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ABSTRACT

The influence of Quaternary environmental changes on demography and
geographic distribution is paramount to understanding how contemporary genetic
diversity is partitioned in high-latitude species. This history of change in northern
ecosystems sets the stage for forecasting how species inhabiting tundra and boreal forest
will respond to the ongoing shift in climate. Utilizing broad geographic and taxonomic
sampling, a multilocus species tree approach, ecological niche models, and population
genetic techniques, | investigate the evolutionary and biogeographic history of a
Holarctic mammal, the northern red-backed vole (Clethrionomys rutilus) and the
systematics of the tribe it belongs to, Clethrionomyini. This tribe of forest and alpine
voles is distributed throughout the Holarctic and diversified in the Northern Hemisphere
over the last 5 MY. The biogeographic history of C. rutilus is characterized by

subdivision and subsequent expansion from multiple refugia, including previously



unidentified refugia in central Asia. Several taxonomic issues are resolved by the use of
multilocus data, including support of a polyphyletic Clethrionomys, prompting the
suggestion of splitting the genus into two. Diversification in the tribe is not characterized
by pulses of diversification, as previously suggested. The dynamic geographic,
genealogic, and demographic history of C. rutilus and Clethrionomyini provides insight
into the Quaternary biogeography of the northern high-latitudes in Asia and North

America.
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Chapter 1
Thesis Introduction

In high-latitude ecosystems, cyclical climatic change over the past 2-3 million
years played a pivotal role in creating biodiversity and shaping species distributions and
genetic diversity (Webb 111 and Bartlein 1992; Hofreiter and Stewart 2009). During the
Quaternary, cyclical build up of continental ice sheets led to significant sea level changes
and shifting landscapes that structured plant and animal species. The resulting
demographic and distributional changes within and among populations over time can be
traced through distinct patterns of genetic variation in contemporary populations (Avise
2009). It is possible to identify barriers to dispersal, the location of presumed glacial
refugia, regions recently colonized through population expansion, which enables the
interpretation of genetic diversity patterns in the context of spatial and demographic
processes (Avise 2000; Smith 2007). Using this information, the role that these types of
events may play in incipient speciation among high-latitude species can be better
understood and may help forecast how Arctic and boreal species would be affected in the
future by directional climate change and expected range shifts (Cook, Hoberg et al.
2005).

Different genetic patterns result from individual species’ responses to geologic
and climatic change, largely influenced by unique biological constraints or innovations,
dispersal abilities, and historic distributions (DeChaine 2008). Although some common
phylogeographic patterns have emerged, details of the response of individual northern
species to past climatic changes are often idiosyncratic (Hewitt 2004; Waltari, Hoberg et

al. 2007; DeChaine 2008). For example, many species show concordance in their



persistence within major glacial refugia followed by range expansion after the recession
of the ice sheets. Furthermore, species with similar ecological affinities, such as those
associated with boreal forest, are not the same in every detail of their phylogenetic and
distributional histories, but generally share broad phylogeographic patterns. These
similarities suggest that genetic signals can be used as an independent line of evidence
from which to infer the complexity of the history of the boreal forest biome (Fedorov,
Goropashnaya et al. 2008). This connection between large-scale ecological processes
and evolutionary change demonstrates that phylogeographic and phylogenetic analyses
provide a unique and vital perspective in an era of shifting climatic conditions.

In Chapter 2, | investigate the range-wide phylogeography of Clethrionomys
rutilus, northern red-backed voles. This is the only Holarctic species in the relatively
large group of voles known as the tribe Clethrionomyini and one of only fourteen
Holarctic mammals (MacDonald and Cook 2007). | sampled populations from Finland to
Canada, throughout the enormous range of this species. C. rutilus is strongly associated
with boreal forest habitat, one of the most extensive biomes in the world, but is also
found in tundra habitats. These biomes were greatly impacted by climatic cycling in the
Quaternary and are projected to be radically changed in response to contemporary climate
change (Parmesan 2006). Due to its widespread distribution, C. rutilus provides nearly
unparalleled insight into factors that have influenced patterns of genetic structure across
spatial scales ranging from global to regional to local. My analysis detects considerable
genetic structure across the species’ range, revealing multiple glacial refugia, dispersal
barriers, and variable demographic histories. Taken together, the results emphasize the

idiosyncratic and dynamic response of northern species to environmental change.



In Chapter 3, I assess phylogenetic relationships and species limits in
Clethrionomyini, a taxonomically problematic tribe, mostly represented by voles found in
northern and central Asia. The historical biogeography in this dynamic, biodiversity-rich
region is understudied compared to Europe and North America (Hewitt 1996). Due to
much of Asia’s inaccessibility, many species in this tribe have rarely or never been
sequenced, limiting the ability to conclusively resolve the phylogeny. | generate DNA
sequences for three previously unstudied species and add molecular data for sixteen
others belonging to all five nominal genera: Hyperacrius, Caryomys, Eothenomys,
Alticola, and Clethrionomys (Carleton and Musser 2005). Previous molecular analyses
revealing cases of apparent paraphyly or polyphyly of Clethrionomys (Cook, Runck et al.
2004; Luo, Yang et al. 2004; Lebedev, Bannikova et al. 2007) are tested with nuclear,
multilocus data for the first time. Clarifying relationships among members of
Clethrionomyini at various taxonomic levels addresses questions about taxonomy and
speciation within the group and more generally sheds light on the biogeographic history
of northern terrestrial regions.

By studying this tribe of voles and the species with the largest distribution among
them in detail, | hope to elucidate the evolutionary processes that have impacted northern
species over the last several million years. These molecular data will not only inform the
systematics of this group, but will provide broad comparative information for

evolutionary and biogeographic research in other northern high-latitude organisms.
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Chapter 2
Phylogeography of a Holarctic rodent (Clethrionomys rutilus): Testing high-latitude
biogeographic hypotheses and the dynamics of range shifts

Abstract

Pleistocene glacial cycles greatly influenced demography and geographic
distribution of high-latitude species and played an essential role in determining how
contemporary genetic diversity is partitioned. This history of change in northern
ecosystems sets the stage for forecasting how species inhabiting tundra and boreal forest
will respond to the ongoing alterations in climate. We use a multilocus phylogeographic
approach (1 mtDNA, 3 nuclear genes) combined with species distribution models to
investigate the response of a Holarctic mammal, the northern red-backed vole
(Clethrionomys rutilus), to environmental change. Our assessment is based on
widespread sampling, a species tree approach for integration of multiple lines of genetic
evidence, and population genetic techniques to elucidate the biogeographic and
demographic history of northern red-backed voles. The phylogeographic history of C.
rutilus is characterized by isolation and subsequent expansion from multiple refugia in
Asia, an uncommon history among other predominantly boreal forest-associated species.
Demographic and distributional changes are dynamic and emphasize the effect pre-LGM

glacial-interglacial cycles had on contemporary phylogeographic structure.

