindeer and caribou
genomes from two sequencing runs (high coverage and low coverage).
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Figure S2. Evaluation of admixture models k=2 — k=10. Above diagonal shows
correlation of residuals between individuals and below diagonal show mean
residual correlation within and between populations.
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Figure S3. PC1 and (a) PC3, (b) PC4 from principal component analysis of the Svalbard reindeer meta-population.
Variation explained by each PC axis indicated on axis labels. on Ellipses represent normal 95% confidence intervals
of population means (Reintro 1 (BGR, SAR, KAF, PKF) and Reintro 2 (DAU, NIF) combined, and all other sub-
populations individually). Two admixed individuals were not included in population ellipse estimations, and the
North East Land population had too few samples for an ellipse estimate. ADV = Adventdalen, BGR = Brgggerhalvgya,
SAR = Sarsgyra, KAF = Kaffigyra, PKF = Prins Karls Forland, DAU = Daudmannsgyra, NIF = North Isfjorden, WDF =
Wijdefjorden, MTR = Mitrahalvgya, STH = Southern Spitsbergen, EST = Eastern Svalbard, NE = North East Land.
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Figure S4. PC1 and (a) PC3, (b) PC4 from principal component analysis including only the ADV population, reintroduced
populations 1 and 2, and STH population. Variation explained by each PC axis indicated on axis labels. Ellipses represent
normal 95% confidence intervals of population means (Reintro 1 (BGR, SAR, KAF, PKF) and Reintro 2 (DAU, NIF) combined,
and ADV and STH individually). ADV = Adventdalen, BGR = Brgggerhalvgya, SAR = Sarsgyra, KAF = Kaffigyra, PKF = Prins
Karls Forland, DAU = Daudmannsgyra, STH = Southern Spitsbergen.
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