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ARTICLE INFO ABSTRACT

Keywords: Marmots (Marmota spp.) comprise a lineage of large-bodied ground squirrels that diversified rapidly in the
Marmota Pleistocene, when the planet quickly transitioned to a drier, colder, and highly seasonal climate—particularly at
Pleistocene

high latitudes. Fossil evidence indicates the genus spread from North America, across Beringia, and into the
European Alps over the course of only a few million years, beginning in the late Pliocene. Marmots are highly
adapted to survive long and severely cold winters, and this likely favored their expansion and diversification over
this time period. Previous phylogenetic studies have identified two major subgenera of marmots, but the timing
of important speciation events and some species relationships have been difficult to resolve. Here we use
ultraconserved elements and mitogenomes, with samples from all 15 extant species, to more precisely retrace
how and when marmots came to inhabit a vast Holarctic range. Our results indicate marmots arose in North
America in the Early Miocene (~16.3 Ma) and dispersed across the Bering Land Bridge in the Pliocene (~3-4
Ma); in addition, our fossil-calibrated timeline is suggestive of the rise and spread of open grasslands as being
particularly important to marmot diversification. The woodchuck (M. monax) and the Alaska marmot
(M. broweri) are found to be more closely related to the Eurasian species than to the other North American
species. Paraphyly is evident in the bobak marmot (M. bobak) and the hoary marmot (M. caligata), and in the case
of the latter the data are highly suggestive of a second, cryptic species in the Cascade Mountains of Washington.
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Cryptic species

1. Introduction

The onset of the Quaternary is marked by dramatic cooling and
aridification of the planet, giving rise to the coldest period on earth for at
least the last 65 million years (Zachos et al., 2001). Many taxa adapted to
a warm, wet, and aseasonal planet went extinct, and the volatile glacial-
interglacial cycles of the Pleistocene further contributed to widespread
faunal turnover (Azzaroli et al., 1988; Cerling et al., 1997; Peter, 2004;
Van Kolfschoten and Markova, 2005). Within this context flourished
marmots, a lineage of Miocene ground squirrels that made only sporadic
appearances in the fossil record prior to the Quaternary (Black, 1963).
Marmots are readily distinguished from the rest of the world’s squirrels
(family Sciuridae) by their large body size, which, along with height-
ened sociality and long bouts of hibernation, is probably an adaptation
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to seasonally cold and resource-scarce environments (Barash, 1974;
Armitage, 1981; Arnold, 1992). These adaptations facilitated a rapid
expansion across a vast Holarctic region in the Pleistocene (Zimina and
Gerasimov, 1973) and gave rise to the 15 currently recognized extant
species whose ranges, although diminished since the Holocene, still
extend from eastern North America to the European Alps (Fig. 1).
After evolving a much larger body size, very little morphological
evolution occurred during the radiation of marmots, consistent with the
high degree of conservatism thought to characterize the sciurid body
plan (Hafner, 1984). Despite this, marmots occupy a broad range of
elevations and biomes. Several species reside at sea level, and, in some
cases, even inhabit rocky seaside beaches (Armitage, 2000; Krystufek
and Vohralik, 2013), while others are found only above 3000 m in
severely hypoxic conditions (Bai et al., 2019). However, all marmots are
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restricted to environments with a season of resource scarcity and pro-
longed snow cover (Armitage, 2014). Social organization among mar-
mots ranges from large, highly social colonies, to smaller
multigenerational family groups, to solitary individuals that interact
only to mate (Armitage, 2000). For this reason, and because they are
diurnal and relatively amenable to human observation, marmots have
featured prominently in sociobiology for decades—particularly since
Barash’s (1974) assertion that increased sociality and decreased
aggression correlate with elevation in marmots and probably facilitate
survival in harsh environments.

Marmots are members of the rodent family Sciuridae, a clade that
emerged sometime in the Eocene but whose geographic origins are un-
known (Heissig, 2003). Sciurids underwent a substantial radiation
around 34 Ma (Mercer and Roth, 2003), coincident with the massive
Eocene-Oligocene extinction event triggered by planetary cooling and
earth’s transition to the modern, temperate climate (Prothero, 1994).
This radiation produced five major subfamilies widely distributed across
Eurasia, Africa, and the Americas. Of these five, only Xerinae includes
ground squirrels—lineages that departed from the arboreal lifestyle and
came to spend most or all of their time on or beneath the ground. Ter-
restriality is thought to have evolved twice within Xerinae, once in the
ancestor of Xerini (African and Asian ground squirrels) and once in the
ancestor of Marmotini (Steppan et al., 2004; Emry and Korth, 1996).
Extant members of Marmotini include marmots, chipmunks, prairie
dogs, and the 11 genera of ground squirrel previously included in the
paraphyletic Spermophilus (Harrison et al., 2003; Herron et al., 2004;
Helgen et al., 2009). The earliest fossil appearances of Marmotini are
found in North America near the Oligocene-Miocene boundary (Sinitsa,
2018), which is approximately when open-habitat grasslands became
ecologically dominant in North America (Stromberg, 2011). Derived
traits of Marmotini are largely adaptations to grassland ecosystems and
burrowing behavior, such as grass-based diets, short tails relative to
body mass, and enlargement of the clavobrachialis muscle (Hayssen,
2008; McLean et al., 2018; Zelditch et al., 2017).
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The oldest fossils attributable to Marmotini are 'Protospermophilus
from the early Oligocene and 'Miospermophilus from the late Oligocene
(Black, 1963). It was previously assumed that marmots descended from
tProtospermophilus while the other ground squirrels descended from
{Miospermophilus, which would imply marmots diverged soon after the
radiation of all Sciuridae and are distantly related to other Marmotini.
However, Black (1963) noted that Marmota fossils are not known until
the Late Miocene, and genetic analyses have consistently found that the
common ancestor of Marmota emerged at the same time as other crown
Marmotini (Thomas and Martin, 1993; McLean et al., 2019; Menéndez
et al., 2021). Consistent with a more recent origin of marmots, dental
and mandibular morphology suggests 'Protospermophilus is basal to all
Marmotini, whereas 'Miospermophilus arose after the divergence of
Tamias from this clade (Sinitsa, 2018).