Brooks A. Kohli?, Vadim B. Fedorov®*, Eric Waltari®* and Joseph A. Cook®*
# Department of Biology and Museum of Southwestern Biology, University of New
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1. Introduction

Evolutionary biologists have long attempted to understand the processes that
create, maintain, and alter variation within species (Darwin 1859; Mayr 1970). Variation
is affected by contemporary factors, but is also shaped by species’ evolutionary and
biogeographic histories, thus impacting ecological interactions and evolutionary
trajectories (Hewitt 1996; Abbott and Brochmann 2003; Lister 2004; Thompson 2005).
An essential component of biogeographic history is knowledge of the distributional
changes of species, including range shifts, long-term subdivision of populations,
colonization of new habitats, and changes in range size. These types of changes are
typically accompanied by demographic and genealogic changes as well. The degree to
which distributions are altered is largely mediated by external factors that affect
connectivity, dispersal, and population dynamics, especially large-scale environmental
changes (Hewitt 1996; Lister 2004).

Biomes of the northern high-latitudes were extensively impacted by climatic
cycling throughout the Quaternary, about the last 2.6 million years (MY), and are
projected to be strongly affected by contemporary climate change (Parmesan 2006). The
Quaternary was marked by the most frequent and dramatic climatic oscillations of the

entire Cenozoic (the last 65 MY) (Velichko and Wright 2005). Fluctuations between



warm periods, at times warmer than the present, and cold periods dominated by
continental ice sheets had the greatest effect on environments at the highest latitudes
(Miller, Brigham-Grette et al. 2010).

Because individual species differ in biological constraints, innovations, ecological
affinities, and historic distributions, the effects of environmental changes influence
species in different ways (Hoffmann 1981; Stewart 2009). Extensive paleoecological,
paleontological and phylogeographic data suggests organisms largely responded
idiosyncratically to past climatic changes, but common patterns are also emerging as
phylogeographic evidence accumulates (Abbott and Brochmann 2003; Hewitt 2004;
Waltari, Hoberg et al. 2007; Fedorov, Goropashnaya et al. 2008; Korsten, Ho et al. 2009).
For example, many northern species show concordance in their persistence within a
handful of shared glacial refugia followed by range expansion after the recession of
Pleistocene ice sheets. As independently diverging lineages expanded into recently
unglaciated areas, common areas of secondary contact developed (suture zones).
Multiple glacial refugia, colonization routes, and contact zones, either between species or
divergent populations within a species, have frequently been identified by the discovery
of concordant phylogeographic patterns across taxa, primarily in Europe and North
America (Hewitt 2000; Waltari, Hoberg et al. 2007; Shafer, Cullingham et al. 2010).

At the nexus of Asia and North America, Beringia is one of the best described
northern refugia. Beringia spans the region currently bisected by the Bering Strait, but
during Pleistocene glacial maxima and as recently as 12 KYA, the area was contiguous
(i.e. the Bering Land Bridge) due to lowered sea levels. Beringia was bounded by

glaciations in the Verkhoyansk Range in northeastern Siberia and the Mackenzie



Mountains in northwestern Canada during glacial periods (Hultén 1937) (Figure 1).
Populations of many boreal and arctic organisms inhabited Beringia throughout the
Quaternary, but their distributions within the refugium, expansion events, demographic
characteristics, and dispersal barriers were variable (Fedorov 1999; Hewitt 2004;
Weksler, Lanier et al. 2010; Galbreath, Cook et al. 2011). However, most amphi-
Beringian species colonized the North American continent eastward from Asia, probably
due to the location of massive ice sheets in North America (Waltari, Hoberg et al. 2007).
This generalized pattern supports the hypothesis that Beringia was a critical source of
diversity for mammals and further downstream colonization of North America (Hoberg,
Kutz et al. 2003), but downplays Beringia’s importance for mammalian colonization of
Asia.

In contrast to the relative wealth of knowledge about mammalian biogeographic
history of Europe and Beringia, the intervening region of north-central Asia, from the
Ural Mountains in western Siberia to Beringia and the Pacific coast of Asia, is
comparatively under-studied. Considering the size of this region and it’s largely ice-free
status during Quaternary glacial cycles, north-central Asia may have played a critical role
in structuring high latitude biodiversity (Tarasov, Volkova et al. 2000; Ehlers and
Gibbard 2007; Binney, Willis et al. 2009), perhaps in ways that differ from processes of
diversification in Europe and North America. From limited phylogeographic studies of
the region’s mammals, two alternative biogeographic models have emerged (Hewitt
2000; Fedorov, Goropashnaya et al. 2008; Korsten, Ho et al. 2009). The first is a signal
of widespread expansion throughout Asia from a single source refugium, with limited

genetic differentiation across large geographic areas (Korsten, Ho et al. 2009). This



pattern is common among boreal forest species (Fedorov, Goropashnaya et al. 2008) and
forms the basis for the biogeographic hypothesis that north-central Asia was largely
uninhabitable by forest-associated species during extended glacial periods when cooler
and drier habitats dominated the region.

In contrast, a second model is supported by other northern Eurasian mammals that
exhibit deep divergence and genetic structure among geographic regions often reinforced
by contemporary contact zones, a pattern indicative of historic subdivision over multiple
glacial-interglacial periods (Hewitt 2000; Brunhoff, Galbreath et al. 2003; Fedorov,
Goropashnaya et al. 2003; Galbreath and Cook 2004; Marmi, Lopez-Giraldez et al.
2006). This second hypothesis postulates multiple refugia, such as those identified in
Europe and Beringia, and cryptic (previously poorly described) refugia in Asia, with each
refugium independently contributing to the recolonization of northern Eurasia. This
model has primarily, but not exclusively, been described for tundra and grassland adapted
species (Brunhoff, Galbreath et al. 2003; Hope, Waltari et al. 2010; Hope, Waltari et al.
2011). A few putative Asian refugia have been inferred based on fossils, paleoecological
reconstructions and comparative molecular studies (Urals, Northern Mongolia: (Markova,
Smirnov et al. 1995; Tarasov, Volkova et al. 2000; Todisco, Gratton et al. 2012); SE
Siberia, Amga River basin (Fedorov, Goropashnaya et al. 2008; Hope, Waltari et al.
2011), and fossils of plant material indicate the presence of many more cryptic refugia in
the late Quaternary (Binney, Willis et al. 2009), but extensive phylogeographic studies of
Holarctic species are needed to rigorously test hypothesized refugia.

