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Abstract

Anthropogenic reintroduction can supplement natural recolonisation in reestablishing a species’
distribution and abundance. However, both reintroductions and recolonisations can give rise to
population bottlenecks that reduce genetic diversity and increase inbreeding, potentially causing
accumulation of genetic load and reduced fitness. Most current populations of the endemic high-
arctic Svalbard reindeer (Rangifer tarandus platyrhynchus) originate from recent reintroductions
or recolonisations following regional extirpations due to past overharvesting. We investigated and
compared the genomic consequences of these two paths to reestablishment using whole-genome
shotgun sequencing of 100 Svalbard reindeer across their range. We found little admixture
between reintroduced and natural populations. Two reintroduced populations, each founded by 12
individuals around four decades (i.e. 8 reindeer generations) ago, formed two distinct genetic
clusters. Compared to the source population, these populations showed only small decreases in
genome-wide heterozygosity and increases in inbreeding and lengths of runs of homozygosity. In
contrast, the two naturally recolonised populations without admixture possessed much lower
heterozygosity, higher inbreeding, and longer runs of homozygosity, possibly caused by serial
population bottlenecks and/or fewer or more genetically related founders than in the reintroduction
events. Naturally recolonised populations can thus be more vulnerable to the accumulation of
genetic load than reintroduced populations. This suggests that in some organisms even small-scale
reintroduction programs based on genetically diverse source populations can be more effective

than natural recolonisation in establishing genetically diverse populations. These findings warrant
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21  particular attention in the conservation and management of populations and species threatened by

22  habitat fragmentation and loss.
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Introduction

Species reintroductions are increasingly being used in ecological restoration and biodiversity
conservation programmes (Armstrong & Seddon 2008; Weeks ef al. 2011; Seddon et al. 2014).
Most reintroductions involve translocation of a small number of individuals to establish new
populations that may be geographically isolated from the species’ current range (Frankham 2010).
Founding populations are often characterised by having a small effective population size, only a
subset of the genetic variation that exists in their source populations, and limited or no gene-flow
with other populations (Lynch & Gabriel 1990; Frankham 2010). An alternative to reintroduction
by translocations are more passive measures that facilitate natural dispersal and recolonisation of
species’ ranges (Scott et al. 2001). Natural recolonisation processes may differ from
reintroductions in that they require some connectivity with other populations. They can therefore
be very slow, even in highly mobile species (Larter et al. 2000; Hurford et al. 2006). Especially in
fragmented habitats and in species with low dispersal rates, natural recolonisation (including
recolonisation from reintroduced populations) may also involve one or multiple sequential
population bottlenecks and relative isolation of recolonised populations (Clegg et al. 2002; Pruett

& Winker 2005).

Due to the often small founder population size, both reintroduced and naturally recolonised
populations may initially experience strong genetic drift and accumulate inbreeding because
individuals are more likely to share common ancestors, which increases homozygosity (Nei et al.
1975; Allendorf 1986). The levels of genetic diversity in reintroduced and recolonised populations
are however also affected by population growth rate, genetic structure, and immigration (Latch &

Rhodes 2005; Biebach & Keller 2010, 2012). For example, inbreeding and genetic drift
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5
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). Rapid population growth reduces the
duration of a population bottleneck and the degree of genetic drift (Nei et al. 1975; Allendorf
1986). Immigration counteracts the loss of diversity due to drift by introducing unrelated
individuals and novel genetic material that replenishes genetic variation and reduces inbreeding
rates (Vucetich & Waite 2000; Latch & Rhodes 2005; Frankham et al. 2017). The accumulation
of inbreeding and genetic drift can allow low frequency (partially) recessive deleterious alleles
that are rarely homozygous (i.e. masked genetic load (Bertorelle er al. 2022)) to increase in
frequency and even become fixed. Consequently, masked genetic load may be converted to
realised genetic load (Wang et al. 1999; Bertorelle ef al. 2022), which is expected to reduce fitness
(i.e. inbreeding depression (Charlesworth & Willis 2009)). However, this process exposes
deleterious variation to selection, potentially purging strongly deleterious recessive alleles and
reducing the fitness consequences of future inbreeding (Hedrick & Garcia-Dorado 2016; Robinson
et al. 2018). Genetic drift also reduces genetic diversity, including potentially adaptive genetic
variation that may be important for evolutionary responses necessary to maintain fitness in
changing environments (Frankham 2005; Kardos et al. 2021). Together, these genetic
consequences can impact both the short- and long-term viability of populations (Frankham 2005;

Weeks et al. 2011).

Consequently, a key goal in the management of reestablishing or fragmented populations is to
maximise the genetic diversity and minimise drift and inbreeding (Frankham et al. 2017). Several
studies have shown that genetic diversity in reintroduced and naturally recolonised populations is
often higher in those that receive gene flow from other populations (Latch and Rhodes 2005;

Biebach and Keller 2012; Malaney et al. 2018), originate from multiple source populations
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(Williams et al. 2000; Huff et al. 2010; Williams and Scribner 2010; Sasmal et al. 2013; Vasiljevic
et al. 2022), and in reintroductions that use multiple translocations (Drauch & Rhodes 2007,
Cullingham & Moehrenschlager 2013). Without such mitigating factors, erosion of genetic
diversity and accumulation of inbreeding can occur due to isolation and/or slow population growth
(Williams et al. 2002; Hundertmark & van Daele 2010), and may have detrimental population-
level consequences for fitness-related traits (Wisely ef al. 2008) and population growth rates
(Bozzuto et al. 2019). Differences in population connectivity and demography between
reintroductions and natural recolonisations could therefore result in differing genetic consequences
for these two paths to population reestablishment. Reintroduced populations may be more isolated
from their source than naturally recolonised populations. However, the sequential reestablishment
of habitat that often characterises natural recolonisation can result in cumulative founder effects
that severely reduces genetic diversity (Le Corre & Kremer 1998; Clegg et al. 2002). Naturally
recolonised populations can thus be more vulnerable to the accumulation of genetic load than

reintroduced populations in species or environments with limited dispersal possibilities.

Recent years have seen increased accessibility of genomic data that provide greater power to study
population structure, genetic diversity, and inbreeding (Supple & Shapiro 2018), which are
important for understanding the genetic outcomes of reintroductions (Hicks et al. 2007; Taylor &
Jamieson 2008; Wright et al. 2014). One such advantage of genomic data is its utility for
quantifying inbreeding using runs of homozygosity (RoH). These RoH occur when breeding
between individuals that share common ancestors results in offspring with stretches of
homozygosity along segments of their homologous chromosomes that both parents inherited from
a common ancestor (Kardos et al. 2015, 2016). The ability to quantify the length of RoH segments

enables us to distinguish between inbreeding due to recent or more distant shared ancestors of the
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91  parents based on the distribution of RoH lengths, giving insights into the demographic history of

92  populations (Druet & Gautier 2017; Kardos et al. 2017; Briiniche-Olsen et al. 2018).

