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Abstract

The climatic fluctuations of the Late Pleistocene likely had a large impact on the evolutionary history of Arctic species.
Palaeogenomics is a useful tool to shed light on how past populations responded to these climatic shifts and the associated
ice sheet dynamics and sea level change. Here, I have used modern and ancient DNA data from four Arctic mammals in
order to investigate the impacts of Late Pleistocene climate on their evolutionary histories, from population dynamics and
demography, to speciation and gene flow, adaptation, and genome erosion. In Paper I, using ancient mitogenomes from
across their Late Pleistocene range, I showed that the Eurasian collared lemming (Dicrostonyx torquatus) had a dynamic
Late Pleistocene population structure in Europe. Furthermore, the Eemian interglacial likely led to a bottleneck in collared
lemmings, after which the species diversified during the Last Glacial period. Nuclear genome data from a modern individual
in northeastern Siberia suggests population stability in northeastern Siberia during the Holocene. In Paper 11, I sequenced
the nuclear genome of a ~18,500 year old woolly rhinoceros (Coelodonta antiquitatis) and used this in combination with
mitochondrial data to explore the demographic history of the species. There was little geographic structuring in the northeast
Siberian population, and stability in their effective population size just prior to extinction, which may indicate a subsequent
rapid decline towards extinction, likely associated with the Bolling-Allered interstadial. Additionally, I found that this
species had mutations in TRPA1, a gene involved in temperature sensitivity. In a third study (Paper III), I used whole
genome data from modern and ancient true lemmings (Lemmus sp.) to determine that the Norwegian lemming (L. lemmus)
has one of the youngest speciation times (~37-34 ka BP) of mammals. Norwegian lemmings have mutations in genes
involved in coat colour, colour perception, fat transport and reproduction, and likely evolved their unique colouration as
a result of isolation after the recolonisation of Fennoscandia. Finally, we examined the consequences of long-term small
effective population size in muskox (Ovibos moschatus) using 107 modern nuclear genomes and one 21,000 year old
Siberian genome (Paper IV). While muskox survived the warming at the end of the Late Pleistocene, the successive founder
events experienced during its colonisation of the Canadian Arctic and Greenland reduced the genetic diversity to some
of the lowest values observed in mammals. However, the results suggest that the long-term small population size likely
led to purging of strongly deleterious alleles in the muskox, allowing them to persist to today with limited evidence of
inbreeding depression. From a technical point, this thesis presents four de-novo genome assemblies, and the first whole
nuclear genomes for these Arctic species. Taken together, the results in this thesis show that the climatic fluctuations, in
particular the Eemian interglacial and Belling-Allered interstadial, along with sea level change and the formation and retreat
of ice sheets during the Last Glacial Maximum have influenced the evolutionary histories of these four Arctic mammals.
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Introduction
Late Pleistocene climate

The Late Pleistocene was characterised by climatic fluctuations, which led to changes in
species’ distributions, in turn influencing the evolutionary history of species (Hewitt, 1996,
2000). The climate varied between long cold glacial phases such as the Last Glacial period,
which occurred 115-11.7 thousand years before present (ka BP) and included the Last Glacial
Maximum (LGM, 26.5-19 ka BP), and short, warm interglacials including the Eemian (130-
115 ka BP) and the Holocene (11.7 ka BP to present) (Fig 1). Furthermore, there were also
shorter warm interstadials (e.g. the Belling-Allerad, 14.7-12.8 ka BP) and cold stadial phases
(e.g. the Younger-Dryas, 12.8-11.7 ka BP) during the glacial phases (Svensson et al., 2006).
During cooler periods, the tundra environment extended southwards, encompassing large parts
of Eurasia and North America. During these phases, the fossil record suggests that cold-adapted
Arctic species such as woolly mammoths (Mammuthus primigenius), woolly rhinoceroses
(Coelodonta antiquitatis), muskox (Ovibos moschatus) and collared lemmings (Dicrostonyx
torquatus) were distributed across Eurasia (Markova et al., 1995; Lister and Sher, 2001;
Lorenzen et al., 2011; Stuart and Lister, 2012). Expansions during cooler phases likely led to
diversification of Arctic species, whereas during interglacial and possibly also interstadial
phases, Arctic species inhabited smaller geographical distributions, termed polar refugia
(Stewart et al., 2010). The range contractions during warm periods likely had a major impact
on the demographic history of Arctic species, including reductions in population size, the loss
of genetic diversity, as well as population and species extinctions (Lister and Stuart, 2008).
Consequently, the warming after the LGM and during the Holocene saw the extinction of a
number of cold-adapted taxa, including the woolly rhinoceros, cave lions (Panthera spelaea),
cave bears (Ursus spelaeus), and woolly mammoths (Stuart and Lister, 2007, 2012; Dehasque
etal,2021).

A consequence of the climatic fluctuations was the formation of large ice sheets during glacial
phases. During the Last Glacial period, ice sheets covered Scandinavia (Fennoscandian ice
sheet) and also a large part of North America (Laurentide ice sheet). These ice sheets reached
their maximum extent between 26.5-19 ka BP (Clark et al., 2009) and 26-25 ka BP (Stokes,
2017), respectively. Ice sheets restricted the movement of species to glacier-free areas during
the LGM. Conversely, during the warming at the end of the Pleistocene, the retreat of the ice
sheets enabled the recolonisation of previously glaciated areas. Both the formation and
subsequent retreat of the ice sheets allowed for opportunities for speciation and divergence
within species. In Scandinavia, the Norwegian lemming (Lemmus lemmus), brown bear (Ursus
arctos), and moose (A4lces alces), along with various plant species including spruce (Picea
abies), recolonised the area after the LGM (Lagerholm et al., 2014; Ersmark et al., 2019;
Dussex et al., 2020; Nota et al., 2022). However, the source populations for the recolonisation
of Fennoscandia are largely unknown for several taxa, with origins suggested in northern
Europe for moose (Dussex et al., 2020; Meiri et al., 2020), and Siberia or a local refugium in
Scandinavia for Norwegian lemmings (Lagerholm et al., 2014). In North America, Hansen et

11



al., (2018) suggested that the two subspecies of muskox arose as a result of separation into
northern and southern populations by the Laurentide ice sheet.

The formation and melting of the ice sheets contributed to dramatic changes in sea levels
between glacial and interglacial phases, respectively. During the LGM, the sea level was up to
120 m lower than today given the water present in the large ice sheets. This exposed a larger
land area in the Northern Hemisphere, and allowed for movement over land bridges, for
example between Eurasia and North America via the Bering land bridge. This likely facilitated
the dispersal of species and gene flow between lineages that were isolated during interglacial
phases. Wolves (Canis lupus), horses (Equus sp.), muskox, moose and woolly mammoths all
dispersed via this land bridge at varying times in the Late Pleistocene (Campos et al., 2010;
Palkopoulou ef al., 2013; Meiri et al., 2020; Vershinina et al., 2021; Bergstrom et al., 2022).

3.5

8'%0

4.5+

5.0+

0 50 100 150 200 250
x 1000 years ago

Figure 1. Late Pleistocene climate. A) Land area, and extent of ice sheets in the Northern Hemisphere
during interglacials (left) and the Last Glacial Maximum (right). The Laurentide Ice sheet is depicted
over North America, and the Fennoscandian ice sheet over Scandinavia and Europe. B) Changes in
oxygen isotope ratio in the last 250,000 years (proxy for temperature record), with Marine Isotope
Stages (MIS) listed. MIS 5-5.5 indicates the Eemian interglacial. MIS 2 corresponds to the Last
Glacial Maximum. MIS 1 is the Holocene interglacial. Maps were constructed in R v4.0.0 using
‘ggOceanMaps’ (Vihtakari, 2022) and data from Batchelor et al., (2019) and Assis et al., (2018). The
climate curve was constructed in Rv4.0.0 using the ‘gsloid’ package and data from Lisecki and
Raymo (2005) and Ruan et al., (2016).
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Additionally, as the sea level was elevated during interglacials, populations became isolated,
for example woolly mammoths on Wrangel and St Paul's Islands (Graham et al., 2016). For
woolly mammoths, isolation on islands also led to sustained small population sizes, which in
turn led to inbreeding and loss of genetic diversity (Palkopoulou ef al., 2015; Pecnerova et al.,
2017), and ultimately extinction.