1.1 Study species and hypotheses
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The relatively few phylogeographic studies of Holarctic species have uncovered
glacial refugia, dispersal barriers, and variable demographic or phylogenetic histories
(Brunhoff, Galbreath et al. 2003; Fedorov, Goropashnaya et al. 2003; Hope, Waltari et al.
2010). Due to their extremely broad longitudinal distributions across multiple continents,
Holarctic species provide unparalleled insight into biogeographic processes that have
influenced genetic diversity and structure ranging from intercontinental to local scales.

We present a range-wide phylogeographic analysis of the northern red-backed
vole (Clethrionomys rutilus Pallas 1779, recently Myodes; (Tesakov, Lebedev et al.
2010)), a Holarctic rodent whose current distribution spans the northern high-latitudes,
from Scandinavia, through northern Asia to the Bering Strait, and across Alaska and
northwestern Canada (Wilson and Reeder 2005) (Figure 1). Northern red-backed voles
are also found on several islands with histories of Quaternary land connections, including
the northern Japanese island of Hokkaido; Sakhalin Island, off the southeastern coast of
Russia; and St. Lawrence Island, in the Bering Strait. Northern red-backed voles are
associated with boreal forests and shrub tundra habitats throughout their range. Often the
most abundant small mammal, these voles are important components of trophic webs
(Guthrie 1968), and occur in most arctic or boreal habitats with sufficient cover and food
(Gromov and Polyakov 1977).

C. rutilus has a range that encompasses nearly all major phylogeographic breaks
recognized in northern organisms outside of Europe and is one of only fourteen
mammals with a Holarctic distribution (MacDonald and Cook 2007). Fossil evidence
and previous genetic studies support an Asian origin of C. rutilus during the Pleistocene

(Gromov and Polyakov 1977; Cook, Runck et al. 2004). No fossils are known from
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North America until the Holocene. Populations on either side of the Bering Strait exhibit
close genetic relationships, although Asian populations are more structured (Frisman,
Kartavtseva et al. 2002; Iwasa, Kartavtseva et al. 2002; Cook, Runck et al. 2004).
However, these previous studies focused on relatively small geographic regions, with a
limited number of genetic loci and samples. The fossil evidence, along with its
distribution in North America, including an extensive parapatric contact zone with the
more southerly C. gapperi, suggests eastward, late Pleistocene colonization through
Beringia (Rausch 1963).

The primary objective of this study is to explore how the environmental history of
the northern high-latitudes affected genetic diversity, demographics, and distribution of
boreal organisms. To effectively test Holarctic biogeographic hypotheses, we perform a
multi-gene analysis of Clethrionomys rutilus that extends previous work spatially and
taxonomically. Using multiple lines of evidence, including phylogeographic analyses,
species distribution models, and demographic reconstructions, we test alternative
hypotheses to identify factors influencing temporal and spatial structure of this Holarctic
mammal. Specifically, the Holarctic biogeographic history C. rutilus best fits which of
two general models: (1) recent recolonization of a huge range from a single refugium or
(2) isolation and divergence in multiple refugia followed by expansion? Secondly, we
aim to describe the temporal and spatial characteristics of the biogeographic history of
this widespread species to address whether a critically understudied region of the
Holarctic, north-central Asia, harbored refugial populations and to identify particular
episodic events that contributed most to the contemporary phylogeographic structure of

C. rutilus.
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2. Methods
2.1 Sampling and laboratory techniques

We sampled between one and five individuals from 110 localities over the
Holarctic range of C. rutilus (Figure 1) for a total of 220 individuals, including samples
representing 11 of 14 subspecies (Gromov and Polyakov 1977; Hall 1981) (Appendix A).
Tissue or skin samples were loaned from the Museum of Southwestern Biology,
University of Alaska Museum of the North, Siberian Zoological Museum, University of
Washington Burke Museum, and Royal Ontario Museum, primarily from fieldwork over
the past decade as part of the Beringian Coevolution Project. To increase geographic
breadth, 92 additional sequences were retrieved from GenBank for mitochondrial DNA
(mtDNA) analyses (Appendix B). All other species of Clethrionomys and putatively
paraphyletic species of Alticola (Lebedev, Bannikova et al. 2007) were included in
phylogenetic analyses to assess the magnitude of intraspecific variation and prevent
confounding results due to hybridization with parapatric species of Clethrionomys.
Species of other arvicolids, Microtus and Dicrostonyx, were included to root phylogenies.

Genomic DNA was extracted from frozen (-80°C) or ethanol-preserved tissue or
dried skin samples using commercial kits (Qiagen Inc., Valencia, California). Ethanol-
preserved tissues and skin samples were washed in STE or PBS buffer prior to extraction.
We amplified four independent loci via the polymerase chain reaction (PCR), the mtDNA
cytochrome-b gene (Cyt b: 799-1,143 base pairs (bp)), and 3 nuclear gene loci trimmed
to balance gene length and number of individuals: 1059 bp of the first exon of the
interphotoreceptor retinoid binding protein gene (IRBP) (Stanhope, Smith et al. 1996),

205 bp of mineralocorticoid receptor exon 3 (MLR) (Lyons, Laughlin et al. 1997), and
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926 bp of V-ets erythroblastosis virus E26 oncogene homolog 2 (ETS2) (Lyons, Laughlin
et al. 1997) genes. Primers used for double-stranded amplifications and sequencing of
Cyt b were MSB05 and MSB14 (Hope, Waltari et al. 2010) or VOLE14 (Hadly,
Ramakrishnan et al. 2004). For highly fragmented DNA, the internal primers MVVZ04
and MVZ16 (Smith and Patton 1993) and L649 (AAAATTCCCTTCCACCCCTA,; A.
Hope, unpublished) were used in conjunction with primers designed for this work to
amplify ~400bp fragments: L373Cleth (GCA ACA GCA TTT ATA GGC TAT GTCC),
L829Cleth (GCT TAC GCC ATC CTA CG), and H885 (GCT AGG ATT AGG ATT
GAT AGG). Primers used for degraded DNA were paired as follows: MSB05/MVZ04,
L373Cleth/MVZ16, L649/H885Cleth, and L829Cleth/VVolel4. Primer pairs IRBPA/B
(Stanhope, Smith et al. 1996), MLRF/R (Lyons, Laughlin et al. 1997), and ETS2F/R
(Lyons, Laughlin et al. 1997) were used to amplify and sequence IRBP, MLR and ETS2
genes, respectively. Multiple genes provide independent perspectives of the history of
the species with conflicting signals potentially due to hybridization or stochastic lineage
sorting among red-backed vole species. For all targeted regions, polymerase chain
reaction (PCR) reagents and conditions were: 1 pl of DNA template (variable
concentration); 1.5 pl each of deoxynucleoside triphosphates (10 mM), MgCl (25 mM)),
10X PCR buffer, and bovine serum albumin (1%); 0.5 ul of each primer (2 mM); 0.08 pl
of AmpliTag DNA polymerase (Applied Biosystems, Foster City, California); and 6.92
pl of double-distilled H,O to total 15-pl reactions. Polymerase chain reaction was
performed in a PTC 200 thermocycler (MJ Research, Waltham, MA) with initial
denaturation at 94°C for 5 min, followed by 35 cycles of denaturation at 94°C for 15 s,