93  While the success of reintroductions has been studied across a variety of taxa including fish
94  (Drauch & Rhodes 2007), birds (Brekke et al. 2011), insects (White et al. 2017), and other
95  ungulates (Grossen et al. 2018), few studies have been able to evaluate and compare their genetic
96  consequences with those from natural population reestablishments. The wild, endemic Svalbard
97 reindeer (Rangifer tarandus platyrhynchus Vrolik, 1829) subspecies, with its strong
98  metapopulation structure (Peeters ef al. 2020), 1s a biological system well suited for comparing the
99  genetic consequences of reintroductions to those of natural recolonisations. The number of
100  Svalbard reindeer declined drastically due to overharvesting until 1925, when they were protected,
101  and the subspecies was extirpated from much of the Svalbard archipelago, with evidence of
102  reindeer surviving in four isolated populations totalling ~1000 individuals (Lgng 1959; Le Moullec
103  er al. 2019). The subspecies has since largely recovered, with natural recolonisation and
104  anthropogenic reintroductions restoring most of its former range. Accordingly, Svalbard reindeer
105  are now abundant (~22,000 individuals) (Le Moullec et al. 2019) with most populations relatively
106  stable or increasing in size (Hansen et al. 2019b), and populations previously extirpated are still
107  recovering in number (Le Moullec et al. 2019). As environmental conditions are rapidly changing
108  due to climate change (Isaksen et al. 2022), including sea-ice coverage (Peeters et al. 2020),
109  genetic diversity and differentiation of reindeer populations may be important for their capacity to
110  adapt to these conditions and influence their future population dynamics. Therefore, knowledge of
111 the genetic consequences of the Svalbard reindeer reintroduction and recolonisation events is

112  important for understanding how the metapopulation might respond to environmental change in
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113  the future, and to contribute to a broader understanding of the genetic consequences of species

114  reintroductions.

115  Here, we use whole-genome sequencing data to investigate the genetic consequences of two
116  Svalbard reindeer reintroductions (each founded by 12 individuals (Gjertz 1995; Aanes et al.
117  2000)) and compare these to natural recolonisation processes in adjacent, comparable habitats with
118  similar ecological conditions. Specifically, we quantify the degree to which the genetic diversity
119  of the source population was retained through the single founder event bottleneck and subsequent
120  rapid population growth (Kohler & Aanes 2004) associated with anthropogenic reintroduction, and
121 whether a signature of this reintroduction could be detected in the form of longer RoH.
122  Additionally, we investigated whether naturally recolonised populations that were not admixed
123  would show different patterns of genetic diversity and inbreeding coefficients compared to
124  reintroduced populations due to the compounding effects of sequential founding events during

125  natural recolonisation.

126 Results

127  Sequencing

128  Whole-genome sequencing resulted in a mean nuclear genome sequencing depth of 3.3x for the
129 90 samples sequenced to a lower target coverage and 23.4x for 10 deep-sequenced samples, after
130 all filtering (see Fig S1 for distribution of sequencing coverage). Four samples had <0.1x coverage
131 and thus were used only for the site frequency spectrum (SES) estimates. Genotype likelihoods for
132 8,255,693 variable sites were calculated from the caribou nuclear genome (Taylor et al. 2019)

133  mapped sequence data after quality filtering. 6,309,215 of these sites remained after removing
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134  scaffolds mapping to the bovine X chromosome. Mean sequencing depth of the mitochondrial

135  genome was >1000x.

136  Admixture and principal component analyses

137  Admixture and principal component analysis identified clear genetic structure in the Svalbard
138 reindeer metapopulation (Fig 1 and 2). Principal component analysis of the whole Svalbard
139  metapopulation suggested tight clustering among a “Central Svalbard” group of populations
140  consisting of the reintroduced (Reintroduction 1 and 2), the reintroduction source (ADV), and the
141 naturally recolonised southern Svalbard (STH) populations (Fig 1). The major axis of variation in
142  the PCA (PCl, Fig 1) was driven by variation between this Central Svalbard group and
143  Mitrahalvgya (MTR), while the secondary PC axis was driven by variation between the Eastern
144  (EST) population and both MTR and the Central Svalbard group populations, indicating strong
145  genetic differentiation between these three groups (Fig 1). Admixture analysis further supported
146  these patterns (Fig 2). The optimal number of genetic populations identified using the delta K
147  method was K=2 for both the admixture analysis on the whole dataset and the analysis limited to
148  the subset of populations assigned to the Central Svalbard genetic group in the Svalbard-wide K=2
149  model (Fig S2). Strongly correlated residuals between individuals in the K=2 models examined by
150  EvalAdmix (Fig S3) indicate these models were a poor fit to the data and may fail to capture finer
151  scale structure. Due to this we also present higher K-value models to examine finer-scale genetic
152  structure. On the broadest scale, the K=2 model indicated the Central Svalbard group from the
153 PCA share a common ancestral population distinct from the naturally recolonised MTR
154 population, close to the reintroduction 1 site (Fig 2). The K=3-10 and K=5-10 models suggested
155  that the remnant populations in EST and northeastern Svalbard (NE), respectively, originate from

156  distinct ancestral populations (Fig S4). This was supported by highly correlated residuals within
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157  these populations in the models that assigned them as admixed populations (Fig S4). Individuals
158  in the naturally recolonised Wijdefjorden (WDF) population were assigned admixed ancestry from
159  the MTR and NE ancestral populations (models K=5-8), or a distinct ancestral population with

160  some admixture with the ancestral NE population (models K=8-10).

161 On a finer scale, both the Svalbard-wide PCA (PC3 and PC4, Fig S5) and admixture analysis
162  (model K=7, Fig 2) suggested fine-scale structure among the Central Svalbard group, confirmed
163 by PCA and admixture analyses including only Reintroduction 1 & 2, ADV, and STH. For these
164  fine-scale analyses, PC axes 1 and 2 (Fig S6) showed clear segregation between Reintroduction 1,
165  Reintroduction 2, ADV, and STH. Admixture analyses showed low levels of admixture between
166  the distinct ancestral populations corresponding to the two reintroductions, the ADV source
167  population and the naturally recolonised STH population (K=4 admixture model, Fig S7).
168  Evidence of admixture between reintroduced and natural populations was found in only one
169  individual “B-13” from KAF (Reintroduction 1) that carried approximately 50% MTR ancestry,
170  and one individual in WDF “T-2” that was assigned approximately 50% Reintroduction 1 and
171 ADYV ancestry. This admixture assignment was consistent with the PCA and all K-value admixture

172 models (Figs 2,3 and S4).

173  Fsr analysis

174  Pairwise Fst estimates showed very strong genetic structure, and largely supported admixture and
175  PCAresults (Fig 3). Populations assigned in admixture analyses to the same reintroduction showed
176  lower pairwise Fsr values between each other than populations assigned to the other
177  reintroduction. Similar levels of genetic differentiation were found in comparisons between the
178  source population and both groups of reintroduced populations, and between the two groups of

179  reintroduced populations. The naturally recolonised population at MTR was clearly the most
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180  genetically distinct, showing extremely high differentiation (>0.35) to all other populations except

181  Widefjorden.

182  Mitochondrial haplotype diversity

183  We detected 38 variant sites among the 96 full mtDNA genomes, comprising 16 unique haplotypes
184  (Table 1, Fig 4). Haplotypes could be grouped into seven distinct haplogroups with a maximum of
185  two substitutions separating each haplotype from its nearest neighbour (Fig 4C). Mitochondrial
186  DNA haplotype diversity showed a similar pattern to nuclear genetic analyses. Haplotypes in
187  MTR, NE, and EST were not found in any other population except WDF, which carried a mixture
188  of haplotypes found in every population except STH and NE, plus one highly unique haplotype
189  (Fig 4A). Overall, populations with Central Svalbard ancestry (ADV, STH, and reintroductions)
190  shared similar haplogroups, with the notable exception that the most common haplogroup among
191  reintroduced populations and STH was not found in the ADV source population but instead in
192  EST. Within this shared haplogroup, the haplotypes found in STH and the reintroduced
193  populations were mutually exclusive to those in EST, but differed by as little as a single mutation
194  (Fig 4B). The populations KAF and NIF, from Reintroduction 1 and 2 respectively, carried
195  haplotypes belonging to haplogroups not found in other reintroduced populations (Fig 4a). The
196  KAF individual admixed with MTR (Fig 2) carried a unique haplotype from the MTR haplogroup,
197  and almost half of the NIF samples carried haplotypes in a haplogroup otherwise found only in
198 ADV (Fig 4A).

