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Abstract

Evolutionary relationships of red-backed voles and their relatives were examined and used to test biogeographic hypotheses.

Sequences of the mitochondrial cytochrome b gene were obtained for 25 individuals representing Alticola macrotis, Clethrionomys

californicus, C. gapperi, C. glareolus, C. rutilus, and C. rufocanus. These were combined with 21 partial sequences from GenBank for

C. regulus, C. rex, C. rufocanus, C. rutilus, Eothenomys imaizumii, E. melanogaster, Phaulomys andersoni, and P. smithii. Complete

sequences of three species of Microtus (M. montanus, M. oeconomus, and M. pennsylvanicus), representative species of other ar-

vicoline genera (Myopus, Synaptomys, Arvicola, Ellobius, Ondatra, Lemmus, Dicrostonyx, and Phenacomys), and a sigmodontine

representative (Peromyscus) were included as outgroups. We used maximum parsimony, maximum likelihood, distance, and

Bayesian based methods and conducted statistical tests on proposed hypotheses of phylogenetic relationships and biogeographic

histories. A close relationship of species representing the genera Alticola, Clethrionomys, and Eothenomys was supported

(Clethrionomyini); however, the genus Clethrionomys was paraphyletic with respect to both Alticola and Eothenomys. Three major

clades were identified as Asian (Eothenomys andersoni, E. smithii, C. rex, C. regulus, and C. rufocanus), Trans-beringian (Alticola

macrotis, C. californicus, C. gapperi, C. glarelolus, and C. rutilus), and Taiwanese (E. melanogaster). These results are consistent with

the fossil record which indicates an initial diversification in Asia followed by colonization of the Nearctic on at least two occasions.

The holarctic species, C. rutilus, appears to have either reinvaded Asia from North America or colonized North America more

recently (late Pleistocene) than the two species of Clethrionomys (C. gapperi and C. californicus) that are endemic to North America

(early to mid-Pleistocene). Finally, C. gapperi, appears to be comprised of an eastern and a western species, the former with affinities

to the Asian C. glareolus and the latter more closely related to C. californicus.

� 2003 Elsevier Inc. All rights reserved.
1. Introduction

Faunal exchanges across the Bering Land Bridge had

a significant impact on the biogeography of the North-

ern Hemisphere and were instrumental in defining the

structure of communities in the Nearctic and Palearctic.

Our primary understanding of the historical biogeog-

raphy of this nexus between the northern continents has

been developed through paleontology, palynology, and
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geomorphology (e.g., Elias et al., 1996; Hopkins et al.,
1982; Marincovich and Gladenkov, 1999); however, a

growing number of studies now are using molecular

phylogenetics to trace the history of faunal exchange in

the region (e.g., Fedorov, 1999; Zink et al., 1995). By

elucidating evolutionary relationships among trans-

Beringian species complexes or phylogeographic varia-

tion within taxa distributed across the Holarctic (e.g.,

Hundertmark et al., 2002), we are refining our views of
the sequence and timing of colonization events and the

impact of repeated inundation of the Bering Land

Bridge (e.g., Conroy and Cook, 1999; Hoberg, 1995).

Testable hypotheses have been proposed related to the

mail to: cookjose@isu.edu
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impact of geologic events in this region on diversifica-
tion of mammals (Hoffmann, 1981; Sher, 1999) and

other fauna (e.g., Hoberg et al., in press; Rausch, 1994)

and flora (e.g., Abbott and Brochmann, 2003).

In addition to Beringia�s impact on the interconti-

nental movement of organisms, the region may have

played a primary role in the diversification of high lat-

itude biota (Elias et al., 1996; Guthrie and Matthews,

1971). Glacial advances created a large refugium,
Beringida (Sher, 1999), and a number of boreal taxa

have been described as endemic to that region (Murray,

1981). The status of some of these purported endemics is

now being re-evaluated using molecular approaches

(e.g., Conroy and Cook, 2000; Fedorov et al., 2003).

Red-backed voles have been used to infer the history

of northern paleoenvironments because they are inti-

mately tied to boreal forests and tundra. For example,
Graham (1976) interpreted Late Wisconsin environ-

mental gradients in eastern North America partially

within the context of the fossil distribution of Clethr-

ionomys gapperi. Because repeated glacial advances

during the Pleistocene likely left a genetic signature in

high latitude taxa (Hewitt, 1996), species of Clethriono-

mys provide an opportunity to test the possible influence

of hypothesized glacial refugia at high latitudes on biotic
diversity. Similarly, warm periods may have isolated

boreal taxa in southern alpine refugia further contrib-

uting to diversification.