annealing at 50°C for 20 s, extension at 72°C for 1 min, and final extension at 72°C for 5
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min, with cooling at 15°C for 10 minutes. For nuclear genes, the conditions were
modified to optimize annealing temperature and maximize yield (MLR: 54°C, IRBP:
56°C, and ETS2: 63°C). Amplified PCR product was visualized using agarose gel
electrophoresis and PCR cleanup was performed with ExoSAP-IT (Affymetrix Inc.,
Santa Clara, California). Cycle sequencing was performed using ABI BigDye version
3.1 Sequencing Kit (Applied Biosystems, Foster City, California) and the following
reagents for each 10-pl cycle sequencing reaction: 2 ul of H20, 2 pl of BigDye buffer
(Applied Biosystems), 0.5 pl of primer (2 mM), 0.5 ul of ABI BigDye version 3.1
(Applied Biosystems), and 5 pl of DNA (variable concentration). Conditions for cycle
sequencing followed Platt et al. (2007) and reactions were cleaned using
Ethanol/EDTA/sodium acetate precipitation protocols as recommended by the supplier
(Applied Biosystems). Cycle sequencing products were sequenced and scored using an
ABI 3100 automated genetic analyzer (Applied Biosystems) at the University of New
Mexico Molecular Biology Facility or at the University of Washington DNA Sequencing
Facility.

Sequences were edited and aligned with SEQUENCHER v4.9 (GeneCodes
Corporation) and checked by eye. Complementary strands were aligned to create
composite sequences. To ensure genuine mtDNA was obtained, Cyt b sequences were
translated to amino acids and inspected for internal stop codons and expected patterns of
replacement (Irwin, Kocher et al. 1991). For nuclear genes, allelic sequences were
inferred using the program PHASE v2.1 (Stephens, Smith et al. 2001), using four
iterations. Results of the best goodness-of-fit to an approximate coalescent model were

retained, providing two phased nuclear haplotypes (alleles). Only likelihood values over
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0.9 were unambiguously assigned a base, ambiguous sites were changed to N so as not to
bias phylogenetic reconstruction due to uncertainty.
2.2 Phylogeny reconstruction

Sequence alignment was completed with MEGA v5 (Tamura, Peterson et al.
2011) using the MUSCLE algorithm and validated by eye. A total of 312 (220 new + 92
GenBank) C. rutilus sequences were included in Cyt b analysis, ranging from 761-
1143bp in length. The dataset was partitioned by codon position for all tree
reconstructions. For nuclear genes, a subset of individuals was sampled from mtDNA
clades (Table 1) to maximize geographic breadth. MrModeltest v2.3 (Nylander 2004)
was used to determine the best model of evolution for each gene (and each codon
position of Cyt b) based on the Akaike Information Criterion. Phylogenetic relationships
for each gene were reconstructed using the program MrBayes 3.2.1 (Huelsenbeck and
Ronquist 2001) which applies Bayesian methods and a Markov chain Monte Carlo
procedure. Runs were conducted for 12-50 million generations (Table 1), sampling every
1000 generations, with 4 independent chains and a burnin of 25%. Sufficient mixing was
assessed by examining the split of the standard deviations in the output, ensuring it was
below 0.03 after the burnin phase.
2.3 Species tree estimation

The individual histories of genes may affect the reconstruction of phylogenies,
and produce discordance between gene trees and the species tree (Rosenberg 2002). By
estimating a species tree from multiple, independent loci, discord among gene trees may
be reconciled. Species tree estimation from multiple loci is preferable to concatenation,

which can increase the possibility of anomalous gene trees misinforming species tree
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construction (Edwards, Liu et al. 2007). The software program BEAULi v7.0.1 was used
to set up runs in the Bayesian reconstruction program BEAST (Drummond and Rambaut
2007), which used the *BEAST algorithm (Heled and Drummond 2010) to estimate a
species tree. For species tree reconstruction, 33 individuals representing each of the
mitochondrial clades and subclades identified in preliminary mtDNA analysis were
selected to maximize geographic sampling (Figure 1). For all BEAST analyses, a prior
was placed on the node representing the most recent common ancestor (MRCA) of the
genus Clethrionomys based on a fossil dated to at least 2.6 MYA in the Transbaikalia
region of Russia (Repenning, Fejfar et al. 1990). Other fossil evidence or biogeographic
events that could be used to reliably date internal nodes is unavailable for the genus
(Chaline and Graf 1988). A lognormal uncorrelated molecular clock model was initially
applied to all genes. Preliminary runs indicated the clock-like evolution of some genes,
so in the final runs a strict clock prior estimated the value instead of the initial relaxed
clock. Models of evolution for each gene and each Cyt b codon position were input as
priors as informed by ModelTest. Default settings were used for all other parameters
unless otherwise suggested by the program documentation. To reduce circularity and
independently test divergence times, nuclear data and mtDNA were run separately as
well as together. Analyses were run for 300-500 million Markov chain Monte Carlo
(MCMC) generations and convergence was assessed by examining run parameters in
Tracer, making sure ESSs were >200.
2.4 Population genetic inference

Sequence divergence within and between clades was calculated by average

pairwise nucleotide differences for each gene using MEGA. Standard errors were
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calculated by 1000 bootstrap replicates. Population genetic parameters were calculated
using Arlequin v3 (Excoffier, Laval et al. 2005) and DnaSP v5.10 (Librado and Rozas
2009) on a subset of the total Cyt b data that maximized the number of individuals and
sequence length (N=281, 783bp). Individuals were assigned to groups based on inclusion
in well-supported mtDNA clades. Sample size (N), number of segregating sites (S),
number of haplotypes (H), haplotype diversity (Hd), average number of nucleotide
differences (k), and nucleotide diversity (x), were calculated for each clade and the
species to assess genetic diversity and demography. Population genetic diversity indices
were also calculated for each nuclear gene for C. rutilus as a whole to characterize the
variation at each nuclear locus. An analysis of molecular variance (AMOVA) was
computed in Arlequin to identify how variation was parsed among individuals,
populations, and clades for each gene.
2.5 Divergence dates and demographic history