199

200 Haplotype richness was strongly correlated to mean population genome-wide heterozygosity

201  (pearson correlation r=0.86, p=0.013). Each of the two reintroduction groups (populations
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202  combined) had similar haplotype richness to ADV, and higher than all other natural populations

203  except WDF (Table S2 and Fig S8).

204  Heterozygosity analysis

205  The median genome-wide heterozygosity for all individuals in this study with coverage >2.5x was
206  3.02x10™*. Populations originating from the first and second reintroductions had slightly lower
207 median genome-wide heterozygosities (3.13x10*, IQR 4.59x10” and 3.19x10*, IQR 4.94x107
208  respectively) than the ADV source population (genome-wide heterozygosity 3.31x10*, IQR
209  1.68x107, Fig 5), but overall, there was weak evidence that heterozygosity was different between
210  reintroduced individuals (both populations combined) and those from ADV (Mann-Whitney U
211 test, W=483, P=0.081). In contrast to the remnant natural and admixed recolonised populations
212  with intermediate heterozygosities (EST, NE, and WDF), the two non-admixed naturally
213  recolonised populations MTR (median 1.89x10*, IQR 7.14x107) and STH (median 2.34x10*,
214 IQR 6.37x10”) had very low heterozygosity. These recolonised populations had markedly lower

215  than the reintroduced populations combined (W=240, P<0.001 and W=235, P<0.001 respectively).

216  Inbreeding

217  We detected 21,990 RoH longer than 0.5 Mbp across the 83 genomes included in the analysis,
218  ranging from 0.5 Mbp to 12.76 Mbp in length and covering between 3% to 59% of individual's
219  genomes (Fig 6). Both reintroduced populations showed a higher mean inbreeding coefficient
220 (Reintroduction 1 Fron 0.236 + 0.063 SD, Reintroduction 2 Fron 0.237 + 0.033) relative to their
221  source population in Adventdalen (Fron 0.186 + 0.042). The higher inbreeding in reintroduced
222  populations was due to greater coverage of moderate length RoH (between 1 - 8 Mbp) that resulted
223 inincreased median RoH lengths (Fig 6), indicating a reduced effective population size in the more

224  recent past compared to the ADV source population.


https://doi.org/10.1101/2022.11.25.517957
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.25.517957; this version posted November 30, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

13
225  Non-admixed naturally recolonised populations MTR and STH had the highest inbreeding
226  coefficients (mean Fron 0.477 £ 0.084 and 0.377 + 0.07, respectively) and longest median RoH
227  lengths (Fig 6). We found the strongest signals of recent inbreeding in STH, with a high proportion
228 of individuals’ genomes covered by RoH >4 Mbp relative to other populations and a peak in Fron
229  in the 2-4 Mbp class (Fig. 6B). In MTR, Fron was highest in the 1-2 Mbp class with a large
230  contribution from all other size classes <8 Mbp relative to other populations, but very long (>8
231  Mbp) RoH were rare. The admixed naturally recolonised population in WDF had the highest
232  variation in total Fron consistent with high variation in the proportion of individuals’ shared
233  ancestry. The two remnant natural populations EST and NE both had high Fron in short RoH
234  classes compared to the ADV population, with EST having low Fron in intermediate and long size
235  classes comparable to ADV, and the two samples from NE showing relatively high Fron in all size

236  classes.

237 Discussion

238 By analysing whole genome sequences from more than 100 Svalbard reindeer across their range,
239  we have quantified important genomic consequences and contrasts of population recovery through
240  anthropogenic reintroductions versus natural recolonisations in the previously severely
241  overharvested subspecies. We found strong archipelago-wide genetic structure, including two
242  distinct genetic clusters corresponding to two reintroductions from a common source, with little
243  evidence for extensive admixture between reintroduced and sampled natural populations (Figs 1 -
244  4). Our results show that reintroduced populations also maintained comparative levels of genetic
245  diversity to their source population (Fig 5), although bottleneck effects resulted in a small increase

246  in the length and coverage of RoH across the genomes of reintroduced individuals (Fig 6). This
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247  contrasted strongly to non-admixed naturally recolonised populations, which had markedly lower
248  genetic diversity and greater proportion of their genomes comprising RoH. This suggests that non-
249  admixed, naturally recolonised populations may be more vulnerable to the accumulation of genetic
250 load and loss of adaptive variation than reintroduced populations, even when the latter originate

251  from just a handful of individuals.

252  Effect of reintroduction versus recolonisation on genome-wide diversity

253 We estimated genome-wide heterozygosity and analysed the distribution of RoH lengths to
254  separate the contribution of ancient and more recent demographic history, associated with
255  reintroduction and recolonisation, to patterns of genome-wide variation. Our analyses identified a
256  weak signal of a population bottleneck in both reintroductions, which had higher total inbreeding
257  coefficients and longer RoH, but no significant reduction in average heterozygosity compared to
258  the source population. Similar genomic signatures of reintroductions have previously been
259  identified, including in European bison Bison bonasus (Druet et al. 2020), Magpie-robins
260  Copsychus sechellarum (Cavill et al. 2022), and ibex Capra ibex (Grossen et al. 2018). The
261  increased inbreeding in reintroduced populations was attributable to a greater proportion of the
262  genome in RoH >1 Mbp, including in the 1-2 and 2-4 Mbp range. These size classes reflect shared
263  ancestry approximately 25-50 and 12-25 generations ago, i.e. before the time of the reintroduction
264  translocation, given an average generation time of 5-6 years. We found only a small increase in
265  the coverage of long RoH (4-8 Mbp), which is the expected length of RoH caused by shared
266  ancestors 6-12 generations ago (around the time of the reintroduction), indicating our analysis may
267  have underestimated RoH lengths. However, generation time may have been reduced in the post-
268  reintroduction period of strong population growth due to an abundance of resources resulting in

269  an earlier age of first reproduction and high fecundity (Giaimo & Traulsen 2022). Nevertheless, a
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270  low frequency of long RoH relative to naturally recolonised populations suggests lower levels of
271  recent inbreeding among reintroduced individuals. The founding population sizes of twelve
272  Svalbard reindeer have thus been sufficient to maintain most of the heterozygosity of the source
273  population and avoid serious accumulation of inbreeding in both reintroductions, both of which

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

275  We found fewer long RoH in reintroduced Svalbard reindeer than reported for alpine ibex (Grossen
276 et al. 2018) and European bison (Druet et al. 2020), and our results indicate that, like the source
277  population (ADV), short RoH (i.e. inbreeding due to ancient demography) still contribute the most
278 to the total inbreeding coefficients of reintroduced individuals. Rapid population growth
279 immediately after reintroduction (Aanes et al. 2000) and the extensive overlap between
280  generations in reindeer are both characteristics that reduce loss of genetic diversity after population
281  bottlenecks (Nei et al. 1975; Allendorf 1986). Furthermore, past and possibly ongoing dispersal
282 among the secondary sub-populations recolonised from the initial reintroduced populations
283  (Hansen et al. 2010; Stien et al. 2010) may have buffered against the effects of sequential founder
284  events. Similar outcomes have been observed in reintroductions of a range of vertebrate and
285 invertebrate species where rapid population growth occurred after reintroduction (Hicks et al.
286  2007; Brekke et al. 2011; Murphy et al. 2015; White et al. 2017). In particular, populations of
287  other ungulates colonised by only a few founding individuals have been shown to retain high levels
288  of heterozygosity as a result of overlapping generations and rapid population expansion (Kaeuffer
289 et al. 2007; Kekkonen et al. 2012). In contrast, populations reintroduced with few founders that
290 remained small for several generations have shown a pronounced reduction in genetic diversity