Palaeogenomics

Palacogenomics is a powerful tool for studying the past. It can reveal information about the
evolutionary history of a species, and how they interacted with other species and their
environment. Ancient DNA can be extracted from various materials, including: bone, teeth,
hair, soft tissues, calculus, faeces, sediment, and other organic material. Early ancient DNA
studies focused on using Polymerase Chain Reaction (PCR) to amplify specific regions of the
genome, for example the mitochondrial cytochrome B gene or hypervariable region. However,
with the development of second generation sequencing technologies, and increased computing
and bioinformatics infrastructure in the past decade, recovering and analysing whole ancient
nuclear genomes is now much more feasible (Orlando et al., 2013; Palkopoulou et al., 2015),
including from samples over one million years old (van der Valk et al., 2021). This increase in
the number of loci allows for investigating the evolutionary history, population dynamics, gene
flow, adaptation, and changes in allele frequencies over time (see Mitchell and Rawlence,
2021). Furthermore, high-throughput sequencing and targeted capture methods can be used to
identify and study ancient diseases (Spyrou et al., 2019), and reconstruct ancient ecosystems
from sediments (Willerslev et al., 2003; Edwards, 2020).

Palacogenetic studies have been undertaken on a range of extinct and extant Arctic taxa, owing
to better DNA preservation in northern latitudes. Demographic histories of Arctic taxa have
begun to be explored, including woolly mammoths, muskox, bison (Bison sp.), and the woolly
rhinoceros (Campos et al., 2010; Lorenzen et al., 2011; Palkopoulou et al., 2015). Ancient
DNA has indicated that there was higher genetic diversity and population structure in Late
Pleistocene lemmings, muskox, wolves, and arctic foxes (Vulpes lagopus) (Campos et al.,
2010; Brace et al., 2012; Palkopoulou et al., 2016; Larsson et al., 2019). Following this, the
role of genome erosion (defined in this thesis as the loss of genetic diversity, and increased
inbreeding and mutational load) in the extinction process has been explored in the woolly
mammoth (Palkopoulou et al., 2015; Pecnerova et al., 2017; Rogers and Slatkin, 2017).
Furthermore, recent studies have examined gene flow, for example in bears (Barlow et al.,
2018; Cahill et al., 2018), that occurred when the species’ ranges overlapped in the past. Most
studies to-date have focused on single species histories, with the exception of sedimentary
ancient DNA studies that tend to focus on multiple taxa (e.g., Gelabert et al., 2021).

Cold-adapted Arctic species
The high latitudes of the Arctic were home to a number of cold-adapted species during the Late

Pleistocene. While some went extinct, including the woolly rhinoceros, others have survived
the warming at the end of the Pleistocene and inhabit the Arctic tundra today, although in a
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vastly reduced distribution. This thesis focused on four Arctic species: Eurasian collared
lemmings, woolly rhinoceros, Norwegian lemmings, and muskox. These Arctic mammals were
focused on because of the large changes in their geographic distribution exhibited during the
Late Pleistocene climatic fluctuations. During glacial periods, these species were found in
Eurasia, from the United Kingdom to Siberia, and also in North America for muskox. However,
during interglacial periods, they were restricted to refugia in the northernmost parts of their
range. While studies have looked at the impact of past climate on megafauna, it can be difficult
to discern between the effects of climate and human predation (Lorenzen et al., 2011).
However, small mammals that were likely less affected by human predation, such as lemmings,
provide an opportunity to study the effect of climate alone. In addition, for palacogenetic
studies, material from higher and colder latitudes tends to preserve DNA better over longer
periods of time, and each of these species is well-characterised in the fossil record. Ancient
DNA studies on cold-adapted Arctic species to-date have primarily focused on short
mitochondrial regions, with ancient whole nuclear genome data currently only available for
mammoths (Palkopoulou et al., 2015; van der Valk et al., 2021), grey wolves (Bergstrom et
al., 2022), polar bears (Ursus maritimus) and brown bears (Cahill et al., 2018), and moose
(Dussex et al., 2020).

Eurasian collared lemmings are small cold-adapted rodents that inhabit the tundra of Siberia.
The fossil record indicates this species was widespread across Eurasia during the Late
Pleistocene (Markova et al., 1995). Previous mitochondrial DNA studies suggest that this
species underwent population extinction and replacement events coinciding with climatic shifts
(Prost et al., 2010; Brace et al., 2012; Palkopoulou et al., 2016). Today, the populations are
separated into distinct geographical clusters (Fedorov et al., 2020).

The woolly rhinoceros was a megaherbivore that inhabited Eurasia during the Pleistocene. This
species had a similar distribution to the woolly mammoth, although they did not cross the
Bering land bridge to North America (Stuart and Lister, 2012). Previous ancient DNA research
suggested that this species underwent a demographic expansion during the LGM (Lorenzen et
al., 2011). The woolly rhinoceros went extinct ~14 ka BP after a range contraction towards
northeastern Siberia, with both climate and overhunting proposed as possible extinction factors
(Lorenzen et al., 2011; Stuart and Lister, 2012).

True lemmings (Lemmus sp.) inhabit the holarctic tundra today. The Norwegian lemming is
the only mammal endemic to Fennoscandia. This species recolonised Fennoscandia after the
LGM, although the origins of this recolonisation are still unclear (Fedorov and Stenseth, 2001;
Lagerholm et al., 2014). The Norwegian lemming is known for its bright colouration and
aggressive anti-predatory behaviour. Previous research has shown it is a sister species to the
Siberian brown lemming (L. sibiricus) (Fedorov et al., 1999), although phylogenetic
relationships within the Siberian true lemmings remain unclear.

Unlike woolly rhinoceros, the muskox is a megaherbivore that survived the warming during

the transition to the Holocene. There are two subspecies of muskox today, the barren-ground
muskox in the Canadian mainland, and the white-faced muskox in the Canadian Arctic and
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Greenland. Muskox colonised these areas during a northward expansion of the species in the
Holocene, reaching Greenland at ~5.4 ka (Bennike and Andreasen, 2005). Previous genomic
data suggested that the muskox has very low genetic diversity (Hansen et al., 2018), likely as
a result of founder events during colonisation of the Arctic.

Aims

The focus of this thesis was to use ancient and modern mitochondrial and nuclear genomes to
understand the impacts of Late Pleistocene climate change on four Arctic taxa. More
specifically, this thesis aimed to investigate (a) Late Pleistocene population dynamics and
demographic history, (b) divergence within and between species, (c) species-specific genomic
adaptations, and (d) genome erosion in response to environmental pressures. Paper I explored
changes in the population history of collared lemmings during the Late Pleistocene. Paper II
focused on the demographic history and genomic adaptations of the extinct woolly rhinoceros.
Paper III evaluated the recent speciation and role of post-glacial isolation in the Norwegian
lemming. Finally, Paper IV investigated the demographic history and consequences of long-
term small population size on genome erosion in muskox.