Divergence date estimates were generated simultaneously with phylogeny
reconstruction in BEAST (Drummond and Rambaut 2007). Although the species tree
was estimated with and without Cyt b, only divergence dates from the four-gene species
tree are reported because mtDNA is typically more informative and affords a more
accurate estimate of the rate of evolution when combined with nuclear data (Sanchez-
Gracia and Castresana 2012). Divergence dates were also estimated from a Cyt b gene
tree produced in BEAST using the same set of priors to generate estimates not influenced
by nuclear sequence data. The subsample of Cyt b used in species tree analyses was used

for this gene tree (N=33).
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Population size changes through time were estimated using the Extended
Bayesian Skyline algorithm, as implemented in BEAST, for each Cyt b clade (Heled and
Drummond 2008). To detect potential signals of demographic expansion using
population genetic methods, Fu’s Fs (Fu 1997), and R, (Ramos-Onsins and Rozas 2002)
were calculated in DnaSP using 10,000 coalescent simulations to test significance. These
two tests belong to separate classes of neutrality tests that can be used to detect
population growth, based on the genetic expectations of rapid population growth
(Ramirez-Soriano, Ramos-Onsins et al. 2008). Fu’s Fs looks at the haplotype
distribution of the data and the frequency of rare alleles whereas R; is based on the
frequency of rare or unique mutations and the average difference between sequences (Fu
1997; Ramos-Onsins and Rozas 2002). Besides using different sources of information,
these tests differ in their sensitivity to recombination as well as their power at different
sample sizes (Ramirez-Soriano, Ramos-Onsins et al. 2008). In general, Fsand R, have
been found to be the most powerful tests available when applied to a variety of
demographic and sampling scenarios, especially identifying population expansion
(Ramos-Onsins and Rozas 2002; Ramirez-Soriano, Ramos-Onsins et al. 2008). Finally,
mismatch distributions of Cyt b sequences were constructed in DnaSP and a goodness-of-
fit test was applied to test whether the observed data are consistent with a model of recent
expansion (Slatkin and Hudson 1991; Rogers and Harpending 1992; Schneider and
Excoffier 1999).

2.6 Species distribution modeling
As an independent test of biogeographic hypotheses, species distribution models

(SDM) were generated for LGM and modern conditions for C. rutilus. For SDM
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development, we used current and LGM monthly climate data at 2.5’ (4 km) spatial
resolution. Waltari et al. (2007) and Peterson & Nyari (2008) discuss the process of layer
development more fully. In short, LGM climate data were based on two general
circulation model (GCM) simulations: the Community Climate System Model (CCSM)
(Collins, Bitz et al. 2006) and the Model for Interdisciplinary Research on Climate

(MIROC, version 3.2) ((Hasumi and Emori 2004); http://www.pmip2.cnrs-gif.fr). Each

model was initially generated at a spatial resolution of 2.8°, or roughly 300 x 300 km.
Outputs from these models were further processed by interpolating differences between
LGM and recent (pre-industrial) conditions based on the WorldClim

(http://www.worldclim.org/) dataset to create monthly climate surfaces at 2.5 (4 x 4 km)

spatial resolution.

SDMs for both the present and LGM were based on the 19 bioclimatic variables
in the WorldClim data set (Hijmans, Cameron et al. 2005). These variables represent
summaries of means and variation in temperature and precipitation, and characterize
dimensions of climate considered particularly relevant in determining species
distributions. Present-day SDMs were developed within a mask consisting only of land
north of 30° N.

From biodiversity information systems of natural history collection data (e.g.
ARCTOS (http:// arctos.database.museum/home.cfm), BOLD (Ratnasingham and Hebert
2007), and MaNIS (Stein and Wieczorek 2004)), we collated georeferenced species
occurrence points of C. rutilus. To correct for biased sampling effort (Reddy and
Davalos 2003), which can lead to model overfitting and subsequent bias, we refined these

occurrences by removing localities within 100km, resulting in 126 occurrence points used
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for analysis. We used the Maxent (version 3.3.3k) (Phillips, Anderson et al. 2006)
program to construct present-day SDMs, and then for projecting the SDM to LGM
conditions. We ran 5 replicates using the “crossvalidate” option, in which the localities
are divided into five bins, with each bin used as a subset for model testing (equivalent to
20% testing).

Maxent outputs a logistic probability value, ranging from 0 to 1, an indicator of
relative suitability for the species, based on the principle of maximum entropy, as
constrained by the input occurrence data. We chose a low and high threshold for
consideration of ‘suitable’ habitat based upon the Maxent outputs using contemporary
climate data. The low threshold was the median value over the 5 replicates of the lowest
presence threshold (LPT) (Pearson, Raxworthy et al. 2007), which is the threshold at
which all occurrences in a training dataset fall into suitable habitat, or a 0% omission
rate. These values are still more conservative than used in recent studies (Pearson,
Raxworthy et al. 2007; Waltari, Hijmans et al. 2007). The high threshold was the median
value over the 5 replicates of the Maxent-generated value “Maximum training sensitivity
& specificity”, which we found to have the least variance of all standard thresholds
generated by Maxent (unpublished data). This threshold identified smaller areas than a
lowest presence threshold that yielded zero omission error, thus resulting in a more
restricted picture of potential LGM distributions. We then generated summary maps in
ArcGIS 9.3 which show Maxent predictions for present day and LGM, the latter under

both CCSM and MIROC climate models.

3. Results
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3.1 Phylogenies and phylogeographic structure

A total of 312 individuals were included in the mtDNA gene tree (Table 1,
Appendix A and B). No pseudogenes were identified. Bayesian methods revealed strong
support for three geographically structured clades (Figure 2). The Western clade includes
all populations from northern Europe, western Siberia and western Mongolia. The
Central clade spans from central Siberia to the Bering Strait as well as eastern Mongolia
and southeastern Siberia. Finally, the Eastern clade consists of all the North American
samples as well as Far-East Asian localities from Hokkaido Island, Sakhalin Island, and
the Kamchatka Peninsula (Figure 1). Each of the groups is reciprocally monophyletic;
however, relationships among the three are uncertain.

These three widespread clades are effectively parapatric, coming into contact only
in very narrow regions (Figure 1). The Western and Central clades overlap slightly along
a north-south transect that roughly straddles the Yenisei River, extending from north-
central Mongolia to northern Siberia. Only three populations sampled along this transect
contain a mixture of individuals with Central haplotypes and Western haplotypes. The
location of contact between the Eastern and Central clades is inferred in northeastern
Siberia, as populations from Kamchatka are more closely related to North American
samples than adjacent Asian populations only a few hundred kilometers north in Siberia.