291 (Williams et al. 2002; Wisely et al. 2008).


https://paperpile.com/c/ha20K4/2HQ2+m7Xf
https://paperpile.com/c/ha20K4/2HQ2+m7Xf
https://paperpile.com/c/ha20K4/2HQ2+m7Xf
https://paperpile.com/c/ha20K4/2HQ2+m7Xf
https://paperpile.com/c/ha20K4/2HQ2+m7Xf
https://paperpile.com/c/ha20K4/4Hal
https://paperpile.com/c/ha20K4/4Hal
https://paperpile.com/c/ha20K4/4Hal
https://paperpile.com/c/ha20K4/4Hal
https://paperpile.com/c/ha20K4/CH1E
https://paperpile.com/c/ha20K4/CH1E
https://paperpile.com/c/ha20K4/CH1E
https://paperpile.com/c/ha20K4/L2cB
https://paperpile.com/c/ha20K4/L2cB
https://paperpile.com/c/ha20K4/L2cB
https://paperpile.com/c/ha20K4/KrT1+nW1p
https://paperpile.com/c/ha20K4/KrT1+nW1p
https://paperpile.com/c/ha20K4/KrT1+nW1p
https://paperpile.com/c/ha20K4/d9yU+HrJw
https://paperpile.com/c/ha20K4/d9yU+HrJw
https://paperpile.com/c/ha20K4/d9yU+HrJw
https://paperpile.com/c/ha20K4/d9yU+HrJw
https://paperpile.com/c/ha20K4/d9yU+HrJw
https://paperpile.com/c/ha20K4/ezGz+EaQV+7E94+paCQ
https://paperpile.com/c/ha20K4/ezGz+EaQV+7E94+paCQ
https://paperpile.com/c/ha20K4/ezGz+EaQV+7E94+paCQ
https://paperpile.com/c/ha20K4/ezGz+EaQV+7E94+paCQ
https://paperpile.com/c/ha20K4/ezGz+EaQV+7E94+paCQ
https://paperpile.com/c/ha20K4/ezGz+EaQV+7E94+paCQ
https://paperpile.com/c/ha20K4/ezGz+EaQV+7E94+paCQ
https://paperpile.com/c/ha20K4/ezGz+EaQV+7E94+paCQ
https://paperpile.com/c/ha20K4/ezGz+EaQV+7E94+paCQ
https://paperpile.com/c/ha20K4/ezGz+EaQV+7E94+paCQ
https://paperpile.com/c/ha20K4/RTPE+Fsol
https://paperpile.com/c/ha20K4/RTPE+Fsol
https://paperpile.com/c/ha20K4/RTPE+Fsol
https://paperpile.com/c/ha20K4/RTPE+Fsol
https://paperpile.com/c/ha20K4/RTPE+Fsol
https://paperpile.com/c/ha20K4/RTPE+Fsol
https://paperpile.com/c/ha20K4/y79G+kMTf
https://paperpile.com/c/ha20K4/y79G+kMTf
https://paperpile.com/c/ha20K4/y79G+kMTf
https://paperpile.com/c/ha20K4/y79G+kMTf
https://paperpile.com/c/ha20K4/y79G+kMTf
https://doi.org/10.1101/2022.11.25.517957
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.25.517957; this version posted November 30, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

16
292 In contrast to the reintroductions, the natural recolonisation of STH and MTR resulted in
293  populations with very low nuclear genome-wide heterozygosity, mtDNA haplotype diversity, and
294  high total inbreeding coefficients with a longer distribution of RoH. In STH, high Fron across the
295  1-2, 2-4, and 4-8-Mbp size classes, with a peak in the 2-4-Mbp range, indicates small population
296  size around the same time as the reintroductions (i.e. during the recolonisation period) (Fig 6B).
297  STH also has the highest proportion of genomes within RoH >4 Mbp, indicating bottlenecks or
298  small population size more recently than in the reintroduced populations. Long RoH may be
299  particularly significant to conservation as they represent young haplotypes that have been exposed
300 to less selection than older haplotypes, making them more likely to harbour deleterious mutations
301  (Bortoluzzi et al. 2020) and have a greater impact on fitness (Szpiech et al. 2013; Stoffel et al.
302  2021). The very high frequency of short RoH in the MTR genomes suggests this population
303  originates from a source with a historically small population size (i.e. prior to recolonisation), and
304  high coverage of moderate length RoH indicates bottlenecks or small population size during the
305  last 25 generations (i.e. during recolonisation). Both ADV, the two reintroduced populations, and
306  the naturally recolonised STH had similar average proportion of genomes within RoH <1 Mbp,
307  indicating similar demographic histories >50 generations ago, consistent with these populations
308  sharing a common origin as indicated by our admixture results. Therefore, differences in patterns
309  of genome-wide diversity in STH and the reintroduced populations likely reflect differences
310  between anthropogenic reintroductions and natural recolonisation, rather than differences in
311 genetic diversity between their ancestral populations. The extremely low levels of heterozygosity
312  and high inbreeding levels in MTR are thus likely a result of a source population with historically
313  small population size that harboured little genetic diversity prior to recolonisation, in addition to

314  more recent population bottlenecks associated with the recolonisation process. Indeed, this is
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315  consistent with the reported population size of reindeer in the isolated North-West Spitsbergen
316  area being only 2-300 individuals, 30 years after the historical overharvesting was ended (Lgng

317 1959).

318  The decreased heterozygosity and increased frequency of longer RoH in naturally recolonised
319  populations likely reflect multiple bottlenecks from a sequential recolonisation process (Peeters et
320 al 2020) (potentially involving few dispersing individuals) that was avoided by the direct
321  anthropogenic reintroduction. Sequential dispersal and establishment in isolated peninsulas and
322  valleys during the recolonisation of STH and MTR may have caused cumulative effects from
323  multiple founder-events, reducing effective population sizes and eroding genetic diversity (Le
324  Corre & Kremer 1998; Clegg et al. 2002; Pruett & Winker 2005), resulting in increased inbreeding

325 and long RoH (Grossen et al. 2018).

326  Our inferences regarding the timing of past demography based on RoH length distributions should
327  be considered only as relative between populations and may not accurately reflect the demographic
328  history in absolute number of generations. Inferences of demographic history using RoH length
329  distributions are imprecise because spatial and temporal variation in generation times and the
330 random nature of recombination result in high variation around the mean expected length of RoH
331  (Druet & Gautier 2017). Moreover, sequencing coverage, sequencing error rates, biased genotype
332  likelihood estimates as well as filtering, and parameter settings can all affect estimates of
333  heterozygosity (Fuentes-Pardo & Ruzzante 2017; de Jager et al. 2021; Sanchez-Barreiro et al.
334  2021), and thus RoH length and frequency (Duntsch ez al. 2021). We down-sampled sequence data
335  to allow unbiased comparison between samples and populations with varying levels of coverage,

336  and to maximise the sample size for both the genome-wide heterozygosity and RoH analyses. This
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337  may limit the direct comparison of our estimates of heterozygosity to those from other studies
338  using higher-coverage sequence data.
339  RoH analysis using low coverage sequence data is also sensitive to filtering, and may falsely
340 identify multiple short RoH as a single longer RoH, or miss RoH altogether (Duntsch et al. 2021).
341 However, the shorter than expected distribution of RoH in reintroduced individuals, given the
342  known timing of the reintroduction bottleneck, suggests our analysis underestimated RoH lengths,
343 and this is consistent with an excess of short (<50-Kbp) gaps between RoH in our data, breaking
344  up otherwise long RoH (Fig S9). Several factors could break up true RoH and contribute to
345 downwardly biased RoH length distributions: (1) Sequencing errors resulting in false
346  heterozygosity can break up RoH, and will have a larger effect on accurate identification of longer
347  RoH (MacLeod et al. 2013); (2) Any RoH spanning the genome assembly scaffold edges will be
348  broken up (Briiniche-Olsen et al. 2018), thus lacking a chromosome-level genome assembly, we
349  only included scaffolds longer than 10 Mbp in RoH analyses; (3) Errors in mapping sequence reads
350  or structural variation between the caribou reference genome assembly and the Svalbard reindeer
351  genome could also break up long RoH. Reanalysing RoH after allowing one <50-Kbp gap within
352  each 1-Mbp segment (similar to Wilder e? al. (2022)) gave qualitatively similar results but showed
353  more long RoH which aligned more closely with the known timing of the reintroduction bottleneck

354  (Fig S10).