Methods
Sample collection

Samples for Papers I-IV were collected from palacontological and/or archaeological sites, or
from opportunistic surface collections during expeditions. Sampling locations ranged across
the Holarctic and Europe (Fig 2). For Paper I, 59 Eurasian collared lemming samples (>50-0.5
ka BP) were collected from across their Late Pleistocene range, and one Dicrostonyx sp. sample
from the Batagaika permafrost crater in Siberia. In Paper II, 14 woolly rhinoceroses were
sampled from northeastern Siberia, dating to 50-14 ka BP. For Paper I, true lemming samples
were collected from four modern taxa: the Norwegian lemming, the Siberian brown lemming
(eastern and western lineages) and the Nearctic brown lemming. Additionally, two ancient
Lemmus sp. from the United Kingdom (12.5 ka BP) and Russia (9.6 ka BP) were included.
Finally for Paper IV, 107 modern muskox samples were collected from their native range
across Canada and Greenland, along with a single 21 ka old sample from Wrangel Island. A
subset of samples were radiocarbon dated and calibrated to calendar years with Oxcal 4.4
(Ramsey, 2009).

DNA extraction, library preparation, and sequencing

The majority of the ancient DNA lab work was performed at either the Swedish Museum of
Natural History, or the Centre of Palacogenetics, both in Stockholm. Surfaces of the bone were
cleaned using a Dremel drill prior to bone powder being collected by drilling into the bone. For
Paper I, given the small size of the samples, exogenous contamination was removed by
crushing a subset of the bone and then performing a bleach (~0.5%) wash and pre-digestion
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Figure 2. Maps of sample sites for each of the four Arctic mammals included in this thesis. Eurasian
collared lemmings (red), woolly rhinoceros (blue), true lemmings (green), and muskox (purple) are
shown. Circles indicate ancient samples, and triangles represent modern samples. The maps were
produced using the ‘plotSvalbard’ package in Rv3.6.1 (Vihtakari, 2020).

with the extraction buffer. For all papers, ancient DNA was extracted using Protocol C (Yang
et al., 1998), following modifications in Dehasque et al., (2022). Double-stranded DNA
libraries compatible with I1lumina sequencing platforms were prepared from the DNA extracts
following Meyer and Kircher (2010). Libraries were subject to an initial round of sequencing
to identify samples with sufficient endogenous content to proceed to further sequencing
(mitogenome or whole genome). For samples that subsequently underwent whole genome
resequencing, additional DNA libraries were prepared to maximise the complexity of the
sample. DNA sequencing of the Illumina-prepared libraries was performed at the Science for
Life Laboratory (SciLifeLab) in Stockholm using Illumina sequencing technology. For a subset
of samples in Paper II, DNA libraries were prepared using the BEST2 method (Caree ef al.,
2018). These libraries were sequenced at the Beijing Genomics Institute (BGI), China. All
modern samples were extracted from blood or muscle tissue using the Kingfisher Cell and
Tissue DNA kit on a Kingfisher DNA extraction robot (Thermo Fisher Scientific). Modern
DNA libraries were constructed using the TruSeq PCR-free protocol (Illumina) and sequenced
at SciLifeLab, Sweden.
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Reference genome assembly

To construct a reference genome, a high-quality DNA extract from modern fresh/frozen tissue
is required. For Paper I and I11, tissue was collected, and modern DNA extracted as described
above. DNA libraries of differing lengths (short insert and mate-pair) were sequenced at
SciLifeLab in Stockholm, Sweden. Three genome assembly methods were tested:
SOAPdenovo (Li et al., 2010), ALLPATHS (Butler et al., 2008) and ABySS (Simpson et al.,
2009) and evaluated using BUSCO (Seppey, Manni and Zdobnov, 2019). In both cases,
ALLPATHS produced the most contiguous and complete assembly. In Paper I, the assembly
for Sumatran rhinoceros (Dicerorhinus sumatrensis), was generated using Chicago, Hi-C,
mate-pair and short read libraries. The assembly was conducted using the HiRise pipeline
(Dovetail Genomics). For Paper IV, the muskox genome assembly was conducted at BGI using
the 10x Genomics pipeline.

Bioinformatic processing of resequencing data

All samples in Papers I-III and the ancient sample in Paper IV were processed from raw data
to BAM files (mitogenome samples) or VCFs (high coverage nuclear samples) in a
development version of the GenErode pipeline (https://github.com/NBISweden/GenErode;
Kutschera et al., 2022). This pipeline is designed to process ancient/historical and modern
samples using the specific settings required for each data type, from raw reads to VCF, and

conduct basic population structure analyses (principal component analysis, PCA) and several
genome erosion metrics (genome wide heterozygosity, runs of homozygosity, and relative
mutational load). While GenErode is primarily designed to be used with high coverage data (>
6X genome-wide coverage), the processing steps from raw reads to BAM files can be used for
low coverage data as well. Briefly, GenErode implements a pipeline to trim and align raw reads
to a reference genome, here using the reference genomes generated in this thesis or outgroup
reference genomes acquired from NCBI. The development version of GenErode predominantly
used in this thesis differs from the published version in that a modified version of SeqPrep
(https:/github.com/jstjohn/SeqPrep) was used for trimming and merging of ancient FASTQ
data, as per Palkopoulou et al., (2015), and Trimmomatic v2 was used for trimming the adapters
from modern FASTQ data (Bolger, Lohse and Usadel, 2014). The modern samples in Paper
IV were analysed using a second snakemake pipeline from Pecnerova et al., (2021).

For the mitochondrial analyses, trimmed reads were aligned to the respective mitochondrial
reference genome for each species using BWA aln with specific settings for ancient DNA:
deactivated seeding (-1 16,500), allowing more substitutions (-n 0.01), and allowing up to two
gaps (-0 2). Duplicates were removed using a custom Python script. Coverage was estimated
using SAMtools and plotted with a custom R script. Consensus FASTA files were generated
using Geneious with a majority rule and at least 3X coverage required to call positions (Kearse
etal., 2012). All ambiguous sites were called as N. One mitogenome in Paper I was generated
using mitoBIM (Hahn, Bachmann and Chevreux, 2013).
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Population structure, divergence, and gene flow

To explore how populations have changed over time and how different species related to each
other, phylogenetic trees were constructed using both mitochondrial and nuclear data. Time-
calibrated mitochondrial phylogenetic trees were constructed using BEAST v1.10.4
(Drummond and Rambaut, 2007). Nuclear genome trees were constructed in three ways.
Firstly, for the datasets with high and low coverage nuclear genome data, trees were
constructed using an identity-by-state (IBS) matrix, included in the ANGSD toolkit
(Korneliussen, Albrechtsen and Nielsen, 2014), and a balanced minimum evolution or
neighbour joining tree was constructed. To test for topology switching across the genome in
Paper I, we evaluated the different topologies of 1 Mb trees using Twisst (Martin and Van
Belleghem, 2017). Thirdly, in Paper IV we generated a time-calibrated nuclear phylogenetic
tree with iqtree2 (To et al., 2016). Population structure was also investigated using PCAngsd
(Meisner and Albrechtsen, 2018) and ngsAdmix (Skotte, Korneliussen and Albrechtsen, 2013),
and Estimation of Effective Migration Surfaces (EEMS) (Petkova, Novembre and Stephens,
2016) was used to examine barriers to gene flow.

Divergence times were taken from the time-calibrated phylogenetic trees for both the
mitochondrial and nuclear datasets. Additionally Paper III estimated divergence times based
on a method described in Palkopoulou et al., (2015), where the demographic history of a
pseudo-diploid X chromosome was constructed using the Pairwise Sequential Markovian
Coalescent (PSMC) approach (Li and Durbin, 2011). During divergence, the coalescence rate
is zero, thus the effective population size (taken as 1/coalescence rate) trends towards infinity.