Substructure within each group is limited except for the Eastern clade, which is
composed of three subclades, two are limited to islands off the coast of far eastern Asia,
Hokkaido Island and Sakhalin Island (hereafter referred to as the East Asian island
subclades), and a third emanates from Beringia (North America and Kamchatka) (Figure

2). Samples from Kamchatka are nested within the North American samples of the
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Beringian group rather than forming a single independent lineage, suggesting very recent
contact between Kamchatka and the rest of the Beringian subclade.

In contrast to mtDNA, nuclear gene trees were geographically unstructured,
reflecting limited sorting of nuclear genes in C. rutilus (Figure 3). Levels of variability
among nuclear genes differed, with highest variability in ETS2, intermediate levels in
IRBP, and very limited variation in MLR (Table 2). MLR generally displays a slow
evolutionary rate in rodents (Matocq, Shurtliff et al. 2007). Nonetheless, the single
informative site in MLR distinguishes eastern and western groups, with heterozygous
individuals in northeast Siberian populations, east of the Verkhoyansk Range and
Kolyma River region (Figure 1; locality #45-49, 54, 59, 61, 63), but only homozygotes in
other populations. One allele is found in all North American populations and three Asian
populations in northeastern Siberia (locality #53, 44, 62). The alternative allele is
homozygous in all other populations sampled west of the Kolyma River, including the
East Asian islands. The Verkhoyansk Range and Kolyma River region has repeatedly
been described as a contact zone for Holarctic species (Hewitt 2000).

3.2 Species tree estimation

Species tree topologies are similar when estimated from only nuclear DNA or all
genes including mtDNA. Both trees had relatively low support values for bifurcating
relationships among Cyt b clades (Figure 4). However, both species trees strongly
support monophyly of C. rutilus despite lack of support for monophyly in gene trees
based on each individual nuclear gene (Figure 3). The tyrca estimate for C. rutilus
clades is between 130-170KYA from the species trees, in contrast to 530 KYA according

to the Cyt b BEAST gene tree (Figures 4 and 5). Poor resolution of the species trees and
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disparity in date estimates for the origin of the species is most likely a consequence of
lack of sorting among nuclear sequence data. Low variability, especially in MLR (Tables
4 and 5), and low resolution, including placement of outgroups, may be falsely
compressing the tyrca estimates. Such a compression is supported by the two species
trees producing similar date estimates for C. rutilus (170KYA from all loci, 130KYA
from nuclear loci only; Figure 4).

All tyrea estimates place the ancestor of all modern mitochondrial lineages of C.
rutilus prior to or during the Penultimate glaciations that lasted from about 300-130
KYA. Because reliable fossil estimates were used as calibrations and the nuclear dates
are suspect, as mentioned above, we use dates from the Cyt b BEAST gene tree. The age
of each of the three major clades can be traced to their respective common ancestors
between 100-200KYA (West: 160KYA; Central: 190KYA; East, Beringian subclade:
130KYA) (Figure 5). These estimates slightly predate previous values based on a 4% per
MY divergence rate for Cyt b and sampling from populations in Beringia (Hope,
Takebayashi et al. 2012), but corroborate a signal of isolation through multiple glacial
cycles. The more recent tyrca estimates for the East Asian island subclades dates to near
the LGM (Sakhalin Island: 14KYA; Hokkaido Island: 40KYA) (Figure 5) but before the
islands ceased to be a continuous landmass with the mainland about 8-10KYA (Dobson
1994).
3.3 Population differentiation and demographic history

In general, C. rutilus is characterized by high genetic diversity, deep sequence
divergence, and signals of population expansion based on several different methods. Cyt

b variation is high for C. rutilus, with high haplotype diversity, nucleotide diversity, and
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average number of nucleotide differences between sequences (Table 2). At the clade
level, haplotype diversity is high but nucleotide diversity is low, with the exception of
Sakhalin Island. Summary statistics and population genetic analyses strongly corroborate
the phylogenetic results showing the existence of multiple clades and subclades of C.
rutilus. Cyt b sequence divergence between major clades and subclades ranges from
0.012- 0.033 (Table 3A). Nuclear gene divergence is much lower than Cyt b, with inter-
clade values ranging from 0.002-0.014, which are comparable to many of the average
intra-clade divergences at the same locus (Table 3B-D). Regarding Cyt b, the East Asian
island haplotypes are most similar to one another while the Central clade shows the
highest divergence (0.033), from both the Eastern clade and the Sakhalin Island subclade
(Table 3A).

Monophyly of each geographic group and divergence among clades is further
illustrated by the high percentage of variation (84.4%) attributed to among-group
variation and low within group variation (10.2%) by the AMOVA for Cyt b (Table 4).
Although the nuclear gene trees appear relatively uninformative, AMOVA analyses
revealed significant underlying structure corresponding to the Cyt b clades as well.
Among all genes, only ETS2 did not have the highest percentage of variation distributed
among groups, but every gene had significant among group variation.

Multiple tests showed significant signals of population expansion for all clades
besides Sakhalin Island. The three main clades each had strongly significant results for
Fsand R, (Table 2). Mismatch distributions for each of the clades and subclades
corroborate the hypothesis of recent expansion, as evidenced by single peaks and high

frequencies of few average differences between sequences from the same clade (Figure
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6). The distribution for the species as a whole contains 2-3 peaks, which is the expected
distribution due to deep subdivision and divergence. Extended Bayesian Skyline Plots
(EBSPs) provide a more detailed look at demographic expansion that includes estimating
the timing of population growth. Because fossil dates could not be applied to this
intraspecific analysis, we calibrated the runs with the Cyt b molecular clock rate
estimated by the BEAST Cyt b gene tree (3.5%/MY). Previous estimates of arvicoline
and Clethrionomyini Cyt b mutation rates indicate a faster rate than in most other
mammals (2-7%/MY’; (Conroy and Cook 1999; Brunhoff, Galbreath et al. 2003); 4.4-
5.9%/MY (Lebedev, Bannikova et al. 2007)). Central and Eastern clades entered periods
of population growth about 50-60KY A and continued to grow through the present
(Figure 8). In contrast to other tests, the Western clade EBSP does not show a significant
population expansion. This was the only case in which population expansion was not
supported for any one of the major clades. Because MLR was invariable within the
Western clade, it could not be used to construct the EBSP and was excluded for the
Western clade’s plot.
3.4 Species distribution models

Modern day predictions for suitable environmental conditions largely overlap the
known distribution of C. rutilus (Figure 7). Notable exceptions include an extension of
predicted occurrence in North America, Europe, and into the Tibetan Plateau of central
Asia. The absence of C. rutilus from these regions in North America and Europe is often
attributed to competitive exclusion by congeners C. gapperi and C. glareolus, which
primarily persisted south of the ice sheets in North America and Europe respectively, as

evidenced by fossils, geographically broad parapatric zones and known hybridization
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zones (Deffontaine, Libois et al. 2005; Runck, Matocq et al. 2009; Melnikova,
Kshnyasev et al. 2012). Similarly, the Tibetan Plateau supports many closely related
genera from the Tribe Clethrionomyini, although to our knowledge, competition of
arvicolines there has not been explicitly studied.