355  Genetic structure within the Svalbard reindeer metapopulation

356  Admixture, Fst, and mitochondrial haplotype analyses identified strong genetic structure across
357  the archipelago, in some cases even over short geographical distances, confirming patterns
358  identified with microsatellite data in Peeters et al. (2020). Such genetic structure is typical of

359  ungulate populations with a history of population fragmentation and bottlenecks due to past
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360  harvesting pressure (Williams ez al. 2002; Haanes et al. 2010). On a finer scale, this study reveals
361  population structure within the Central Svalbard group, i.e. between the source and reintroduced
362  populations, and among reintroduced populations. The two distinct genetic clusters among
363 reintroduced populations corresponded to the two separate reintroductions to isolated peninsulas
364  on the west coast of Spitsbergen. Pairwise Fst estimates reveal both reintroductions have resulted
365 in a similar degree of genetic divergence from the source population. Founder effects and
366  subsequent genetic drift commonly induce structure between reintroduced populations and their
367  sources, typically reflecting isolation from the source population and subsequent genetic drift
368  (Williams et al. 2002; Latch & Rhodes 2005; Brekke et al. 2011; Andersen et al. 2014; Grossen

369 etal 2018).

370  Close genetic clustering of multiple subpopulations colonised from a common reintroduced
371  founder population is characteristic of populations manipulated by reintroduction programmes
372  (Andersen et al. 2014; Grossen et al. 2018). We found only weak genetic structure among
373  populations originating from the first reintroduction, except for the rather isolated island PKF,
374  which population showed little admixture with other reintroduced populations (Fig S7), reflecting
375  low dispersal across the sea (Peeters et al. 2020). Population monitoring after the reintroduction
376  to BGR (Reintroduction 1) recorded substantial movement between BGR, SAR, and KAF (Hansen
377 et al. 2010; Stien et al. 2010), but GPS collar data suggest that such exchange of individuals is
378  now rare (Pedersen, Hansen and Le Moullec, unpubl. data). This is consistent with the observed

379  lack of fjord ice in recent decades.

380  Our results indicate little gene flow between reintroduced populations and sampled natural
381  populations. Only one individual from a reintroduced population was identified as admixed with

382  a natural population, with admixture proportions consistent with an F1 offspring resulting from a
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383  mating between individuals in reintroduction 1 and MTR genetic clusters. This individual carried
384  aunique haplotype that differs by only a single mutation from MTR haplotypes, suggesting female
385  dispersal from the north. MTR and BGR, the closest population sampled in reintroduction 1, are
386  separated by only 15 km across the mouths of Kongsfjorden and Krossfjorden, a span of water
387  which has rarely or never frozen over since the reintroduction (Pavlova et al. 2019; Urbanski &
388 Litwicka 2022). This lack of sea ice as a movement corridor, in combination with tide-water
389  glaciers and steep mountains inhibiting alternative dispersal routes, has likely prevented gene flow
390 and contributed to the extreme degree of genetic differentiation between these geographically
391  proximate populations. On the other hand, it is likely that these populations were more closely
392 related in the past, i.e. before the local extirpations due to overharvest and the subsequent
393 reintroduction from central Spitsbergen (to BGR) and recolonisation from the North (to MTR).
394  This illustrates how both reintroductions and recolonisation may cause dramatic changes in

395  population-genetic structuring and diversity.

396  An exception of the clearly separated reintroduced versus naturally recolonised populations
397  occurred along the northern side of Isfjorden in central Svalbard (NIF). We found stronger genetic
398  structure among the two sampled populations in the second reintroduction group (DAU and NIF).
399  Our mtDNA analyses also suggest that introgression possibly occurred from a westward natural
400 recolonisation from an unsampled population carrying a haplotype not sampled in other
401  populations, possibly facilitated by more frequent sea ice in the inner parts of the fjord
402  (Muckenhuber et al. 2016). mtDNA haplotypes found in both reintroduction groups and STH were
403 absent from our ADV source population samples, which could also be consistent with
404  introgression from an unsampled natural population. However, these haplotypes may have been

405 present in ADV at the time of reintroduction, but if so it is unclear whether they existed only at
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406 low frequencies and increased in reintroduced populations due to founder effects, or if there has

407  been a significant change in the mtDNA haplotype diversity in the ADV source population.

408 Implications for conservation and management

409  Small or bottlenecked populations are at risk of reduced fitness due to the accumulation of genetic
410 load (i.e. increased frequency and fixation of recessive deleterious mutations), making it an
411 important consideration in conservation biology (van Oosterhout 2020; Kardos et al. 2021;
412  Bertorelle et al. 2022). Additionally, severe or extended bottlenecks are expected to reduce
413  genome-wide diversity, including functional genetic variation potentially important for the long-
414  term adaptive potential of populations (Frankham 2005; Kardos et al. 2021). Severely bottlenecked
415  recolonised or reintroduced populations of ibex have shown increased realised genetic load
416  compared to less severely bottlenecked populations (Grossen et al. 2020). Similarly, bottlenecked
417  populations of corvids Corvus spp (Kutschera et al. 2020) , Montezuma quail Cyrtonyx
418  montezumae (Mathur & DeWoody 2021), and rattlesnakes Sistrurus spp (Ochoa & Gibbs 2021)
419  show higher realised genetic load than larger populations. Thus, the relatively mild bottleneck
420  effects of the Svalbard reindeer reintroductions suggest they are likely to have retained more
421 functional variation and accumulated less realised load than the natural recolonisations, which
422  probably experienced more severe and repeated bottlenecks. However, while some of the naturally
423  recolonised populations may be at higher risk of reduced fitness due to increased realised genetic
424  load, these populations may also carry fewer highly deleterious recessive mutations due to purging
425  (Glémin 2003; Grossen et al. 2020), and inbreeding may have less effect on individual fitness

426  (Mathur & DeWoody 2021).

427  Several management practice recommendations have been put forward to give general guidelines

428  for the number of individuals that need to be reintroduced, and the amount of gene flow required
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429  to maintain genetic diversity. For example, approximately 20 effective founders (Willis & Willis
430 2010) and one effective migrant per generation (Vucetich & Waite 2000) have been viewed as
431  sufficient in mammal populations. Despite founder population sizes lower than this, population
432  surveys have shown that both reintroduced and naturally recolonised Svalbard reindeer
433  populations have been expanding (Le Moullec e al. 2019), meaning any increase in realised

434  genetic load is not yet severe enough to prevent continued population growth.