To test for the presence of gene flow in the datasets in Papers 1l and IV, we used the D-statistic,
or ABBA-BABA (Green et al., 2010; Durand et al., 2011) test implemented in ANGSD or
popstats (Skoglund et al., 2015). We additionally used Treemix (Pickrell and Pritchard, 2012)
and admixture graph modelling with qpGraph (Patterson et al., 2012) in Paper IV to assess
whether the phylogenetic structure of the dataset was better explained with gene flow between
one or more populations.

Reconstructing demographic history

Using the mitochondrial datasets in Papers I and II, the demographic history of the Eurasian
collared lemmings and the woolly rhinoceros, respectively, was examined using a Bayesian
Skyline approach in BEAST v1.10.4 (Drummond and Rambaut, 2007). This approach
estimates the female effective population size (Ne) through time. Additionally in Paper I, the
demographic history was explored using an Approximate Bayesian Computation approach
with simulated data. The mitochondrial data was simulated using fastsimcoal v2.27.9
(Excofffier et al., 2021), and four demographic models were tested.

The demographic history was reconstructed for each species in Papers I, II and IV using PSMC

(Li and Durbin, 2011). This method uses the local density of heterozygous sites across the
genome to assess changes in effective population size in the time to the most recent common
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ancestor, where the coalescence rate is inversely proportional to the effective population size.
Mutations rates and generation times taken from the literature were used to scale the curves.

Genetic diversity, inbreeding and genetic load

Characterising changes in genome-wide diversity can elucidate the effects of genetic
bottlenecks, founder effects and changes in population size. Genome-wide heterozygosity was
estimated using PLINK (Purcell et al., 2007) for hard-called genotypes (Papers I, 11, IV) and
ANGSD for genotype-likelihoods (Paper IV only). Runs of homozygosity, that is stretches of
the genome which are identical on both chromosomes, were estimated using PLINK and
ROHan (Renaud et al., 2019).

In Paper IV, relative mutational load was estimated using GERP++ scores (Davydov et al.,
2010), implemented in the GenErode pipeline. GERP scores are the number of mutations in
conserved regions of the genome, here estimated using genomes across mammalian taxa.
Having a higher rate of mutations in such areas is considered to have a deleterious effect on
the species (Huber, Kim and Lohmueller, 2020). We additionally used SnpEff (Cingolani et
al., 2012) to determine the number of mutations in the high, moderate, and modifier, and low
impact categories to investigate the impacts on realised and potential load. Here, realised load
was calculated as the proportion of deleterious variants that are homozygous in individuals,
whereas potential load was all the deleterious alleles present in both heterozygous and
homozygous state (Mathur and DeWoody, 2021).

Adaptation

In Papers II and III we evaluated the genomic basis of adaptation. For this, we identified the
non-synonymous mutations with SnpEff (Cingolani et al., 2012). We then selected a focal set
of genes with either mutations that led to the most significant change in amino acid
physicochemical properties (Paper II) or the highest number of non-synonymous mutations,
along with any genes with loss of function mutations (Paper III). Using the gene sets we carried
out gene ontology enrichment analyses using Panther (Mi et al., 2013) with the horse as a
reference set (Paper II), or using GOrilla (Eden et al., 2009) with the Norway rat as a reference
set (Paper III). Finally, in Paper II, we compared our set of genes to that previously identified
in the woolly mammoth (Lynch et al., 2015).

Results

Datasets

For all papers, we generated de-novo reference genome assemblies that were used for mapping
the short-read resequencing data. For Paper I, the genome of a Eurasian collared lemming from
northeastern Siberia was assembled. In Paper II, we generated an assembly for the Sumatran

rhinoceros, the closest extant species to the woolly rhinoceros. We generated reference genome
assemblies for the Norwegian lemming and muskox for Paper I1I and Paper IV, respectively.
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In Paper I, we reconstructed 59 ancient mitochondrial genomes (> 50-0.5 ka BP) from across
the Late Pleistocene geographical distribution (Belgium to northeastern Siberia) of Eurasian
collared lemming and analysed these along with 54 published modern mitogenomes. We
additionally aligned the short-read data generated for the reference genome assembly against
itself to analyse one high-coverage nuclear genome. The dataset for Paper I consisted of the
first full nuclear genome of the woolly rhinoceros, generated from an 18,500 year old
individual from Chukotka, Siberia. We also analysed 14 mitogenomes from northeastern
Siberia, ranging in age from 50-14 ka BP. For Paper III, we resequenced 11 modern genomes
from four true lemming taxa, including the Norwegian lemming, the Siberian brown lemming
Western and Eastern lineages, and the Nearctic brown lemming (L. trimucronatus). In addition,
we generated low-coverage nuclear data for two Late Pleistocene Lemmus sp. samples, one
12.5 ka BP from Bridged Pot Cave, United Kingdom, and the other 9.6 ka BP from Pymva
Shor, Russia, as well as short mitochondrial sequences (522 bp) for 55 samples. Finally, in
Paper 1V, we analysed 107 modern nuclear genomes from across the muskox’ native range,
along with that of a 21 ka old Siberian muskox from Wrangel Island.

Phylogenetic structure and divergence

Paper I showed that the Eurasian collared lemmings had a distinct population structure during
the Late Pleistocene, with five mitochondrial clades (Fig 3) similar to that previously observed
from short mtDNA data (Brace et al., 2012; Palkopoulou et al., 2016). Only one clade is present
today, with a most recent common female ancestor occurring ~25 ka BP, during the LGM. This
clade shows geographical structuring, representing the different subpopulations in northern
Siberia, along with a now-extinct subclade in Europe. Both the Eurasian and North American
collared lemmings appear to have diversified after ~100 ka BP and ~111 ka BP, respectively.
In contrast to the collared lemmings, Paper II found an absence of geographic structuring
among the northeastern Siberian woolly rhinoceros samples investigated (Fig 4). Both major
clades in our dataset overlapped geographically and were present up until the extinction of the
species at ~14 ka BP.

We constructed both mitogenome and nuclear phylogenies for true lemmings and muskox. In
true lemmings, these are concordant and both phylogenies show the separation of each species
into monophyletic clades (Fig 5). The ancient Lemmus samples form a monophyletic clade
with modern Norwegian lemmings. The mitogenome and nuclear pseudo-diploid X
chromosome divergence times are consistent, showing that the Siberian brown lemming East
and West lineages diverged ~133-124 ka BP and then the Siberian West lineage and Norwegian
lemmings diverged ~37-34 ka BP. In addition to the complete concordance and high support
in both phylogenies, we also did not find any indication of gene flow between the modern
Lemmus lineages.
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Figure 3. Mitochondrial phylogeny of Eurasian collared lemmings. Each major clade is numbered,
and the most recent common ancestor is indicated with a black circle. The colours correspond to
geographical regions: blue = western Europe (W_EUR), red = eastern Europe (E_EUR), green =
western Russia (W_RUS), purple = western Siberia (W_SIB), light blue = central Siberia Taymyr
region (C_SIB_T), light pink = central Siberia Yana-Kolyma region (C_SIB_LK), black = central
Siberia Ostrov Bolshevik (C_SIB_0), orange = eastern Siberia (E_SIB).
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Figure 4. Mitogenome phylogeny of the woolly rhinoceros in northeastern Siberia (50-14 ka BP).
Coloured dots represent the different localities sampled: yellow = Yana river, pink = Tumat, dark red
= Abyysky, red = Kolyma river, blue = west Chukotka, purple = north Chukokta, and green =
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Figure 5. Mitogenome and nuclear phylogeny for true lemmings (Lemmus sp.). A) Time-calibrated
mitogenome phylogeny depicting: green = Norwegian lemmings, dark green = ancient Lemmus, red =
Siberian lemming western lineage, purple = Siberian lemming eastern lineage, blue = Nearctic brown
lemming. Major nodes are labelled (A-F) and the 95% higher posterior density intervals for the
divergence times are represented by grey bars. B) Nuclear genome phylogeny of true lemmings using
a balanced minimum evolution tree based on an identity-by-state matrix. The approximate position of
PS10k is indicated with a dashed line due to a lack of overlapping data between the two ancient
Lemmus to build the tree with both samples. Numbers indicate bootstrap support for each node, and
the scale bar demonstrates phylogenetic distance.
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In muskox, the mitogenome and nuclear phylogenies both place the ancient Siberian sample
basal to modern samples (Fig 6), although the structuring within present day muskox is
inconsistent between the two phylogenies. Each geographic cluster forms a monophyletic clade
in the nuclear phylogeny; however, the mitogenome phylogeny indicates that a subset of
Canadian mainland samples form a divergent clade from the remaining modern samples. These
remaining modern samples form two clades, which demonstrate geographical structuring.
Additional population structure and admixture analyses in the muskox supported the
geographic clustering seen in the nuclear phylogeny. However, these analyses also suggested
some gene flow between lineages, with treemix results suggesting migration from the Canadian
mainland to the Canadian Islands and from the Canadian Islands to the Greenland North
population, and admixture graph modelling supporting only the first migration edge.