Marmots are generally assumed to have originated in North America.
Steppan et al. (1999) recognized two subgenera of marmots based on a
phylogeny derived from cytochrome b (cytb) gene sequences: Petro-
marmota, which includes only Nearctic species, and Marmota, which
includes both Nearctic and Palearctic species. The most parsimonious
phylogeny based on their cytb analysis nests Marmota within Petro-
marmota, consistent with a North American origin, but reciprocal
monophyly between the subgenera could not be rejected. The Tertiary
fossil record of marmots is scarce but also suggests the genus evolved in
North America in the mid-Miocene. Only four specimens are known
from the first ~12 million years of their existence (Gordon and Cza-
plewski, 2000; Korth, 1994b). The oldest is M. vetus from the Clar-
endonian Land Mammal Age (LMA) of Nebraska (11-9.5 Ma) (Marsh,
1871), and the others are M. minor of the Hemphillian LMA of Nevada
(10.3-4.9 Ma), a Marmota sp. from Oklahoma (Gordon and Czaplewski
2000), and M. arizonae from the Blancan LMA of Arizona (4.9-1.8 Ma;
Korth, 1994b). However, Nikol’skii and Rumiantsev (2012) postulated
that marmots originated in Asia because the greatest species diversity is
centered on an epi-platformal orogeny (consisting of the Hindu Kush,
Tan Shan, Pamir, Altai, and Sayan mountains) that arose there in the
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Fig. 1. Ranges of the 15 extant Marmota species and localities of the specimens used in this study. Numbers represent sample size for this study. All range maps are
from the IUCN Red List database except for that of M. kastschenkoi, which is redrawn from Krystufek and Vohralik, 2013.
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Miocene. In this view, marmots were widespread in Asia by the mid-
Miocene, around which time mountain uplift began to promote
geographic isolation and subsequent allopatric speciation.

The Holarctic distribution of marmots implies at least one dispersal
across the Bering Land Bridge (BLB), but the timing and directionality are
unclear because the geographic origin of marmots is disputed. It has been
suggested that, if marmots originated in North America, the Alaska
marmot (Marmota broweri), the woodchuck (M. monax), or both subse-
quently backcrossed the BLB into North America (Hoffmann et al., 1979;
Steppan et al., 1999). Both species are found only in North America
(Fig. 1), but genetic analyses based on cytb (Steppan et al., 1999) and
another mitochondrial gene (ND4; Kruckenhauser et al., 1999), as well as
a nuclear gene (RAGI; Steppan et al., 2004, 2011), place them within the
subgenus Marmota, more closely related to the Eurasian species than to
the other North American species. There is more support for a back-
crossing by M. broweri because these studies found the split leading to the
alpine marmot (M. marmota), found in the European Alps, to be basal to
the split leading to M. broweri, suggesting M. broweri had a Palearctic
ancestor. In contrast, data from non-coding regions of the nuclear genome
indicate M. broweri and M. monax are found within Petromarmota and are
therefore more closely related to the other Nearctic species (Brandler
etal., 2010). Resolving interrelationships within the subgenus is therefore
needed to clarify the history of BLB crossings by marmots.

Within the subgenus Marmota, a clade consisting of the Himalayan
marmot (M. himalayana), the black-capped marmot (M. camtschatica),
and the tarbagan (M. sibirica) is strongly supported, but the relationships
within the clade are unresolved (Steppan et al., 1999; Brandler and
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Lyapunova, 2009). Another strongly supported clade is that uniting the
bobak marmot (M. bobak), the gray marmot (M. baibacina), and the
forest-steppe marmot (M. kastschenkoi). As suggested by its name, the
forest-steppe marmot occupies an unusual niche in that it is much more
tolerant of forest and forest-edge habitats than other species. It is allo-
patric with and was previously considered a subspecies of M. baibacina
but was elevated to species in 2003 due to its distinct karyotype (2n = 36
in M. kastschenkoi compared to 2n = 38 in M. baibacina; Brandler, 2003).

The relationship between the long-tailed marmot (Marmota caudata)
and Menzbier’s marmot (M. mengbieri) of central Asia is unclear but is of
particular interest evolutionarily. The two species are peripatric and
highly morphologically distinct—M. caudata has the largest body mass
and longest tail of any marmot, and M. menzbieri has a short tail and the
second-smallest body size (Armitage, 2000). In addition, M. caudata has
a distinct rufous pelage not found in any other species (Fig. 2). Alarm
calls of the two species have some similarities and some differences: calls
differ significantly in duration and the presence of full and deep
amplitude modulation in M. caudata as opposed to M. menzbieri, but they
are similar in that they lack a distinct low-frequency component in the
beginning of each alarm call. The only other Eurasian species whose call
lacks this low-frequency component is M. marmota (Nikol’skii, 2014).
Previous studies recovered M. menzbieri and M. caudata as sister species
in phylogenies based on mtDNA, which would imply rapid morpho-
logical evolution in both lineages. However, phylogenies based on nu-
clear loci do not recover the two as sister species, which raises the
possibility they are more distantly related and have undergone mito-
chondrial introgression (Brandler et al., 2010; Steppan et al., 2011). A

Fig. 2. Top: M. caudata in Valley of the Surkhob (Vakhsh) River, Peter the Great Ridge, Pamir, Tajikistan (photo by Oleg Brandler). Bottom: M. mengzbieri in Sairam-

Ugam National Park, Turkestan region, Kazakhstan (photo by Georgiy Shakula).
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larger nuclear dataset is needed to determine which of these hypotheses
is best supported.