435  Svalbard reindeer face rapid environmental change (Hansen er al. 2019b) that may have
436  implications for the fitness and viability of populations in future. Thus far, most populations of
437  Svalbard reindeer have experienced a net gain from climate change effects, with a warmer and
438  longer snow-free season leading to increased survival, reproduction and abundances (Albon et al.
439  2017; Hansen et al. 2019b; Loe et al. 2021). However, an increase in winter precipitation or “rain-
440  on-snow” events increases ground ice cover during winter (Peeters ef al. 2019) which limits access
441  to winter forage (Hansen et al. 2010; Loe et al. 2016), occasionally destabilising reindeer
442  population dynamics (Kohler & Aanes 2004; but see Stien et al. 2010 and Hansen et al. 2019a).
443  Any short- or medium-term evolutionary responses to such environmental changes will likely
444  depend on sufficient standing genetic variation for natural selection to act upon (Carlson et al.
445  2014). The potentially genetically depleted naturally recolonised populations may have limited
446  ability to adapt to these changes. There is also the potential for environmental changes to
447  accentuate the fitness effects of realised genetic load. Inbreeding depression (i.e. the fitness effects
448  of realised genetic load) can be more severe in stressful environmental conditions (Armbruster &
449  Reed 2005; Fox & Reed 2011). Therefore, previously benign or mildly deleterious variation in
450 reindeer populations may have more severe fitness effects in the future. The Svalbard Archipelago

451  1is also experiencing a rapid decline in sea-ice, which acts as a movement corridor important for
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452  facilitating gene flow in Svalbard reindeer (Peeters et al. 2020). Future sea-ice reductions may
453  further isolate and fragment reindeer populations, so despite the overall population expansion of
454  Svalbard reindeer, accumulation of inbreeding and further loss of diversity in already bottlenecked

455  populations should remain a concern.

456  Our results suggest that anthropogenic reintroductions can sometimes be more effective than
457  natural recolonisations in establishing genetically healthy populations, especially under increased
458  anthropogenic landscape fragmentation, such as that due to sea-ice reductions. This is likely due
459  to a higher number of (potentially more genetically diverse) founders and the avoidance of
460  sequential population bottlenecks that may be an inherent part of the natural recolonisation process
461  in fragmented landscapes. Much of the Svalbard archipelago has been recently recolonised by
462  reindeer (i.e, within the last century; Le Moullec et al. 2019), and further sampling may shed more
463  light on whether low diversity and high inbreeding is a general pattern across recolonised
464  populations of Svalbard reindeer, and indeed in other fragmented species. Future research may
465  benefit from fitness and phenotypic data, modern and historical reindeer samples, and molecular
466  methods of quantifying both functional variation and genetic load (Bertorelle et al. 2022) to better
467  understand the status of Svalbard reindeer populations and, more generally, how reintroduction
468 and natural recolonisation processes affect genetic load, inbreeding depression, and potential

469  adaptive variation in the wild.

470 Materials and Methods

471  Study area
472  The Norwegian high-arctic Svalbard archipelago lies between the Arctic Ocean, the Barents Sea

473  and the Greenland Sea, approximately 700 km north of mainland Norway (76-81°N, 10-35°E).
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474  Only 16% of the archipelago’s land area comprises vegetated peninsulas and valleys (Johansen et
475  al. 2012), which are fragmented by tide-water glaciers and inland and mountains that cover the
476  majority of the land area. Vegetation types on the archipelago include polar deserts, Northern
477  Arctic tundra dominated by prostrate dwarf shrubs and cryptogams, and Middle Arctic tundra

478  dominated by erect dwarf shrubs, forbs, and grasses (Jonsdoéttir 2005).

479  Study species

480  The Svalbard reindeer is an endemic subspecies that likely colonised the archipelago from Eurasia
481 6700 to 5000 years ago (Kvie et al. 2016). The subspecies is the dominant and only large herbivore
482  1in the terrestrial ecosystem, with little interspecific competition and almost non-existent predation
483  pressure (but see Derocher et al. (2000) and Stempniewicz et al. (2021)). Reindeer were
484  overharvested to near-extinction on Svalbard during the 19™ and early 20™ centuries, before
485  coming under legal protection from hunting in 1925 (Le Moullec et al. 2019). By this time, it had
486  been extirpated from much of its former natural range, and isolated remnant populations were
487  largely confined to four regions: the northern, northeastern, and eastern extremes of the
488  archipelago, as well as the central Spitsbergen region (Lgng 1959; Le Moullec et al. 2019). After
489  coming under legal protection, the subspecies began to recover but was still absent from much of
490  1its range in the 1970s, including the west coast of Spitsbergen. In 1978, 12 surviving individuals
491  (nine females and three males) were translocated from Adventdalen in central Spitsbergen to
492  Brgggerhalvgya on the west coast (Fig 2, (Aanes et al. 2000)). In 1984-85 a second translocation
493  reintroduced 12 individuals to Daudmannsg@yra, on the north-western edge of Isfjorden (Gjertz
494  1995), however there is no population monitoring data to confirm these survived and established
495  the current population. The reindeer population size at Brgggerhalvgya has been annually

496  monitored since the reintroduction (Aanes et al. 2000; Hansen et al. 2019b). This has recorded the
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497  population’s rapid expansion after translocation (from 12 individuals in 1978 to ~360 individuals
498 in 1993), until a combination of high population density and poor winter conditions triggered a
499  population crash (~80 individuals in 1994) and migration to recolonise the nearby peninsulas of
500  Sarsgyra (1994) and Kaffigyra (1996) to the south, and Prins Karls Forland island (~1994) to the

501  west (Gjertz 1995; Aanes et al. 2000).

502  Reindeer populations have since then recolonised most of their former range naturally, including
503  southern Spitsbergen, the north coast of Isfjorden (to the east of the reintroduced population at
504  Daudmannsgyra), the north-west coast south to Mitrahalvgya, and Wijdefjorden in north-central
505  Spitsbergen (Le Moullec ez al. 2019). Populations at Mitrahalvgya, Wijdefjorden, and Southern
506  Spitsbergen appear naturally recolonised from remnant populations, while the origins of the
507  populations along North Isfjorden are unclear, but likely originated from the second reintroduction
508 (Daudmannsgyra) and possibly admixed with naturally recolonising individuals (Peeters et al.
509  2020). Genetic evidence suggests the Svalbard reindeer metapopulation has low levels of genetic
510  diversity (Kvie et al. 2016; Weldenegodguad et al. 2020) and shows strong population structure
511 (Coté et al. 2002; Peeters et al. 2020), reflecting a history of population bottlenecks and the largely

512  philopatric nature of the species with no large scale migration (Hansen ez al. 2010).

513 Sample collection

514  Genetic data were generated from tissue samples (ear, antler, bone, or fur) collected in 2014-2018
515  from 100 individual reindeer originating from twelve (sub)populations on the Svalbard archipelago
516  (Fig 2, Table S3 Table S1). Based on the extirpation locations reported in Lgng (1959), we
517  categorised these populations as either putative reintroduced or naturally recolonised extirpated
518  populations, or remnant non-extirpated populations. These included six populations believed to

519  have originated from the two translocations (Gjertz 1995; Aanes et al. 2000): (1) Brgggerhalvgya
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520  (BGR, the initial reintroduction site), Sarsgyra (SAR), Kaffigyra (KAF), and Prins Karls Forland
521  (PKF) from the first translocation (hereafter collectively referred to as “Reintroduction 1), and
522  (2) Daudmannsgyra (DAU, the second reintroduction site) and North Isfjorden (NIF) from the
523  second translocation (hereafter referred to as “Reintroduction 2”). Samples were also collected
524  from the source population of the reintroductions (Adventdalen, ADV), from two other remnant
525  populations (Eastern Svalbard (EST), and North East Land (NE)), and the naturally recolonised
526  populations (Mitrahalvgya (MTR), Southern Spitsbergen (STH), Wijdefjorden (WDF). Except
527  those from Daudmannsgyra (n=8), which are new in this study, all samples were previously used

528  to generate microsatellite data in a study by Peeters et al. (2020).