Demographic histories of Arctic species

The mitochondrial demographic modelling for collared lemmings supports a model with both
an Eemian and a LGM bottleneck. Paper I also showed a population decline during the LGM
in the Bayesian Skyline analysis for this species, although that may reflect the extinction of the
mitogenome clades in our dataset during the LGM. The demographic reconstruction for the
woolly rhinoceros based on mitogenome data supports a constant population size through time.

We then reconstructed the Pleistocene demographic trajectories for Eurasian collared
lemmings, woolly rhinoceroses, and muskox using PSMC (Fig 7). The demographic history of
collared lemmings shows a peak in effective population size (N.) occurring during the Last
Glacial period at ~55-50 ka BP, after which N, decreased until 10.2 ka BP. The effective
population size then increased during the Holocene and remained relatively stable until the
present day. In the woolly rhinoceros, N, increased during the penultimate glacial period, and
then gradually decreased from ~127 ka BP until the LGM. There was then a sharp increase in
Ne, followed by stability until the death of the individual at 18.5 ka BP. Muskox had a relatively
stable population size until ~30 ka BP, whereby the population size decreased gradually until
~5 ka BP. The mainland and island populations then maintained a stable population size at
~500 and ~300 individuals, respectively.

Genomic basis of adaptation

In both the woolly rhinoceros and Norwegian lemmings, we identified genes with non-
synonymous mutations (i.e. those that change the amino acid and thus can affect the function
of the protein). We found 1524 and 536 genes with non-synonymous mutations in woolly
rhinoceros (n=1) and Norwegian lemmings (n=5), respectively. In the woolly rhinoceros, these
genes are involved in multiple biological pathways including cellular component organisation
or biogenesis, cellular processes, localization, reproduction, biological regulation, response to
stimulus, developmental processes, and metabolic processes. We found 89 genes previously
identified in the woolly mammoth (Lynch ef al., 2015) that also have non-synonymous
mutations in the woolly rhinoceros. Interestingly, one of these genes is TRPA1 which is
involved in temperature sensitivity.
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Figure 7. Demographic trajectories of Eurasian collared lemmings, the woolly rhinoceros, and muskox
as inferred via PSMC. A) Collared lemmings PSMC scaled using a generation time of 2
generations/year and a mutation rate of 5x10” substitutions/site/generation. B) Woolly rhinoceros
PSMC scaled using a generation time of 12 years and a mutation rate of 2.34x10®

substitutions/site/generation. C) PSMC of ancient and modern muskox, using one individual per
locality. Samples are coloured by population: light purple = Siberia (Sib, EL012), dark green = North
Canadian islands (CaIN, AH1), light green = South Canadian islands (CalS, All), blue = East Canadian
mainland (CaME, BL10), and dark purple = West Canadian mainland (CaMW, KU11). The PSMC was
scaled using a generation time of 8 years and a mutation rate of 1.00x10® substitutions/site/generation.
Note that the effective population size limits on the y-axis differ for each species.
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In the Norwegian lemming, we focused on 21 genes that are fixed for the derived allele in all
five modern Norwegian lemming genomes and that had three or more non-synonymous
mutations, including loss of function mutations. These genes were involved in pigmentation
(Myola, Lyst), colour perception (Atf6), reproduction (Fsip2, POTE-a, Plekha5, Spagl7), and
fat transport (Apob, Bco, Relch). Myola may also play a role in thermoregulation (Jia et al.,
2019). We found that for the majority of the uniquely derived genes in the modern Norwegian
lemmings, the two ancient samples shared the ancestral allele with the other True lemming
species and an outgroup, the prairie vole (Microtus ochrogaster).

Genome erosion

In Paper II, we estimated the genome-wide heterozygosity of the woolly rhinoceros to 1.7
heterozygous sites per 1000 bp. This estimate is higher than that found in Late Pleistocene
mainland and Wrangel Island mammoths (Palkopoulou et al., 2015), and living rhinoceroses
(Mays et al., 2018; Tunstall et al., 2018; Liu et al., 2021; von Seth et al., 2021). Furthermore,
there was no indication of recent bottlenecks based on both the length and quantity of runs of
homozygosity.

In the muskox, Paper IV explored changes in genetic diversity, inbreeding, and relative
mutational load on both temporal and geographic scales (Fig 8). We found that the ancient
Siberian muskox had higher diversity than any of the present-day populations. Furthermore,
diversity decreased from south to north, with the Greenlandic samples demonstrating the
lowest diversity. The white-faced muskox in the Canadian islands and Greenland have the
second lowest genome-wide diversity observed in a mammal so far. In parallel, inbreeding
increased from south to north, with Eastern Greenland samples having up to 80% of their
genomes in runs of homozygosity. Relative mutational load showed a more varied pattern,
where the Siberian individual had the highest load, and there was a reduction in load from south
to north, until the northernmost Canadian Arctic populations. Interestingly, the Jameson Land
samples in eastern Greenland had the lowest genome-wide heterozygosity, and the highest
relative mutational load.
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Figure 8. Genome-wide heterozygosity, inbreeding (Fror), and relative mutational load in muskox.
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Discussion
Impact of climate on Late Pleistocene population dynamics and demography

The Late Pleistocene climatic fluctuations had an impact on Arctic species’ population
structure and their demographic histories. As Arctic species inhabited large ranges across
Eurasia during the Last Glacial period, it is not surprising that they had greater diversity in
lineages in the past. Paper I showed that this is most striking in Eurasian collared lemmings,
with five distinct mitochondrial lineages, and only one of which persists today (Fig 3). It is
plausible that these Pleistocene lineages were the result of expansions during favourable
climatic conditions, from source populations in Siberia or local refugia within Europe (Brace
et al., 2012; Palkopoulou et al., 2016). Four of the five lineages appear to have gone extinct
during the LGM, or by the onset of the Holocene. While this may be a result of incomplete
sampling, it may also be due to replacement by a divergent lineage from eastern Siberia.
Nuclear genomes of each of the four lineages will be required to test whether gene flow
occurred amongst the Late Pleistocene lineages of collared lemmings.

Extinct European mitochondrial lineages were observed in Late Pleistocene true lemmings
(Paper 111, also see Lagerholm et al., 2014) and have been documented previously for muskox
(Campos et al., 2010), woolly rhinoceroses (Lorenzen et al., 2011; Rey-Iglesia et al., 2021),
cave lions (Barnett ef al., 2009), and mammoths (Nystrom et al., 2010; Palkopoulou et al.,
2013), among other species (Hofreiter et al., 2004). The Late Pleistocene European lineages of
true lemmings, collared lemmings, and muskox all became extinct during the transition to the
Holocene, where rapid warming meant that Arctic species were unable to track their habitat
northwards. Local extinctions may have also occurred during the short interstadials within the
Last Glacial Period, although fine-scale temporal data from additional species would be needed
to further explore this hypothesis.