Within the subgenus Petromarmota, the only well-established place-
ment is that of the yellow-bellied marmot (M. flaviventris), which is
consistently recovered as sister to the remaining three species. The M.
caligata superspecies complex consists of the hoary marmot (M. caligata),
the Vancouver Island marmot (M. vancouverensis), and the Olympic
marmot (M. olympus). Both M. olympus and M. vancouverensis are small,
imperiled populations found on the periphery of the range of M. caligata.
However, each is clearly differentiated from M. caligata by cranial and
pelage morphology (Fig. 3; Cardini, 2003; Cardini et al., 2005; Cardini
and Thorington, 2006; Armitage, 2009). Marmota olympus is further
distinguished by karyotype: M. caligata and M. vancouverensis both have
2n = 42 chromosomes (Hoffmann and Nadler, 1968), whereas

Fig. 3. Top: M. caligata (photo by L. E. Olson). Middle: M. vancouverensis (photo
by Oli Gardner). Bottom: M. olympus (photo by Richard Klawitter).
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M. olympus has only 2n = 40 (Rausch and Rausch, 1971). Relationships
among these species have been particularly difficult to resolve, most
likely because of intermittent secondary contact during Pleistocene
glacial cycles (Kerhoulas et al., 2015). Mitochondrial data suggest M.
olympus is an older offshoot of M. caligata from ~2.6 Ma, while M.
vancouverensis only split from M. caligata 0.4-1.2 Ma (Steppan et al.,
2004). However, phylogenies based on nuclear data are poorly resolved
at these nodes. It is possible that the sister relationship of M. vancou-
verensis and M. caligata suggested by mitochondrial data is the product of
recent interspecific gene flow, and that the original speciation event is
considerably older (Kerhoulas et al., 2015). Moreover, Kerhoulas et al.
(2015) identified two mitochondrial clades of M. caligata (deemed
‘coastal’ and ‘continental’), one of which is sister to M. vancouverensis.
These clades are not present in nuclear-based phylogenies, and Ker-
houlas et al. (2015) suggested the two clades represent two refugial
populations from the Last Glacial Maximum—the continental clade
deriving from a refugial population south of the Laurentide ice sheet,
and the coastal clade deriving from a refugial population near the
Cascade Mountains or Alexander Archipelago.

Here we use ultraconserved elements (UCEs), which have been
successful in resolving many recalcitrant phylogenies (Faircloth et al.,
2012; Meiklejohn et al., 2016), from all 15 extant marmot species to
better elucidate the phylogenetic history of marmots. These sequences
are highly conserved among all tetrapods, allowing thousands of ho-
mologous loci to be curated rapidly from across the genome (Faircloth
et al., 2012). Because sequencing initiates in the conserved region and
proceeds outward in both directions into increasingly variable regions,
large stretches of sequence that contain genetic diversity informative
across a broad evolutionary timescale are captured along with each UCE.
We also recovered complete mitogenomes from a subset of species,
which allowed us to compare phylogenetic signals detected in two
distinct datasets. The results add considerable details to the biogeo-
graphic history of marmots and indicate there may be a 16th marmot
species in the Cascade Mountains of the Pacific Northwest.

2. Material and methods
2.1. Data generation and phylogenetic analysis of ultraconserved elements

We obtained frozen tissues from 56 individuals representing all 15
currently recognized extant marmot species (Table S1). Genomic DNA
was extracted following the PureGene kit protocol for animal tissue
(Gentra Systems Inc.). Sequence capture of ultraconserved elements
(UCEs) was performed on a pilot dataset of 15 individuals according to
the original UCE capture and sequencing protocols (Faircloth et al.,
2012). Briefly, genomic libraries were prepared using KAPA library kits
(Kapa Biosystems) and barcoded adapters for multiplexing (Faircloth
and Glenn, 2012). Enrichment was performed using the UCE Tetrapods
5kvl probe set (https://ultraconserved.org/), and post-enrichment li-
braries were pooled and sequenced on one lane of an Illumina HiSeq
2000 instrument with 150 bp paired-end reads at the University of
California Los Angeles Neuroscience Genomics Core. An additional 41
individuals were then sent to RAPiD Genomics (Gainesville, FL, USA) for
library prep and sequencing using the same lab protocols. In the second
batch, targeted reads were sequenced on an Illumina HiSeq 4000 plat-
form with 150 bp paired-end reads. All indexed reads were demulti-
plexed with the bcltofastq script from Illumina CASAVA v1.8.4.

We followed the phyluce v1.6.2 bioinformatics pipeline (Faircloth,
2016) to process raw reads. Our newly generated reads were supple-
mented with additional raw UCE sequence data from ten Marmota in-
dividuals, which were provided by Bryan S. McLean as part of a recent
phylogenetic study (library preparation and sequencing methods
described in Mclean et al. (2019); Table S1). Adapter sequences and low-
quality base calls were removed using Illumiprocessor (Faircloth, 2013),
which is a wrapper for Trimmomatic (Bolger et al., 2014). The cleaned
reads were assembled using velvet v1.2.10 (Zerbino and Birney, 2008),
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with optimal kmer values for each taxon estimated with VelvetOptimiser
v2.2.6 (Gladman and Seemann, 2008). To supplement our dataset, all
five published Marmota genomes (M. himalayana, GCA_005280165; M.
monax, GCA_014533835; M. marmota, GCA_001458135; M. flaviventris,
GCA_003676075; and M. vancouverensis, GCA_005458795) were
retrieved from GenBank; for outgroups, we also retrieved genomes for
the Cape ground squirrel (Xerus inauris, GenBank accession
GCA_004024805), the arctic ground squirrel (Urocitellus parryii;
GCA_003426925), Gunnison’s prairie dog (Cynomys gunnisoni,
GCA_011316645), the Daurian ground squirrel (Spermophilus dauricus;
GCA_002406435), and the thirteen-lined ground squirrel (Ictidomys tri-
decemlineatus; GCA_016881025). Contigs containing UCE matches were
extracted from both the velvet assemblies and the downloaded genomes
using the phyluce assembly match_contigs to probes script, and each UCE
locus was aligned with MAFFT 6.240 (Katoh and Standley, 2013) using
the default settings and edge trimmed with GBlocks (Castresana, 2000).
The dataset was then reduced to a 75% complete matrix by removing
any loci with data from fewer than 75% of individuals.