SDMs for LGM conditions were more restricted than under modern conditions, as
expected given LGM climate and glacial extent (Figure 7). However, there is a high
degree of overlap between the distributions at both time points. Both MIROC and CCSM
models identified relatively large regions during the LGM that presumably acted as
refugia in previous glacial periods in the Late Pleistocene, allowing C. rutilus to persist
through maximal glacial extents. Although results from the two models are similar, the
MIROC simulations more closely corroborate the genetic signature and biogeographic
history of C. rutilus. The MIROC model identified an isolated region of predicted high
suitability in the Altay Mountains and adjacent region in Siberia with small high
probability areas extending west to the Ural Mountains. Another mostly contiguous area
of high suitability stretches from eastern Mongolia to the Pacific coast and northeast into
Beringia. While Beringia is commonly seen as a glacial refugium for northern mammals
in North America, the other two have not been recognized as critical sources of post-
glacial colonizers of boreal or tundra species. The LGM SDMs are consistent with
paleoecological work that described the extent and location of forest communities in
these areas during glacial periods in northern Asia (Tarasov, Volkova et al. 2000;
Brubaker, Anderson et al. 2005; Binney, Willis et al. 2009) as well as fossil of C. rutilus
in the Ural Mountains and Transbaikalia regions during glacial periods (Markova,

Smirnov et al. 1995).
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4. Discussion

In northern high-latitude ecosystems, cyclical environmental changes over the
past 2-3 million years played a pivotal role in determining species distributions and
genetic diversity (Webb 111 and Bartlein 1992; Hofreiter and Stewart 2009). During the
Quaternary (about the past 2.5 million years), the cyclical build up of continental ice
sheets led to significant sea level changes and shifting landscapes. Glacial periods
occurred at regular intervals throughout the Quaternary but were marked by increased
intensity and frequency toward Late Pleistocene times (Hofreiter and Stewart 2009;
Miller, Brigham-Grette et al. 2010). During glacial periods, vast areas of North America
and northern Europe were covered by ice sheets, sea level fluctuations repeatedly
exposed low-lying land, and regional climate patterns changed, altering many organisms’
distributions and creating novel interactions (Hopkins 1967; Hofreiter and Stewart 2009).

In addition to sea level changes, global climate circulation systems were altered
and shifts in ice coverage directly affected the distribution of northern high-latitude
ecosystems and associated organisms. Some regions were covered by ice sheets for
extended periods (e.g. Canada, Scandinavia), while others experienced only localized
montane glaciations or remained ice-free (e.g. north-central Asia)(Glushkova 2001;
Ehlers and Gibbard 2007). For many species, isolation in multiple refugia allowed
persistence through glacial periods and contributed to increased genetic diversity (Hewitt
2004; Stewart, Lister et al. 2010). Refugial populations were important sources for
recolonization of large geographic areas after glaciers receded. Similarly, large
unglaciated regions (e.g. Beringia) were characterized by habitat heterogeneity, which

would have allowed some degree of connectivity and dispersal for a variety of taxa, but
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also facilitated in situ diversification within a single large refugium (Hopkins, Matthews
et al. 1982; Weksler, Lanier et al. 2010; Galbreath, Cook et al. 2011).
4.1 Phylogeographic structure and biogeographic history of C. rutilus

The biogeographic history of northern red-backed voles conforms to a model of
vicariance as the main process structuring genetic diversity across its range rather than a
model of recent continental-scale dispersal from a single glacial refugium. Multilocus
genetic data are consistent with SDMs in defining a history of isolation in multiple glacial
refugia, an unusual history for species primarily associated with boreal forests (Fedorov,
Goropashnaya et al. 2008). However, C. rutilus also is associated with tundra and “non-
analog” fossil assemblages in the western Siberia that contained a mix of forest and
tundra associated species (Gromov and Polyakov 1977; Markova, Smirnov et al. 1995;
Borodin 1996). Phylogeographic structure is deep, as revealed by population genetic
tests, sequence divergence, and the mtDNA gene tree. Rather than events of the LGM
and Holocene playing critical roles, isolation and genetic divergence were initiated during
the Penultimate glaciations (300-130KYA).

Three major mitochondrial lineages, each accounting for similar proportions of
the current Holarctic distribution of C. rutilus, most likely persisted in Beringia (Eastern
clade), eastern Mongolia and/or southeastern Siberia (Central clade), and from the Altay
Mountains of western Mongolia to the Ural Mountains (Western clade) (Figure 1 and 2).
Separation of these lineages was nearly simultaneous prior to or during the Penultimate
glaciations and they apparently remained isolated (Table 3 and 4). Lack of resolution in
nuclear gene trees and species trees likely reflects insufficient time for the nuclear genetic

lineages to completely sort, as expected when compared to the faster evolving mtDNA.
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Alternative explanations, such as recent bouts of repeated contact and genetic exchange
over time, are unlikely given such a strong opposing signal in mtDNA that indicates
isolation for at least the last 150KYA (Figure 4). Large historic population sizes prior to
vicariance may also have harbored high genetic variation that has contributed to long
nuclear sorting times.

A weak signal of recent shared ancestry between the Eastern and Western mtDNA
clades to the exclusion of the Central clade, if corroborated, would be a novel
biogeographic pattern for a Holarctic species (to date, all have shared the typical
correlation between genealogic affinity and geographic proximity (DeChaine 2008)).
This pattern was previously suggested for C. rutilus based on limited sampling (Iwasa,
Kartavtseva et al. 2002; Malyarchuk 2011) and is reported for the temperate Eurasian
rodent, Micromys minutes, (Yasuda, VVogel et al. 2005), but not for any boreal or arctic
species.