Climate also played an important role in the deeper demographic histories of Arctic species,
with population sizes varying in response to changes in range size and founder events. Within
Eurasian collared lemmings, our mitochondrial demographic analyses support a bottleneck
during the Eemian interglacial, consistent with the subsequent diversification of both the
Eurasian and North American lineages during the early Last Glacial period. PSMC results
suggested a decline during the last glacial period, likely due to the extinction of the four Late
Pleistocene lineages and subsequent replacement of a divergent lineage from Siberia. This
appears to be in contrast to the fossil record which indicates that collared lemmings were
widespread throughout the last glacial period. However, it is important to note that N. does not
equate to census population size, and the decrease in N, seen here may in fact represent the loss
of genetic variation due to lineage extinction during the LGM.

Similarly to collared lemmings, N, in the woolly rhinoceros declined during much of the Last
Glacial period, with the onset of this decline occurring during the Eemian interglacial (Fig 7).
However, we note that this peak could also be the result of population subdivision. Woolly
rhinoceroses then experienced a rapid increase in N, at the onset of the LGM. This increase is
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consistent with previous mitochondrial data and the fossil record (Lorenzen et al., 2011; Stuart
and Lister, 2012). The population stability just prior to extinction for the woolly rhinoceros
implies its population size likely declined rapidly towards extinction, which fossil data suggests
occurred during the warming of the Bolling-Allergd interstadial (14.7-12.8 ka BP).

The PSMC analyses indicate population stability in northeastern Siberia for the woolly
rhinoceros shortly prior to extinction and for Eurasian collared lemmings during the Holocene.
Furthermore, both the woolly rhinoceros and the collared lemming genomes analysed here
showed no signs of recent inbreeding, suggesting they had not undergone recent bottlenecks.
Population stability in northeastern Siberia during this time period has also been observed in
wolves (Loog et al., 2020), as well as humans (Sikora et al., 2019). This may indicate that a
more stable environment was maintained in northeastern Siberia during the Late Pleistocene
and transition to the Holocene. This is in contrast to the woolly mammoth, which experienced
successive local extinctions as its range contracted northwards during this time (Dehasque et
al., 2021), suggesting general patterns may not pertain to all species.

Paper IV indicates that muskox had a relatively stable population size during much of the Late
Pleistocene, however, the effective population size declined from ~30-5 ka BP. The beginning
of this decline may have been associated with the formation of the Laurentide ice sheet, which
reached the maximum extent at 26-25 ka BP (Stokes, 2017). The subsequent decrease in Ne
was likely associated with successive founder events during the northward colonisation of the
Canadian Arctic during the Holocene and ultimately Greenland by ~5.4 ka BP (Bennike and
Andreasen, 2005).

The primary method used in this thesis to investigate long-term demographic changes was
PSMC analysis. PSMC can be useful in that it only requires a single high-coverage (i.e. > 8X
coverage) diploid genome to trace the demographic history of a species (Li and Durbin, 2011).
However, it also applies a number of assumptions (e.g. population panmixia) that may be
violated in natural populations, as demonstrated in the highly structured populations of collared
lemmings, where population structure and population subdivision can lead to spurious peaks
(i.e. inflated Ne) in the curve (Mazet et al., 2016; Mather, Traves and Ho, 2020). It is also
important to note that PSMC typically smoothes out abrupt changes in N, thus short time-scale
bottlenecks are not usually observed (Li and Durbin, 2011). Furthermore, for non-model
species, including extinct species, approximate estimations of mutation rate and generation
time must be used. Changing one or both of these parameters will cause temporal shifts in the
PSMC curve, making interpretations approximate, especially in regard to specific events such
as environmental change or human presence. Other methods for modelling demography are
available but usually require multiple high-coverage genomes (e.g. MSMC, dadi, SMC++, SFS
in fastsimcoal), making them less suitable for ancient genome projects with limited datasets.

Despite the caveats of the PSMC approach, this thesis demonstrates that the climatic
fluctuations of the Late Pleistocene likely played a role in the demographic histories of multiple
Arctic mammals. Demographic trajectories from Arctic species not investigated here may
reveal broad patterns across taxa, but so far the data indicates that the Eemian interglacial likely
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had an impact on both Eurasian collared lemmings and woolly rhinoceros. Furthermore, PSMC
was able to capture the population decline associated with Holocene warming and colonisation
of the Arctic for muskox.

Speciation and divergence

The climatic fluctuations appeared to have played a large role in the speciation of true
lemmings. Firstly, the divergence between the two species of Siberian lemming, L. sibiricus
West and East likely occurred during the Eemian interglacial. It could be hypothesised that L.
sibiricus East was isolated on Wrangel Island during the Eemian interglacial and then
recolonised northeastern Siberia during the Last Glacial period. However, further modern and
ancient genomes from this species, especially across the northeastern part of mainland Siberia
and from Wrangel Island, will be required to characterise the evolutionary history of the
Siberian true lemmings.

Secondly, our results show that the Norwegian lemming and its sister taxa, L. sibiricus West
diverged from a common ancestor just prior to the LGM at ~37-34 ka BP, demonstrating that
this species has one of the youngest speciation times among mammals. The number of
generations (34,000-37,000) is equal to or less than that between the polar and brown bear
(34,000-48,000 generations), which is currently considered the most recent mammalian
speciation event (Liu et al., 2014; Hirata et al., 2017). The Norwegian lemming may have
become isolated from the Siberian lemming during a pre-LGM colonisation of Scandinavia
(Larsen et al., 1987) or at the onset of the LGM. Results from short mitochondrial data
suggested that a Late Pleistocene Lemmus lineage that diverged from the Siberian lemming
was distributed across Europe and western Russia during the last glaciation (Lagerholm ef al.,
2014). As the Fennoscandian ice sheet expanded during the LGM, it has been hypothesised
that a small population of this lineage became isolated in a northern ice-free refugium, and
subsequently evolved into the Norwegian lemming (Fedorov and Stenseth, 2001; Lagerholm
et al., 2014). Our results support this hypothesis as the modern Norwegian lemmings formed a
monophyletic clade and have uniquely derived variants that are not present in the ancient
Lemmus. This indicates that most of the unique adaptations in the Norwegian lemming likely
evolved within Fennoscandia. Additionally, given that we find no indication of Holocene gene
flow with the Siberian lemming, the Norwegian lemming likely underwent post-glacial
isolation. Thus, the LGM and subsequent retreat of the ice sheet was instrumental in the
evolution of the Norwegian lemming.

The LGM also played a role in the divergence between the two subspecies of muskox. As the
Laurentide ice sheet formed, previous genetic and fossil evidence suggests that the two
populations became isolated, with one north and the other one south of the ice sheet (Harington,
1980; Lent, 1999; Lorenzen ef al., 2011; Hansen et al., 2018). The mitochondrial divergence
times estimated here between the two main modern lineages indicate a divergence time of ~19-
10 ka BP, suggesting a complex history associated with the colonisation of the High Arctic.
The extent to which each of the isolated populations contributed to present day populations
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remains unknown. Recovery of ancient genomes from the localities in which muskox existed
during the LGM would aid in further understanding the impacts of the LGM on this species.