To partition the dataset, we first used the entropy-based method
SWSC-en, which is designed specifically for UCE loci (Tagliacollo and
Lanfear, 2018). Most UCEs are split into three partitions: one containing
the middle, highly conserved core of the UCE; and two flanking ends
containing the more variable positions outside the core. Because SWSC-
en partitions each locus individually, the resulting partitions were input
into PartitionFinder2 for further consolidation (Lanfear et al., 2017). In
this step, for example, the middle partitions from many different loci
might be combined into one. PartitionFinder2 was also used to identify
the best substitution model for each partition based on AICc score.
Maximum-likelihood trees were estimated for the concatenated dataset
using IQ-TREE (Nguyen et al., 2015), with branch supports obtained
using the ultrafast bootstrap method (UFboot; Hoang et al., 2017) and
the SH-like approximate likelihood ratio test (SH-aLRT; Anisimova et al.,
2011), both with 1000 replicates.

We also used a coalescent-based method to estimate a phylogeny.
Gene trees are weighted equally when imputing a species tree, but many
UCE loci contained only weak phylogenetic signal; to account for this,
we sorted the UCE loci by number of parsimony-informative sites using
the phyluce_align get informative sites script, and the dataset was reduced
to the top quartile of loci. A maximum-likelihood gene tree was then
generated for each UCE locus in the reduced dataset using IQ-TREE, with
branch supports obtained using UFboot and SH-aLRT. Because not all
loci are expected to contain strong phylogenetic signal for every node in
the tree, all branches with less than 10% bootstrap support were
collapsed (Zhang et al., 2018). These gene trees were used to estimate
species trees using ASTRAL-III (Rabiee et al. 2019). Because we found
evidence in our IQ-TREE analysis that some species did not form
monophyletic groups, we left individuals as OTUs (operational taxo-
nomic unit) rather than categorizing individuals by species (i.e., we did
not use the -a flag option).

2.2. Data generation and phylogenetic analysis of mitogenomes

The sequence-capture method for UCEs occasionally yields partial or
entire mitogenomes as a byproduct. Mitochondrial sequences were

Table 1
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extracted from the velvet assemblies by identifying the longest contigs in
each assembly with GATK (McKenna et al. 2010). Of the 56 sequenced
individuals, 22 complete and three partial mitogenomes were recovered
(see Table S1 for accession information). For outgroups, mitogenomes
from the thirteen-lined ground squirrel (Ictidomys tridecemlineatus),
Gunnison’s prairie dog (Cynomys gunnisoni), and white-tailed prairie dog
(Cynomys leucurus) were retrieved from GenBank (Table S1).
Mitogenomes were aligned to the Marmota himalayana mitogenome
(NC018367) using MAFFT in Geneious (v2021.0). We used GBlocks to
mask hypervariable regions that may be saturated and poorly aligned
(Castresana, 2000), and we manually inspected the trimmed alignment
for incorrectly aligned and annotated bases. Genes were annotated in
Geneious based on the available M. himalayana annotation. Each gene
(including D-loop and the replication origin) was subsetted into indi-
vidual partitions, except for protein-coding genes, which were each split
into three partitions corresponding to codon position. PartitionFinder2
consolidated these into 13 partitions and estimated the best substitution
model for each (Table S2). A maximum-likelihood tree was estimated in
IQ-TREE with branch supports obtained with UFboot and SH-aLRT.

2.3. Divergence time estimation

We estimated divergence times from our UCE data using the program
MCMCTree (Yang and Rannala, 2006), implemented in PAML v4.9j
(Yang, 2007). Node ages were calibrated using a set of eight fossils
(Table 1), which could be placed after adding three additional outgroups
(Aplodontia rufa, GenBank accession GCA_004027875; Sciurus caro-
linensis, GCA_902686445; and Sciurus vulgaris, GCA_902686455)
following the same bioinformatics pipeline outlined above. We used the
concatenated UCE 75% complete alignment as the input for MCMCTree
and fixed the tree topology to the IQ-TREE result of the 75% complete
matrix. The root of the tree was constrained to a minimum age of 40.4
Ma (based on {Douglassciurus oaxacensis, the oldest known sciurid fossil;
Ferrusquia-Villafranca et al., 2018) and a maximum age of 56 Ma (based
on fAcritoparamys, the oldest stem member of Sciuromorpha; vy, 1990;
Korth, 1994). All other fossils were used to place minimum dates on
internal nodes (Table 1). The MCMCTree analysis was conducted in a
two-step approach, following the guidelines for analyzing large datasets
established by dos Reis et al. (2012). First, we obtained maximum-
likelihood estimates of branch lengths along with information about
the curvature of the likelihood surface using the usedata = 3 option. In
the second step, we used the usedata = 2 option to estimate divergence
times on the previously estimated branch lengths with uncorrelated
rates across loci and a GTR + I model of nucleotide substitution. In both
steps, we analyzed two independent MCMC chains sampled every 100
generations until 25,000 samples were collected after a burn-in period of
10,000 generations. We confirmed that the MCMC chains had converged
and that effective sample sizes were large using Tracer v1.7.1 (Rambaut
et al., 2018). After verifying that the two independent runs had pro-
duced similar divergence times, the runs were combined and summa-
rized using the print = -1 setting in MCMCTree to calculate the mean
posterior divergence times and their 95% highest posterior density
credible intervals.

Fossils used for calibration in divergence time analysis. Fossil ages are in millions of years (Ma).