529  DNA extraction, library building, and sequencing

530 DNA was extracted from ear tissue for the eight samples from Daudmannsgyra using a Qiagen
531  (Hilden, Germany) DNeasy Blood & Tissue extraction kit according to the manufacturer’s
532  instructions except for the addition RNase A (details in SI 1). DNA extraction for all other samples
533 (n = 92) is described in Peeters et al. (2020). Genomic library building was performed for all
534  samples based on the method described in (Carge et al. 2018), and 90 of these were then sequenced
535 to a target depth of 2-3x (see Figure S1 and Table S1 for details). These sequencing data were

536  combined with data from deep-sequencing of the remaining ten samples.

537  Bioinformatic processing and genotype likelihood calculation

538 We used Paleomix version 1.2.13.4 (Schubert ez al. 2014) to map demultiplexed sequence reads
539  to the caribou reference genome assembled from a North American male (Taylor ez al. 2019). This
540 reference, while more phylogenetically divergent from the Svalbard reindeer, is more contiguous

541  (Nso=11.765 Mbp) than the Mongolian reindeer reference (Nso = 0.94 Mbp; (Li et al. 2017)) and
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542  more suitable for RoH inbreeding-type analyses. Adapters were trimmed with adapterremoval
543  version 2 (Schubert et al. 2016) and the BWA aligner program version 0.7.15 was used with the

544  MEM algorithm (Li 2013) without filtering for mapping quality.

545  To account for the uncertainty in calling genotypes from low-depth sequencing data, we utilised
546  ANGSD v0.93 (Korneliussen et al. 2014) to generate genotype likelihood data for each individual,
547  and these, rather than explicitly called genotypes, were used in downstream analyses. Genotype
548  likelihood files were generated in beagle format inferring allele frequencies with fixed major and
549  minor alleles using the command-line arguments -doGlf 2 (admixture analyses) or -doGlf3
550  (inbreeding analyses), -doMajorMinor 1, and -doMaf 1. Variants were called with a p-value
551  threshold of 1 (-SNP_pval le-6) only at sites for which there was sequence data in at least 50
552  individuals (-minlnd 50). Reads with mapping quality <30 and base quality <20, and those with
553  multiple mapping hits, were filtered out using -minMapQ 30, -minQ 20, and -uniqueOnly 1, and
554  low-quality reads were removed with -remove_bads 1. Scaffolds mapped to bovine sex
555  chromosomes by Taylor ef al. (2019) were removed. To reduce any issues related to paralogs or
556  mapping errors we filtered out sites that had average coverage greater than twice or less than 5 of
557  the genome-wide average in a sub-sample of 10 individuals with equal (3x) coverage. We used the
558  -C 50 parameter to adjust map quality for reads with a large number of mismatches to the reference

559  genome, and the extended baq model to adjust quality scores around indels (-bagq 2).
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560 Mitochondrial genome analysis
561  To analyse mtDNA haplotype diversity, we mapped our sequence data to a 16,357 bp reindeer
562 mtDNA reference assembly (Ju ef al. 2016). Then, we used the GATK 4.1.8.1 HaplotypeCaller
563  (Depristo et al. 2011) to identify SNPs and call mtDNA haplotypes. Four samples were excluded
564  from the analysis due to low coverage (<20x). We specified haploid calls (-ploidy 1), only used
565 reads with a minimum mapping quality of 25 (--minimum-mapping-quality 25) and specified a
566  confidence threshold of 30 for variant calling (-stand-call-conf 30). We then converted the
567  haplotype calls of variable sites to FASTA sequences for each individual. To investigate
568  mitochondrial genetic structure and haplotype diversity, we used pegas v1.1 (Paradis 2010) to
569  construct a median-joining haplotype network based on the raw number of nucleotide differences
570  between sequences. We also used pegas to calculate population haplotype richness rarefied to a

571  sample size of 5 using the Hurlbert (1971) rarefaction method.

572  Ancestry and admixture analyses

573  We used the maximum likelihood based clustering analysis software package NGSadmix (Skotte
574 & Albrechtsen 2013) to infer population structure and identify admixture between populations
575  using genotype likelihood data. For admixture analysis, we excluded samples with sequencing
576  depth <0.1x (n = 4) and removed two out of three closely related individuals in the reintroduced
577  Daudmannsgyra population identified using NgsRelate (Hanghgj ef al. 2019), because closely
578  related individuals can bias admixture results (Garcia-Erill & Albrechtsen 2020). We LD pruned
579  the genotype likelihood file based on called genotypes with PLINK v 1.9 (Chang et al. 2015) using
580  --indep-pairwise 50 5 0.3 to specify a window size of 50, step size of 5, and a r? threshold of 0.3.
581  Admixture models were run for the number of genetic clusters (K) ranging from 2 — 10, with 10

582  replicates of each. Only sites with a minimum minor allele frequency greater than 0.02 (using -


https://paperpile.com/c/ha20K4/XqYx
https://paperpile.com/c/ha20K4/XqYx
https://paperpile.com/c/ha20K4/XqYx
https://paperpile.com/c/ha20K4/9KdG
https://paperpile.com/c/ha20K4/9KdG
https://paperpile.com/c/ha20K4/9KdG
https://paperpile.com/c/ha20K4/jp2m
https://paperpile.com/c/ha20K4/Cgw8
https://paperpile.com/c/ha20K4/6Fge
https://paperpile.com/c/ha20K4/6Fge
https://paperpile.com/c/ha20K4/iOyE
https://paperpile.com/c/ha20K4/iOyE
https://paperpile.com/c/ha20K4/iOyE
https://paperpile.com/c/ha20K4/gRvy
https://paperpile.com/c/ha20K4/3hII
https://paperpile.com/c/ha20K4/3hII
https://paperpile.com/c/ha20K4/3hII
https://doi.org/10.1101/2022.11.25.517957
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.25.517957; this version posted November 30, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

29

583  minMaf0.02) and that had data in at least half (46) the 92 individuals in the analysis (using -minlnd
584  46) were included in the analysis. We ran admixture analyses on the full dataset including all
585  populations (467,146 sites), and also a separate analysis on a subset including only the
586  reintroduction source, reintroduced, and Southern Svalbard populations (427,643 sites). For each
587  value of K, the replicate with the highest likelihood was selected. We calculated AK (Evanno et al.
588  2005) using CLUMPAK (Kopelman et al. 2015), however uneven sampling of ancestral
589  populations and strong genetic drift can bias rule-based model selection (Garcia-Erill &
590  Albrechtsen 2020). Therefore we considered all K models and examined the correlation of
591  residuals using EVALadmix (Garcia-Erill & Albrechtsen 2020) to evaluate and interpret results

592  instead of relying solely on a rule-based model selection procedure.