Adaptation in the woolly rhinoceros and Norwegian lemmings

In this thesis, the genomic basis of adaptation was explored in two taxa: the woolly rhinoceros
and the Norwegian lemming. In the woolly rhinoceros, we observed mutations in genes relating
to temperature sensation, i.e. TRPA1. This is similar to what was previously observed in the
mammoth (Lynch et al., 2015). It is plausible that these mutations were involved in the ability
of the woolly rhinoceros to withstand the extreme cold of Late Pleistocene Eurasia.

Norwegian lemmings display unique colouration and behaviour among the true lemmings.
Paper II identified mutations in genes associated with pigmentation, perception of colour, fat
transport and reproduction. It is possible these mutations led to the unique colouration and
ability to recognise conspecifics in the Norwegian lemming. While our limited ancient data
indicated that the two Late Pleistocene samples had the ancestral alleles for several of these
mutations, future research with high-coverage ancient genomes will be required to determine
whether the Norwegian lemming evolved its unique mutations prior to, or after the LGM.

Genetic consequences of small population size

Recent palacogenomic evidence has suggested that mammoths lost genetic diversity and
experienced increased inbreeding associated with their isolation on Wrangel Island and
subsequent extinction (Palkopoulou et al., 2015; Pe¢nerova et al., 2017; Pe¢nerova, 2018). In
contrast, the genome of the 18.5 ka BP woolly rhinoceros individual that we analysed had a
higher genome-wide heterozygosity than mainland mammoths, no evidence of recent
inbreeding, and revealed that woolly rhinoceroses had a stable effective population size just
prior to extinction. In combination, this indicates that the woolly rhinoceros population in
northeastern Siberia experienced no genomic erosion effects typical of small populations. This
also implies a sudden and rapid population decline of woolly rhinoceros towards extinction,
supported by the fossil record (Stuart and Lister, 2012). Whole genomes from samples closer
to the extinction may show elevated levels of inbreeding and a decline in genome-wide
heterozygosity.

While many megafaunal species went extinct during the later part of the Pleistocene and early
Holocene, muskox persisted, albeit at a very low effective population size. The impact of
isolation and post-glacial recolonisation on the diversity of Arctic fauna has been documented
previously in the Arctic fox (Dalén et al., 2005), Arctic hare (Lepus arcticus) (Waltari and
Cook, 2005), grey wolves (Sinding et al., 2018), and caribou (Rangifer tarandus) (Kliitsch et
al., 2017). Muskox experienced a series of founder events during the colonisation of the
Canadian Arctic and Greenland in the Holocene (Harington, 1980; Lent, 1999; Hansen et al.,
2018). As a result, present-day muskox have some of the lowest genetic diversity observed in
mammals with the white-faced muskox having the second lowest genetic diversity recorded to
date in mammals. Low genetic diversity and effective population size often results in high
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levels of inbreeding, which in turn exposes harmful genetic mutations due to increased rates of
homozygosity (Hedrick, 2001). However, recent evidence from endangered populations has
suggested that species may be able to purge these mutations under conditions of extremely low
population size (van der Valk et al., 2019; Dussex et al., 2021; Morin et al., 2021). Thus, it is
likely that the long-term low effective population size of muskox contributed to purging highly
deleterious mutations from the population, leading to a reduced genetic load in some of the
modern populations (Fig 8). In the case of the Jameson Land population in East Greenland, we
observe low diversity, high inbreeding, and high mutational load. Thus, it may be this
population has experienced more recent inbreeding and/or purging has not occurred to the same
extent as in the other Greenlandic populations. Ancient samples from before and after each
successive colonisation event across the Canadian Arctic and Greenland will elucidate finer
scale changes in diversity and the impact of the founder events in the muskox.

Impact of human predation on megafauna

Here, I have focused primarily on the impact of climate in the population histories of Arctic
taxa. However, human predation may have also had an impact, particularly on the woolly
rhinoceros and muskox, which are known to have been predated by humans (Lorenzen et al.,
2011). In the woolly rhinoceros, we do not see a decrease in effective population size associated
with the first appearance of anatomically modern humans in northeastern Siberia at 31.6 ka
BP. However, there is currently limited knowledge of the changes of human population density
in this region during the warming after the LGM. Increasing human population density during
this time may have played a role in the extinction of woolly rhinoceros, however additional
research into ancient human population dynamics from northeastern Siberia is required.
Muskox on the other hand were known to be an important subsistence source for Arctic
peoples, such as the Independence I culture (Knuth, 1967), and also were subject to intense
hunting from the late 19th-early 20th century (Barr, 1991; Cuyler et al., 2020). Demographic
declines associated with recent human impacts, through hunting or introduction of predators,
have been documented for a number of species, including Arctic fox (Larsson et al., 2019).
Thus, historical DNA studies will be useful to understand the demographic consequences of
recent hunting practices in muskox.

Generating reference genome assemblies for non-model taxa

An aspect of this thesis that is important to highlight is that for each study species, we generated
reference genome assemblies. Closely related reference genomes enable accurate
characterisation of genetic diversity, population structure, and reconstruction of demographic
histories of species. Recently large consortia have formed such as the Vertebrate Genomes
Project (Rhie et al., 2021), including the Bird 10,000 Genomes project (B10K; Feng et al.,
2020), and the Darwin Tree of Life project (https://www.darwintreeoflife.org/), with the aims
of producing as many reference genomes and genome data as possible for non-model
organisms. This will significantly aid genomic research on such species, enabling further
understanding of the evolutionary history of non-model taxa. Genomic data may also play an
important role in the future of conservation genetic practices, thus generating references will
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enable studies across temporal and geographic scales for species currently under threat (Paez
etal., 2022).

Future directions for palaeogenomics and past climate change

This thesis highlighted an impact of the Eemian interglacial in the demographic history and
diversification of Arctic species, in particular collared lemmings. Importantly, Paper I also
demonstrated that for these small rodents, it was possible to retrieve high levels of endogenous
ancient DNA from samples ~50 ka BP and up to 330 ka BP. Future ancient DNA studies could
focus on samples before, during, and after the Eemian interglacial period, to fully characterise
the impact of this interglacial on Arctic species. This would allow for an assessment of the
extent to which Arctic species experienced bottlenecks during the Eemian and whether unique
lineages were lost, similar to that observed during the transition to the Holocene (Campos et
al., 2010; Brace et al., 2012).

From a geographical standpoint, northeastern Siberia appears to be a hotspot for genetic
diversity, for both woolly rhinoceroses and Eurasian collared lemmings, along with horses,
bison, and wolves (Kirillova et al., 2015; Fages et al., 2019; Fedorov et al., 2020; Loog et al.,
2020). Further characterisation of this region during the Last Glacial period, in terms of plant
and animal species composition, and their diversity, might indicate that the environment was
more favourable for cold-adapted species. This could be achieved using sedimentary ancient
DNA, which is becoming a prominent tool for reconstructing past landscapes (Voldstad et al.,
2020; Crump et al., 2021). Furthermore, methods could be developed to infer within-species
haplotypic diversity from sedimentary ancient DNA data, which would facilitate assessment
of species diversity through time in this region.

In all study species except collared lemmings, we included samples from Wrangel Island. This
island is well-known for holding the final refuge of mammoths until their extinction in the mid-
late Holocene (Vartanyan, Garutt and Sher, 1993; Vartanyan et al., 1995). In both the woolly
rhinoceros and true lemmings, we observed distinct lineages on Wrangel Island compared with
the mainland. Thus, isolation on Wrangel Island during warm periods may have contributed to
higher rates of divergence in some Arctic species. Further whole genome samples from
mainland Siberia for muskox will be required to test whether the lineage represented by the
ancient sample was unique to Wrangel Island or was part of the wider Siberian diversity at the
time. For true lemmings, mainland Siberian samples are required to further examine the
phylogenetic relationships of the Siberian brown lemming. Additionally, ancient and modern
DNA data from other species that have inhabited the island from the Late Pleistocene to today
(e.g. Dicrostonyx groenlandicus), will be useful in exploring the role of isolation in the
Wrangel Island refugium in species divergence.