Calibrated Node (MCMCTree)  Reference

Fossil species Locality Estimated min. age (Ma)
Douglassciurus oaxacensis Oaxaca, Mexico 40.4
Plesiarctomys (Sciurus) spectabilis ~ Egerkingen, Switzerland ~ 37.2
Palaeosciurus goti Quercy, France 28.4
Miospermophilus Colorado, USA 16.0
Marmota bobak Kantemirovka, Russia 0.5
Marmota marmota Castile, Spain 1.2
Marmota himalayana Shanxi, China 1.0

Marmota monax Maryland, USA 0.8

Sciuridae - Aplodontiidae
Sciurus - other sciurids
Xerus - Marmotini
Spermophilus - Marmota
M. bobak - M. baibacina
M. marmota - sister clade
M. himalayana - M. sibirica
M. monax - sister clade

Ferrusquia-Villafranca et al. 2018

Costeur and Schneider, 2011

McKenna and Bell 1997

(Black, 1963)

Gromov et al. (1965); Erbajeva and Alexeeva (2009)
Gil and Sesé (1991)

Gromov et al. 1965

Kurten and Anderson (1980)
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2.4. Reconstruction of ancestral ranges

To infer the geographic origins of marmots (Nearctic vs. Palearctic),
we reconstructed ancestral ranges using the BioGeoBEARS package
(Matzke, 2014) implemented in R. The UCE-based divergence time tree
was used as the input, and we compared all six available models of
ancestral range evolution: dispersal-extinction-cladogenesis (DEC),
dispersal-vicariance (DIVA), BayArea, and each of these models with the
addition of a “jump” parameter (DEC + J, DIVA + J, and BayArea + J).
We coded each extant species as Nearctic or Palearctic based on known
ranges, and the top model was selected using the Akaike Information
Criterion (AIC). The model with the highest AIC weight was used to infer
ancestral ranges. The initial round of analyses did not include outgroups.
To determine if the exclusion of outgroups impacted this analysis, we
repeated the above steps on the UCE-based divergence time tree with the
eight outgroup taxa included (Table S3). With this dataset, each taxon
was coded as Nearctic, Palearctic, Holarctic, or African.

3. Results
3.1. Data generation and phylogenetic analysis of ultraconserved elements

We obtained a mean of ~2.1 x 107 paired-end reads per sample.
Before data filtering, the concatenated alignment contained 4,427 UCE
loci and 88,252 parsimony-informative sites; mean locus length was
587.8 bp, and mean number of informative sites per locus was 19.9. The
75% complete dataset contained 1,986 UCE loci with a mean of 22.5
parsimony-informative sites per locus. The dataset filtered for ASTRAL-
III input contained 496 loci with a mean of 44.2 parsimony-informative
sites per locus. Full alignment statistics are provided in Table 2, and
nexus files for each of the 4,427 UCE alignments are available at https://
ddoi.org/10.5061/dryad.6hdr7sr56. The maximum-likelihood tree
estimated in IQ-TREE (Fig. 4) shows unambiguous support for the two
subgenera, Marmota and Petromarmota, identified by Steppan et al.
(1999) from cytb data. Monophyly was highly supported for all species
except for M. baibacina and M. caligata. The M. baibacina individual from
Kazakhstan clustered with M. bobak, and M. caligata was split into two
groups in both trees with relatively high support. The three M. caligata
from Washington state are paraphyletic with respect to M. olympus,
while all of the other M. caligata (ranging from Montana to Alaska) form
a monophyletic group that is sister to M. vancouverensis.

The species tree estimated in ASTRAL-III (Fig. 5) has several differ-
ences from the maximume-likelihood tree. First, many nodes within the
M. bobak + M. baibacina + M. kastschenkoi clade are poorly resolved, and
none of the three species are monophyletic. Second, support values are
similarly low within the M. caligata + M. olympus + M. vancouverensis
clade, but in this case the latter two species do form clades. Third,
M. mengbieri is sister to M. marmota rather than M. caudata, and
M. caudata is sister to all other Palearctic species.

3.2. Data generation and phylogenetic analysis of mitogenomes

Partial or complete mitogenomes were recovered in 45% of samples
and 11 of 15 species, and new mitogenome sequences were accessioned
for 7 species (M. bobak, M. baibacina, M. caligata, M. kastschenkoi,
M. mengzbieri, M. olympus, and M. sibirica). GenBank accession numbers

Table 2
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are provided in Table S1. The raw mitogenome alignment contained 44
sequences and was 16,914 bp in length. GBlocks masked 1,313 bp, and
the trimmed alignment used in downstream analyses contained 15,601
bp. Both alignments are available at https://doi.org/10.5061/
dryad.6hdr7sr56.

The ML tree inferred from mitogenomes differs from the UCE-based
ML tree in that M. marmota, rather than M. mengbieri + M. caudata, is
sister to all other Palearctic species (although this branch has relatively
weak support; Fig. 6). While M. caligata is non-monophyletic in this tree
as well, the topology is entirely different. Here, one caligata lineage is
sister to M. vancouverensis, and the other lineage is sister to both of these.
The two lineages correspond to the mitochondrial clades identified in
Kerhoulas et al. (2015) as “coastal” and “continental”, with the coastal
clade being sister to M. vancouverensis.

3.3. Divergence time estimation and reconstruction of ancestral ranges

Our time-calibrated phylogeny (Fig. 7) estimated the divergence of
tribe Marmotini and tribe Xerini at 35.0 million years ago (Ma) [95%
confidence interval (C.I.) = 33.8-36.7]. The divergence of the genus
Marmota from other marmotines occurred 16.3 Ma (95% C.I. =
13.7-18.8), followed later by the crown diversification of Marmota at
5.71 Ma (95% C.I. = 3.95-7.62). Finally, the crown diversification of
Palearctic Marmota occurred 3.57 Ma (95% C.I. = 2.45-4.72) while the
crown diversification of the M. caligata-olympus-vancouverensis complex
occurred 2.31 Ma (95% C.I. = 2.62-3.11).

In our analyses of ancestral range evolution, the DEC + J model
(dispersal-extinction-cladogenesis with a jump parameter) was highly
supported when outgroups were excluded, receiving 70% of the cor-
rected AIC weight (Table S3). The DEC + J model also received the
highest support when outgroups were included, but the corrected AIC
weight was only 41.6%. In both analyses, the DEC + J model estimated a
single transition to the Palearctic from an ancestor that occurred in the
Nearctic (Fig. 8). Because the jump (J) parameter has been criticized in
some literature (see Ree and Sanmartin, 2018), we also evaluated the
top-ranking models that did not include J. This was the DEC model in
both analyses (Table S3) and a North American ancestor of Marmota was
still well supported (Figure S1).