The three main lineages of C. rutilus are parapatrically distributed over the vast
Holarctic, with longitudinal spans rivaling that of any other mammal (Figure 1).
Northern species distributed across Asia or the Holarctic typically dispersed to their
current extent from a single refugial source, or occasionally two. The three prominent
sources identified for C. rutilus is unusual even among highly structured species (Marmi,
Lopez-Giraldez et al. 2006; Korsten, Ho et al. 2009). Multiple refugia for European
forest species is commonly hypothesized and complex phylogeographic structure
associated with multiple Asian refugia has previously been shown in tundra (Hewitt

1999; Hewitt 2000) and boreal species(Hope, Waltari et al. 2011).
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Beringia, the location of the Eastern clade refugium, also played a role in
generating diversity in Asian populations of C. rutilus. Similar to other Beringian
species, C. rutilus dispersed from Asia to North America through Beringia after LGM
(Waltari, Hoberg et al. 2007). By persisting in western Beringia, multiple genetic lineages
now exist in northeastern Siberia, as also identified for several other Holarctic species
(Hewitt 2004). East Asian Islands populations, particularly from Hokkaido Island, also
harbor surprising levels of genetic diversity, similar to Beringian populations. Close
phylogenetic association of islands and the rest of the Eastern mtDNA clade suggests
historic connections along the Pacific Rim. SDMs also indicate a corridor of suitable
conditions along the Pacific coast during LGM that extended from the islands to
Kamchatka and eastward across southern Beringia (Figure 7). Although the Kuril Islands
appear to provide an alternative pathway for dispersal, a deep ocean trench divides the
island chain and did so even during the lowest sea levels during Quaternary glacial
periods (Pietsch, Bogatov et al. 2003).

MLR variation identifies a split between Beringian and Far East Island subclades
that occurred before rising sea levels submerged the connection between these islands
and the Asian mainland (about 8-10KYA; (Dobson 1994)). Divergence estimates
corroborate this sequential pattern (Figure 5). Further sampling across the Far East Asian
mainland may identify a region of contact between the Eastern and Central clades, similar
to the pattern in northeast Siberia. SDMs lend support to this hypothesis because the
entire region appears highly suitable for C. rutilus during the LGM.

4.2 Demographic history
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Demographic tests revealed signals of rapid expansion (Table 2; Figure 6 and 8),
began as early as 50-80KYA for Central and Eastern clades, during the glacial period
prior to the LGM (Figure 8). This time frame also corresponds to the start of a well-
defined interglacial period between the last two glacial advances (Svendsen,
Alexanderson et al. 2004). Population growth increased for both clades during this
interglacial warm period and continued through the LGM and Holocene. SDMs for the
LGM show, C. rutilus was not highly restricted. Signatures of population growth, albeit
slower during this period, reflect the idiosyncrasy of species responses to historic climate
change. Because C. rutilus inhabits boreal forest and tundra to a greater extent than most
strictly forest-associated species, overall distribution was less limited during cold periods,
although barriers to dispersal isolated clades for hundreds of thousands of years. As the
paleoecological and fossil record are further resolved for central Asia during the
Penultimate glaciations and the Last Interglacial factors that led to phylogeographic
structure in C. rutilus can be more explored in greater detail.

Lack of significant growth in populations of the Western clade may relate to
maintenance of a relatively larger distribution than other populations. Fossils from the
Ural Mountains as well as SDMs indicate possible persistence of C. rutilus from the
Altay mountains to the Urals throughout the last 130KYA (Markova, Smirnov et al.
1995). Northern parts of this region were more steppe- or grassland-like during cold
periods than at present while further east, the Altay Mountains and adjacent areas of
south-central Siberia and western Mongolia were mostly ice-free and harbored vegetation
during the LGM similar to contemporary landscapes (Tarasov, Volkova et al. 2000).

Based on mtDNA variation, populations of C. rutilus near the Altay have the highest
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genetic diversity of populations surveyed from there to Scandinavia, a distribution
corresponding to the Western clade (Melnikova, Kshnyasev et al. 2012).
4.3 Contact zones

A zone of secondary contact along the Yenisei River between populations of the
Central and Western clades without extensive penetration into the core range of either
clade is consistent with relatively recent contact, perhaps resulting from expansion of
Central clade population beginning about 50KYA (Figure 1 and 8). Finer scale sampling
along the zone of contact may help elucidate the extent and dynamics of intermixing.
Other small mammals exhibit a phylogeographic break at the Yenisei(Hope, Waltari et al.
2010), although, many other species share a common contact zone further west at the
Ural Mountains (Brunhoff, Galbreath et al. 2003; Hewitt 2004). The Yenisei River
defines the border between two subspecies of C. rutilus on the basis of dental
morphology (Gromov and Polyakov 1977), the only case where subspecies assignments
correspond to mtDNA lineages. Even the Far Eastern Island populations, which have
historically been grouped together as a single subspecies (Gromov and Polyakov 1977),
are reciprocally monophyletic and should be treated as separate based on our analyses.

A second potential contact zone, identified by MLR variation, lies to the east in
the Kolyma River region in northeastern Siberia, a well-known contact zone for Holarctic
taxa (Galbreath and Cook 2004; Hewitt 2004). Central and Eastern clades came into
contact near the Kolyma, presumably due to expansion. The mtDNA signal of the
Eastern clade was apparently then swamped by the expanding Central clade sometime
after 50KYA, but the nuclear signal remains intact in the putative original region of

contact near the Verkhoyansk Range and Kolyma River. Prior to this time, the
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Verkhoyansk Range was heavily glaciated and prevented contact, but the glaciers were
far less extensive during the LGM (Bespalyy 1984). Absence of Central clade haplotypes
in Alaska and St. Lawrence Island in the Bering Strait imply the expansion of the Central
Clade in extreme northeastern Siberia may have occurred more recently, even after the
flooding of the Bering Land Bridge.

Because populations from Kamchatka are more closely related to individuals in
North America than to adjacent populations just north in Siberia, the Central clade
apparently was prevented from colonizing all of the former range of the Eastern clade in
Beringia. Other mammals have maintained distinct lineages in Kamchatka (Korsten, Ho
et al. 2009), confirming the inaccessibility of the peninsula for millennia. Furthermore,
many trans-Beringian species have close genetic ties that cross the Bering Strait,
emphasizing the role of events prior to the LGM in structuring modern high-latitude
biodiversity, that contrast with contemporary biogeographic barriers (Hewitt 2004; Hope,
Takebayashi et al. 2012).
4.4 Conclusion

The dynamic and idiosyncratic biogeographic history exhibited by northern red-
backed voles demonstrates the importance of distinct Asian refugia for Holarctic
diversification and recolonization during the Late Pleistocene. Such a complex and
dynamic history of vicariance, expansion, and secondary contact within a single species
emphasizes the importance of complete geographic sampling. The historical dynamics of
species distributions, continually changing over time and space, shaped community
dynamics, ecological complexity, and evolutionary interactions observed today. By

understanding how species responded to past change, we improve our ability to forecast
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the effects of future change in our rapidly changing world (Parmesan 2006). However,
although C. rutilus shares aspects of history with other northern species, such as the
location of some refugia and contact zones that reflect important biogeographic processes

for arctic and boreal species, each species responds individualistically.
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