593  Principal component analysis

594  We conducted Principal component analysis (PCA) using the software package PCAngsd (Meisner
595 & Albrechtsen 2018) to estimate a genetic covariance matrix using individual allele frequencies
596  based on the same genotype likelihood data used in the admixture analysis, then computed
597  eigenvectors and eigenvalues using the eigen function in R 3.6 (R Core Team 2019). To visualise
598  the data, we plotted the first four PC axes, and used ggplot2 (Wickham 2016) to calculate 95% CI
599 ellipses of the mean principal component coordinates of each natural population and for
600 Reintroduction 1 and 2. We repeated this analysis using only the individuals from the Adventdalen,

601  Southern Spitsbergen, and reintroduced populations to characterise fine-scale population structure.

602  Fsr analysis
603  We quantified population differentiation by estimating pairwise Fst between each population using

604  RealSFS in ANGSD v0.93 based on 2D (pairwise) population site frequency spectra (SFS)
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605 including all samples. First, we generated unfolded per-site allele frequencies (SAF) for each
606  population using the -dosaf 1 argument in ANGSD with the same parameters and site filtering as
607  when generating genotype likelihoods, and specified the reference as the ancestral genome. Then,
608  with the realSFS module in ANGSD, we used the unfolded SAF to generate folded 2D SFS priors
609 for each pair of populations using -fold 1 since no ancestral states were available to polarise the
610  ancestral/derived alleles. We then input the unfolded SAFs and the folded 2D SFS prior to realSFS
611  to estimate per-site and global Fst, specifying the Hudson estimation method which is more
612  suitable for smaller sample sizes (Bhatia et al. 2013) using -whichFST 1. Finally, we used the

613  realSFS fst stat function to calculate the weighted global Fsr for each population pair.

614  Heterozygosity

615  We estimated genome-wide heterozygosity for each individual with coverage >2.5x using realSFS
616  in ANGSD v0.93 based on the folded site frequency spectrum of each individual (Korneliussen et
617  al 2014). We used the same site filtering and parameters as for the genotype likelihoods described
618 above, however since coverage can bias heterozygosity estimates in our data (see Fig S11), we
619  downsampled each sample to 2.5x coverage using -DownSample in ANGSD to allow unbiased
620  comparisons between the maximum number of samples. To estimate heterozygosity in ANGSD,
621  we generated a folded SFS from unfolded SAF separately for each individual and divided the

622  number of heterozygous sites by the total number of non-N sites.

623 Inbreeding and runs of homozygosity

624  We used ngsF-HMM (Vieira et al. 2016) to identify tracts of individual genomes identical by
625  descent (hereon referred to as RoH), and estimate inbreeding coefficients from genotype
626  likelihoods. This method utilises a hidden Markov model approach to estimate per-site

627  probabilities of being IBD rather than a rule-based method, and can be used with genotype
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628 likelihood data so is more appropriate for use with low-depth WGS data. We excluded scaffolds
629  shorter than 10 Mbp from inbreeding analyses, leaving approximately 56% of the assembled
630 genome (1.235 Gbp) covered by 1,640,852 variable sites on 64 scaffolds after filtering. We also
631  applied stricter filtering than with heterozygosity, restricting this analysis to samples with >2.5x
632  coverage based on reads used by ANGSD on the >10-Mbp scaffolds after all filtering parameters,
633  and then down-sampled each to 2.7x coverage using samtools (Li et al. 2009) to allow unbiased
634  RoH comparisons between our samples. We inferred the approximate age of inbreeding (i.e. the
635 number of generations back to the common ancestor that an RoH was inherited from) based on
636  RoH lengths, using the equation G = 100/(2rL) where r is the recombination rate and L is the length
637  of RoH in Mbp (Thompson 2013; Kardos et al. 2017), assuming a recombination rate similar to

638  red deer (Cervus elaphus) of ~ 1 cM/Mbp (Johnston et al. 2017).
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Figure 1. Principal component analysis plot showing PC 1 and 2. Shapes indicate type of Svalbard reindeer population
and colours indicate sample population. Ellipses represent the 95% CI of the mean PC coordinates for each natural
population (except NE due to too few samples) and each reintroduction group. Based on NGSadmix K=2 model results,
two individuals (T-2 and B-13) that represented admixture between strongly differentiated populations were not
included in population ellipse calculations. 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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K=2

Figure 2. Admixture analysis results from NGSadmix analysis of Svalbard reindeer nuclear genomes. Upper:

K=7

Admixture proportions for model K=7 (bars) and mtDNA haplogroup composition (pie charts), shown at population
locations. Arrows indicate translocations for reintroduction 1 and 2; Lower: Admixture proportions for k=2 and K=7
models. Vertical bars represent individual reindeer and colours correspond to genetic cluster assignment. Black arrows
indicate reintroduction translocations and dashed blue lines indicate assumed natural recolonisation routes. Maps
obtained from the Norwegian Polar Institute (toposvalbard.npolar.no). 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.


https://doi.org/10.1101/2022.11.25.517957
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.25.517957; this version posted November 30, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

46

BGR- 0.060 Fst
0.5

PKF - 0,083 0.034
SAR- 0,063 0.031 0.042 0.25

KAF - 0.047 0.020 0.044 0.026 0

DAU- 0.062 0.067 0.085 0.073 0.060

NIF- 0.065 0.069 0.096 0.087 0.066 0.057

MSTH 0.119 %@ﬂﬂ%

EST

= o NI - R

ADV BGR PKF SAR KAF DAU NIF STH EST NE WDF
I | | | | | ] ,_
Source Reintro 1 Reintro 2 NR Rem Rem AR

WDF

965
966 Figure 3. Pairwise Fsr heatmap for each Svalbard reindeer population based on folded SFS. Coloured brackets

967 correspond to admixture groups assigned by the K=7 model. NR - Non-admixed naturally recolonised population;
968 NR: Non-admixed naturally recolonised population; AR: Admixed naturally recolonised population; Rem: Natural
969  remnant population. ADV: Adventdalen; BGR: Brgggerhalvgya; SAR: Sarsgyra; KAF: Kaffigyra; PKF: Prins Karls
970 Forland; DAU: Daudmannsgyra; NIF: North Isfjorden; WDF: Wijdefjorden; MTR: Mitrahalvgya; STH: Southern

971 Spitsbergen; EST: Eastern Svalbard; NE: North East Land.
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Figure 4. Svalbard reindeer mtDNA haplotype analysis. A) Population haplogroup composition. Colours indicate
haplogroups shown in panel C. Black arrows indicate reintroduction translocations and dashed blue lines indicate
assumed natural recolonisation routes; B) Median joining mitochondrial haplotype network constructed using
uncorrected number of nucleotide differences (colours represent populations); C) Grouping of haplotypes into
haplogroups connected by links with less than 3 nucleotide differences. Maps obtained from the Norwegian Polar
Institute (toposvalbard.npolar.no).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 5. Svalbard reindeer genome-wide heterozygosity estimates using sequence data downsampled to 2.5x
coverage. Reintroduced populations grouped into Reintroduction 1 and 2 based on the admixture analyses. NR:
Non-admixed naturally recolonised population; AR: Admixed naturally recolonised population; Rem: Natural
remnant population. 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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989 Figure 6. A) Cumulative total Fron from the five Runs of Homozygosity (RoH) size classes (0.5-1 Mbp, 1-2 Mbp,
990 2-4 Mbp, 4-8 Mbp, and >8 Mbp) with each bar representing an individual Svalbard reindeer genome; B) Proportion
991 of individual genomes within RoH of each size classes; C) Median RoH lengths of individuals in each population.
992 NR: Non-admixed naturally recolonised population; AR: Admixed naturally recolonised population; Rem: Natural
993  remnant population. ADV: Adventdalen; BGR: Brgggerhalvgya; SAR: Sarsgyra; KAF: Kaffigyra; PKF: Prins Karls
994 Forland; DAU: Daudmannsgyra; NIF: North Isfjorden; WDF: Wijdefjorden; MTR: Mitrahalvgya; STH: Southern

995 Spitsbergen; EST: Eastern Svalbard; NE: North East Land.
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