4. Discussion
4.1. Origin of marmots

Our phylogenetic results show the Palearctic species unambiguously
nested within the Nearctic species, providing strong support for a
Nearctic origin of marmots. Our fossil-calibrated phylogeny suggests
marmots diverged from other marmotines (chipmunks, prairie dogs, and
other ground squirrels) in the Early to Middle Miocene, and the most
recent common ancestor of the crown Marmota lived sometime in the
Late Miocene (Fig. 7). This is contemporaneous with the other major
ground squirrel radiations documented in the fossil record (Goodwin,
2008) and with the development of open grassland ecosystems in North
America (Stromberg, 2005, 2011).

The world in which marmots first evolved was warmer, wetter, and
much more heavily forested than today (Polly et al., 2015; Stein-
thorsdottir et al., 2021); the earliest open grasslands are thought to have

Summary statistics for UCE alignments. The complete matrix is the full UCE dataset after assembly and cleanup. For analysis in IQ-TREE, the dataset was reduced to a
75% complete matrix by excluding any loci present in fewer than 75% of OTUs. The top quartile of these loci, in terms of number of parsimony-informative (PI) sites,
was used as input for ASTRAL-III. Numbers in brackets represent the full range of locus lengths (bp) and number of PI sites per locus.

Dataset UCE loci Mean locus length (bp) Mean PI sites/locus Total concatenated length (bp) Total PI sites
Complete matrix 4,427 587.8 [109-1152] 19.9 [0-173] 2,602,213 88,252
75% complete matrix (IQ-TREE input) 1,986 621.7 [340-1235] 22.5 [0-134] 1,234,679 44,604
Top quartile (ASTRAL-III input) 496 672.3 [362-1235] 44.2 [31-134] 333,483 21,905




K.K. Mills et al.

Molecular Phylogenetics and Evolution 184 (2023) 107785

Spermophilus dauricus (GCA002406435)

Urocitellus parryii (GCA003426925)

7//%_‘_{

Cynomys gunnisoni (GCA011316645)
Ictidomys tridecemlineatus (GCA016881025)

Petromarmota —— —

85.7/95

8.0E-4

MSB 224684
—L_: GCA003676075
UAM112562

M. flaviventris

UAM112565
UAM112577
UWBM 82114
UWBM 79849
UWBM 81033
UWBM 79553
UWBM 80739
ROM 117714
GCA005458795
ROM 117716

UAM 112564
UAM 112566
UAM112576
MSB267586
UAM112316
UAM35129
UAM49848
UAM111561

M. caligata (1)

M. olympus

M. vancouverensis

Marmota —»

UAM 138081 M. caligata (2)
UAM30932
UAM112457
UAM112579
T UaM117492
UAM114143
UAM115715
UAM112326
UAM115723
GCA901343595
|'|: MSB22888
|_|:Ms B27331 M. monax
UAM 134826
USNM 583154
— .
L USNM 583155 M. broweri
IDB23708
IDB23767 M. caudata
OB 23863 .
OB 25305 M. menzbieri
OB 24504
—L_f GCAD01458135 M. marmota
OB 24500
OB 23930 M. baibacina (1)
77.1/95 OB 25663
OB 2R M. bobak
OB 24456
OB 25269 R
T oB 25270 M. baibacina (2)

35.7/85

Lﬂs%s 24437 M. kastschenkoi

OB 24817

OB 25705

OB 24846
OB 25801

M. sibirica

GCA005280165, , .
—___ 0B 26974 M. himalayana

OB 23764
OB 24676
OB 23901
OB 23977

M. camtschatica
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Outgroup Xerus inauris was used for rooting (not shown).

emerged as part of a mosaic landscape of closed forests and “more open
woodland-grassland elements” ((Stromberg, 2011), p. 535). If early
marmotines were grassland specialists at this time, their habitat would
have been fragmented by intervening forests—a situation that would
have promoted allopatric speciation and may have spurred the radia-
tions of marmots, chipmunks, prairie dogs, and other genera of ground
squirrels. However, it is also possible that early marmotines were forest
dwellers and that their radiation resulted from multiple, parallel spe-
cializations to open habitat. If marmots did evolve a grazing diet inde-
pendently of the other ground squirrels, as is perhaps evinced by their

highly distinct cranial, mandibular, and dental morphology (McLean
et al., 2019; Zelditch et al., 2017), it may reflect their independent
colonization of grasslands in North America. Regardless, this patchy
landscape gradually gave way to vast, unforested grasslands in the
Middle to Late Miocene as the climate became cooler and drier
(Stromberg, 2005), by which time the crown marmotines, including
Marmota, were well established.
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the quadripartition, which has high precision above a threshold of 0.7 (Sayyari and

4.2. Dispersal across Beringia

The North American marmots eventually spread into Eurasia as part of
the great faunal interchange across Beringia, which took place over
several million years and was facilitated by the intermittent formation of
the Bering Land Bridge (Elias et al., 1996; Hopkins, 1959; Sher, 1999).
This interchange was bidirectional but consisted primarily of eastward
expansions by Eurasian taxa into North America (Beard, 1998; Waltari
et al., 2007). The native North American fauna were thought to be limited
by the Laurentide ice sheet and a patchwork of Arctic landscapes, both of
which impeded northward dispersal. Despite this, the marmotines made
at least four westward dispersals. The chipmunk genus Tamias recolon-
ized Eurasia in the Oligocene, very soon after its emergence in North
America and when Beringia was still heavily forested ( Ge et al., 2014;
Mercer and Roth, 2003). The partially arboreal Tamias was probably the
only marmotine group that could disperse across Beringia at this time; the
strictly terrestrial genera did not access the Beringian corridor until much
later. The land bridge was first submerged (creating the Bering Strait) at
the onset of the Miocene, and, upon reemergence some 5-10 Ma, the
denuded landscape was colonized by the newly dominant species of
open-habitat grasses (Yeakel et al., 2013)

Mirarab 2016).