More broadly, for collared and true lemmings, this thesis has focused primarily on the Late
Pleistocene dynamics on the Eurasian side of the Northern Hemisphere, as large parts of this
region remained ice-free during the LGM, with the exception of Scandinavia. However, to
understand the evolutionary history of these genera in more detail, Late Pleistocene North
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American samples are required. Furthermore, the genetic impact of range contractions on the
North American counterparts of lemmings and muskox are currently largely unknown. It is
likely that the fossil record for this region also harbours unique Pleistocene lineages that were
lost during previous interglacials and the transition to the Holocene.

Implications for Arctic species under anthropogenic climate warming

While this thesis has focused on the impact of past climatic events, now, more than ever, it is
imperative to look forward. The Arctic is presently warming at an unprecedented rate
(Biskaborn et al., 2019). Under the current scenarios of anthropogenic warming, Arctic species
are at risk of a reduction in their remaining tundra habitat, due to the treeline moving
northwards and towards areas of higher elevation, as well as changes in winter ice and snowfall.
Arctic species are also facing competition from temperate species as the ranges of these species
also move northward (Thulin and Tegelstrom, 2001; Gallant et al., 2012; Elmhagen et al.,
2017). This may pose a threat to population numbers through competition for resources and
expose species to interspecific hybridisation. Furthermore, lemmings are an important food
source for Arctic predators and changes in their population cycling dynamics are already
affecting Arctic fox populations (Angerbjorn et al., 2013). A dramatic reduction in their
numbers could have widespread consequences across the Arctic ecosystem. Of the species
investigated here, anthropogenic warming will likely have the largest effect on muskox, which
already persists with extremely low levels of genetic diversity and low effective population
sizes in a fragmented distribution, thus having reduced potential to adapt to future
environmental changes. Additionally, larger bodied species with longer generation times may
not be able to adapt quickly enough, a factor that likely already contributed to the extinction of
many megafauna across the globe, including the woolly rhinoceros. Thus, it is important to at
least maintain the residual diversity of these species to give them the best chance of adapting
to possible future threats. Future studies investigating the impacts of ongoing warming on
Arctic species should incorporate palacogenomic data indicating the loss of diversity and
reduction of population size during interglacials such as the Eemian into species distribution
modelling. This, along with changes in fossil distributions will aid in predicting not only how
Arctic taxa may respond to ongoing climate warming, but also in understanding the wider
changes in ecosystems that will occur as a result, as well as potentially identify focal areas or
species for conservation action.

Conclusions

Overall, this thesis demonstrated that Arctic mammals had dynamic population histories and
that the climatic fluctuations of the Late Pleistocene likely played a role in demographic
changes across these species. Past climate, including sea level change and ice sheet dynamics
influenced the demographic histories, population structure, speciation, and adaptation of Arctic
taxa. Palacogenomics has become an integral tool to assess the consequences of past climate
change. This thesis showed that warming periods during the Late Pleistocene and transition to
the Holocene had a marked effect on cold-adapted taxa, through reductions in population sizes
and genetic diversity. The Eurasian collared lemming likely experienced a population
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bottleneck in the Eemian interglacial, and subsequently diversified in the Last Glacial period.
The woolly rhinoceros was also affected by warming, likely undergoing a rapid decline towards
extinction associated with the Bolling-Allered interstadial. The transition to the Holocene led
to multiple founder events as muskox moved into the Canadian Arctic and Greenland, resulting
in extremely low levels of genetic diversity in populations today. All species also showed a
reduction in the number of mitochondrial lineages from the Pleistocene to the Holocene.
Additionally, the LGM and formation of major ice sheets played a role in speciation and
divergence in the Norwegian lemming and muskox. While this thesis has examined broad-scale
patterns across Arctic species, future palacogenomic studies might focus on specific climatic
events, such as the Eemian interglacial and Belling-Allergd interstadial, to characterise their
impacts, as well as including multiple species to discern the effects of climate change across
the Arctic ecosystem.
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Svensk sammanfattning

Klimatférandringarna under Ovre pleistocen har troligen haft en stor inverkan pa de arktiska
arternas evolutiondra historia. Paleogenomik dr ett anvéndbart verktyg for att belysa hur
tidigare populationer paverkades av dessa klimatfordndringar och den sammankopplade
dynamiken i istdcken och fordndringen av havsnivdn. Har har jag anvént moderna och
forhistoriska DNA-data fran fyra arktiska daggdjur for att undersoka effekterna av det
senpleistocena klimatet pé deras evolutionéra historia, fran populationsdynamik och demografi
till artbildning och genfléde, anpassning och genomisk erosion. I artikel I visade jag med hjilp
av gamla mitokondriella arvsmassor frén hela deras senpleistocena utbredningsomrade, att den
eurasiska halsbandsldammeln (Dicrostonyx torquatus) hade en dynamisk senpleistocen
populationsstruktur i Europa. Dessutom ledde den Eemiska interglacialen sannolikt till en
flaskhals hos halsbandsldamlar, varefter arten diversifierades under den senaste istiden. Nukledr
genomdata frén en modern individ i nordostra Sibirien tyder pa populationsstabilitet i nordostra
Sibirien under holocen. I artikel II sekvenserade jag arvsmassan hos en ~18 500 &r gammal
ullharig noshorning (Coelodonta antiquitatis) och anvidnde detta i kombination med
mitokondriella data for att utforska artens demografiska historia. Det fanns liten geografisk
strukturering i den nordostsibiriska populationen och stabilitet i deras effektiva
populationsstorlek strax fore utrotningen, vilket kan tyda pé en efterfoljande snabb nedgéang
mot utrotning som troligen var férknippad med Belling-Allerad-interstadialen. Dessutom fann
jag att denna art hade mutationer i genen TRPA1, som é&r inblandad i temperaturkénslighet. I
en tredje studie (artikel II) anvinde jag hela arvsmassor fran moderna och gamla dkta ldmlar
for att faststélla att den norska limmeln har en av de yngsta artbildningstiderna (~37-34 ka BP)
bland didggdjur. Norska ldmlar har mutationer i gener som &r involverade i pélsfarg,
farguppfattning, fettransport och reproduktion, och har sannolikt utvecklat sin unika
fargteckning som ett resultat av isolering efter rekoloniseringen av Fennoskandien. Slutligen
undersokte vi konsekvenserna av en langsiktigt liten effektiv populationsstorlek hos myskoxen
(Ovibos moschatus) med hjélp av 107 moderna arvsmassor och en 21 000 &r gammal Sibiriskt
arvsmassa (artikel 1V). Myskoxen dverlevde uppvarmningen i slutet av senpleistocen, men de
successiva grundareffekterna som intrdffade under koloniseringen av Norra Kanada och
Gronland, minskade den genetiska méngfalden till nagra av de ldgsta virden som observerats
hos ddggdjur. Resultaten tyder dock pa att det faktum att populationen varit liten under lang
tid troligen ledde till att starkt skadliga alleler rensades bort hos myskoxen, vilket i sin tur
gjorde att de kunde Overleva med begrinsade tecken pa inavel. Ur teknisk synvinkel
presenteras i denna avhandling fyra de-novo referensgenomkomplex och de forsta kompletta
nukledra arvsmassorna for de undersokta arterna. Sammantaget visar resultaten i denna
avhandling att klimatfordndrinarna, sérskilt Eem-istiden och Belling-Allerad-istiden,
tillsammans med fordndringar i havsniva samt bildandet och tillbakadragandet av isticken
under den senaste istiden, har paverkat dessa fyra arktiska ddggdjurs evolutiondra historia.
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