There are nine extant marmot species in Eurasia, and because most
phylogenetic analyses have found them to form a monophyletic group,
they have typically been considered to descend from a single trans-
Beringian dispersal event (Steppan et al., 1999). However, the unsta-
ble placement of M. broweri, M. monax, and M. marmota have made this
hypothesis somewhat tenuous (Brandler and Lyapunova, 2009). Our
results provide strong support for a single westward dispersal event that
gave rise to all extant Palearctic species. Furthermore, it has been pro-
posed that M. broweri, which is endemic to northern Alaska (Gunderson
et al., 2009), may represent a reinvasion of North America by the
Palearctic clade (Hoffmann et al., 1979; Steppan et al., 1999). Our
ancestral range reconstruction, however, suggests that M. broweri has
always been in the Nearctic (Fig. 8).

The earliest fossil record of marmots in Eurasia is 'M. tologoica from
Transbaikalia, Russia, dated to approximately 2.9 Ma (Erbajeva and
Alexeeva, 2009). This species is thought to be ancestral or closely related
to M. sibirica and M. camtschatica (Erbajeva, 2003; Gromov et al., 1965).
In northern China, a fossil of M. himalayana robusta is dated to a similar
time period (but was found in a higher stratum and is thus slightly
younger than the oldest 'M. tologoica; Flynn et al., 1997). Our
fossil-calibrated tree (Fig. 7) shows the Palearctic species diverging from



K.K. Mills et al.

|: Cynomys gunnisoni (MG450794)

Cynomys leucurus (NC026705)
Ictidomys tridecemlineatus (KP698974)
Ictidomys tridecemlineatus (NC027278)

MH987778
MH987778
UAM 112562
MSB 224684
M. caligata

UAM 111561
— UAM 115723 (continental)
| MK859897
ROM 117716 M. vancouverensis
ROM 117714
UAM 35129
UAM 114143 M. caligata
94141939 UAM 115715 (coas?al)

UWBM 82114
UWBM 79553

M. flaviventris

4' UWBM 79849 M. olympus
UWBM 81033
LR632920
F MSB 273318 M. monax
MSB 22286
UAM 134826
|——— USNM 583155 M. broweri
56.6/68 | OB 24500
: | oB 24504 M. marmota
86.6/82 OB 23863

M. kastschenkoi

M. himalayana

OB 24436
JK069958
NC018367
MK305281
OB 24817
OB 24846 M. sibirica
OB 25705
Fig. 6. Maximum-likelihood phylogeny based on mitogenomes estimated in IQ-
TREE. Tip labels as in Fig. 4. Branch support values are UFboot/SH-aLRT and

are greater than 97/100 unless labeled in red. Coastal and continental refer to
mitochondrial clades of M. caligata as identified in Kerhoulas et al. (2015).

the Nearctic earlier than this, near the Miocene-Pliocene boundary ~5.3
Ma. This roughly coincides with the widespread transition from C3 to C4
grasses in North America, the latter of which came to dominate the vast
Great Plains (Stromberg and Meclnerney, 2011). Plants using the C4
photosynthetic pathway generally outcompete those using the C3
pathway in warm, arid environments; C3 grasses retreated to higher
elevations and to certain lowland steppe regions too cold to support C4
species (Ehleringer and Cerling, 2002; Mclnerney et al., 2011). Paleo-
ecological evidence points to Beringia being one such lowland region
(Kohn, 2010; Gaglioti et al., 2011). The diets of extant marmots consist
almost entirely of C3 plants (Armitage, 2000), and presumably they
have retained this ancestral preference since their emergence in the
Miocene. The ancestral Palearctic lineage may therefore have tracked C3
grasslands northward as C4 species spread across central North America,
eventually traversing Beringia and colonizing Eurasia. The patchiness of
C3 grasslands may once again have promoted diversification in ground
squirrels, though in this period the interceding habitat was open C4
grasslands rather than forests (Stromberg, 2011).

4.3. Palearctic species

The base of the Palearctic clade is entirely resolved in the ML tree
estimated from UCEs (Fig. 4), whereas it was previously recovered as a
large polytomy (Steppan et al., 1999; Brandler and Lyapunova, 2009).
However, there are some topological disagreements between this tree,
the species tree (Fig. 5), and the ML tree based on mitogenomes (Fig. 6).
Discordance between ML and species trees is not uncommon in studies
using UCE datasets (e.g., Esselstyn et al., 2017; Calderon-Acevedo et al.,
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2022), probably because gene-tree estimation error is higher for UCEs
due to how little phylogenetic signal each individual locus contains (Xi
et al., 2015). This may be especially true for UCEs in tetrapods, which
seem to exhibit even lower substitution rates than UCEs in, for example,
Hymenoptera (Bossert et al., 2021). These nodes represent the deepest
divergences occurring in Eurasia following dispersal across the Bering
Land Bridge. The epi-platformal orogeny probably promoted speciation
as suggested by Nikol’skii and Rumiantsev (2012), but by filtering apart
the ancestral lineage that crossed over from North America rather than
the lineage ancestral to all marmots.

Marmota marmota, which is found only in southern Europe and is the
westernmost marmot species in Eurasia, has been suggested to be sister
to the rest of the Palearctic clade (Krystufek and Vohralik, 2013). We
found support for this in the mitogenomic data (Fig. 6), but the ML tree
estimated from UCEs shows M. menzbieri + M. caudata as sister to the
rest of the clade (Fig. 5), whereas the species tree estimated from UCEs
shows M. caudata alone as sister to the rest of the clade (Fig. 6). The
species tree also shows M. marmota and M. menzbieri to be sister species,
but support for this node is weak. Regardless, M. marmota is a relatively
ancient lineage that apparently traversed nearly all of Eurasia over a
short period of time; there are M. marmota fossils from the Spanish
Pyrenees dating to 1.2 Ma (Gil Bazan, 1997).

Previous studies recovered M. caudata and M. mengzbieri as sister
species in phylogenies based on mtDNA but not in those based on nu-
clear loci, which has been interpreted as suggesting they are not closely
related species but underwent an ancient mitochondrial introgression
event (Brandler et al., 2010). In contrast, our nuclear (UCE) phylogeny
unequivocally recovers them as sister to each other. This is notable
because the two species are peripatric and highly morphologically
distinct—M. caudata has the largest body mass and longest tail of any
marmot, and M. menzbieri has a relatively short tail and the second-
smallest body size (Armitage, 2000).

The M. himalayana + M. camtschatica + M. sibirica relationships
could not be resolved, consistent with other studies finding discordant or
poorly supported topologies (Brandler and Lyapunova, 2009). This
could reflect previous or ongoing gene flow among the three species, but
given their allopatric ranges and relatively distinct habitat preferences,
it seems more likely that rapid radiation across eastern Asia led to
incomplete lineage sorting. Moreover, M. sibirica actively hybridizes
with M. baibacina where the two are sympatric (Brandler et al., 2021),
but the two species are clearly separated in all phylogenies.

A single M. baibacina centralis individual (IDB 23930) from the Tien
Shen clustered with a monophyletic M. bobak group. Although
M. baibacina baibacina has a narrow zone of contact with M. bobak sha-
gadensis (Nikol’skii et al., 1983), the Tien Shen population of M. baibacina
centralis is completely geographically isolated from all M. bobak (Fig. 1).
The subspecies M. baibacina centralis is very similar to other M. baibacina,
but it exhibits morphological features intermediate between M. baibacina
and M. bobak. Galkina (1970) suggested that M. b. centralis should be
reclassified as either a subspecies of M. bobak or elevated to species, and
our results support either of these options over the current taxonomy. The
other two M. baibacina individuals in this study are from Altai Mountains
in Mongolia and are sister to M. kastschenkoi. Marmota kastschenkoi was
previously considered a subspecies of M. baibacina, but was recently
elevated to species based on its distinct diploid chromosome count
(Brandler, 2003; Brandler et al., 2008).

4.4. Nearctic species

The Alaska marmot (M. broweri) and woodchuck (M. monax) are
unambiguously recovered in the subgenus Marmota (Fig. 4). This to-
pology implies divergence of the Palearctic and Nearctic clades occurred
within North America and that dispersal across Beringia followed
sometime after the M. broweri and M. monax lineages diverged. Given
the distribution of M. broweri, it is likely that the common ancestor of
M. broweri and the Palearctic species was already in or near Beringia
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Fig. 7. Fossil-calibrated tree estimated in MCMCTree from the 75% complete UCE dataset. Blue bars represent 95% confidence intervals for divergence dates, and
black squares correspond to fossil calibrations (Table 1). Dates on nodes <2 Ma have been removed for clarity.

prior to its divergence. This hypothesis is supported by our ancestral
range reconstruction analysis (Fig. 8), although it does not conclusively
reject the possibility of marmots in the Palearctic prior to the divergence
of M. broweri. Moreover, speciation events around this time could have
occurred in the vast regions of Pliocene Beringia that are now under-
water and not classifiable as Nearctic or Palearctic. Sher (1999) em-
phasizes that Beringia was more a region unto itself than a simple bridge
from one region to another, and that it was probably a center of diver-
sification in its own right.

There is significant discordance in the M. caligata superspecies
complex between the trees estimated from UCEs and mitogenomes
(Figs. 4 and 6), and M. caligata is paraphyletic in both. We recovered the
same mitochondrial clades identified by Kerhoulas et al. (2015) in our
mitogenome reconstructions, with the coastal M. caligata clade being
sister to M. vancouverensis, and the continental clade sister to M. caligata
coastal + M. vancouverensis. This topology is not indicated in the UCE
data, and it likely reflects relatively recent biogeographic events of the
Pleistocene. Specifically, the two clades may represent separate refugial
populations from the LGM—the continental clade deriving from a ref-
ugial population south of the Laurentide ice sheet, and the coastal clade
deriving from a refugial population near the Cascade Mountains or
Alexander Archipelago (Kerhoulas et al., 2015). That the latter is sister
to M. vancouverensis suggests this refugial population (and not the other)
interbred with M. vancouverensis during or soon after the LGM. In
contrast, the UCE-based phylogeny shows two clusters of M. caligata
unrelated to the mitochondrial clades (Fig. 4). The three M. caligata
individuals from Washington state are paraphyletic with M. olympus,

10

whereas all the other M. caligata are sister to M. vancouverensis. Our
time-calibrated phylogeny estimates these two groups diverged ~2.3 Ma
(Fig. 7), near the onset of the Pleistocene. The timing of this divergence
and the modern geographical species ranges suggests formation of the
Laurentide ice sheet may have been a vicariant event that split the
ancestral lineage into two. Delimiting the genetic and geographical
range of M. caligata, and determining whether there is a cryptic species
in the Cascade Mountains of Washington, is of interest given the con-
servation status of M. vancouverensis. This species numbers only about
200 individuals and is considered Critically Endangered by the IUCN; it
has been suggested that interbreeding with M. caligata may be necessary
to genetically rescue M. vancouverensis in the future (Lyapunova and
Brandler, 2002). In this context it would be useful to better understand
the genetic relationship between M. vancouverensis and M. caligata in-
dividuals from the coastal mitochondrial clade versus M. caligata in-
dividuals from the sister nuclear clade.

5. Conclusion

Consistent with fossil evidence, our genetic data indicate marmots
most likely evolved in North America in the Middle Miocene. This is
around the same time that other crown marmotine genera arose and is
roughly coincident with the rise of grassland ecosystems in North
America (i.e., the Great Plains). Marmots dispersed across the Bering
Land Bridge ~3-4 Ma, and this may have been driven by the displace-
ment of C3 grasses by C4 grasses into colder and drier regions. The
placement of the Nearctic M. broweri and M. monax suggests divergence
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of the two subgenera occurred in North America. We recovered non-
monophyletic clusters of M. baibacina and M. caligata. For the latter,
we found highly suggestive evidence of a second, cryptic species in the
Cascade Mountains of Washington state that is paraphyletic with respect
to M. olympus. More intensive taxon and geographic sampling is desir-
able to delimit the taxonomic and geographical boundaries of the two
groups of M. caligata.
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