The taxonomy of red-backed voles remains prob-

lematic. Within North America, species of Clethriono-

mys are difficult to distinguish morphologically, a

problem that also has plagued specialists working with
Fig. 1. Map depicting the worldwide distribution of the 12 species of
Asian species (e.g., Suzuki et al., 1999). For example, a
long-standing debate has centered on the possibility that

C. rutilus and C. gapperi may be conspecific because of

apparent convergence of otherwise diagnostic morpho-

logical characters in areas where their ranges contact

(Bee and Hall, 1956; Youngman, 1975). These species

are suspected to be widely parapatric from Hudson Bay,

Canada west to the Pacific Coast in southern Alaska

(Hall, 1981; Hall and Cockrum, 1953). A similar case is
found further south, where the definition of distribu-

tional limits of C. gapperi and C. californicus has been

debated (Johnson and Ostenson, 1959).

By examining variation in DNA sequences of the

mitochondrial cytochrome b gene, we begin to assess

the taxonomic limits and phylogenetic relationships of

this boreal group in an effort to explore the pattern

and timing of faunal exchange across the crossroads
of the northern continents and the potential impact of

past climatic events on differentiation. In this paper,

we examine the evolutionary relationships of 12 spe-

cies of four genera of red-backed voles (Muridae:

Clethrionomyini), a widespread Holarctic group

(Fig. 1). We particularly focus on how the phylogeny

impacts our perception of the colonization history of

the three species of Clethrionomys that occur in North
America.
2. Materials and methods

We follow the taxonomy of Musser and Carleton

(1993), except where noted.
red-backed voles we investigated (adapted from Corbett 1978).
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2.1. Specimens examined

Complete sequences of the cytochrome b gene (1143

base pairs) were obtained (Table 1) for a total of 25

individuals (including one partial sequence) represent-

ing C. gapperi (n¼ 7), C. rutilus (n¼ 5), C. rufocanus

(n¼ 7), C. glareolus (n¼ 3), C. californicus (n¼ 2), and

Alticola macrotis (n¼ 1). The sequences for these indi-

viduals have been submitted to GenBank (Accession
Nos. AY309411–AY309435). In addition, complete

sequences for one C. glareolus, two C. rutilus, one

C. rufocanus, and one Alticola macrotis from GenBank

were used. To develop a more extensive view of in-

traspecific variation, 21 partial sequences (402 bp) of

cytochrome b (Suzuki et al., 1999) were included from

eight Asian species of red-backed voles (Table 1)

including C. regulus (n¼ 2), C. rufocanus (n¼ 5),
C. rutilus (n¼ 2), Eothenomys imaizumii (n¼ 1),

E. melanogaster (n¼ 1), C. rex (n¼ 2), and Phaulomys

andersoni (n¼ 3), and P. smithii (n¼ 5). Species of the

genus Microtus form a clade that is sister to the

Clethrionomyini (Conroy and Cook, 1999), so we

chose sequences from three widely divergent species

(M. oeconomus, M. pennsylvanicus, and M. montanus;

Conroy and Cook, 2000) that were representative of
sequence variation for the outgroup. For higher level

analyses, we included one representative each for eight

genera of arvicolines, as well as one sigmodontine

(Peromyscus).

2.2. DNA extraction, amplification, and sequencing

Subsamples of frozen tissues or dried skins were
subjected to proteinase K digestion, NaCl precipita-

tion of proteins, and DNA precipitation with ethanol,

following a modification of the Miller et al. (1988)

protocol (Fleming and Cook, 2002). Partial segments

of the cytochrome b (cyt b) genes were amplified by

the polymerase chain reaction (PCR; usually 30 cycles

of alternating denaturation at 93 �C for 1min, an-

nealing at 45 �C for 1min, and extension at 72 �C for
1.5min) using several primer combinations (Conroy

and Cook, 1999). All PCR experiments included

negative controls.

Aliquots (5 ll) of the PCR products and negative

controls were visualized in agarose minigels. Each re-

maining product was precipitated with polyethylene

glycol, recovered by vacuum centrifugation, and resus-

pended in 1� TE buffer. The clean products were used
as template in cycle sequencing utilizing a Perkin–Elmer

kit (Fst-RR, 402119). Cycle sequencing products were

purified with Sephadex G-50 (Sigma) in reusable col-

umns (Princeton Separations) and run on 5% poly-

acrylamide gels using an automated sequencer (ABI

373). Both heavy and light strands were sequenced and

compared in all cases.
2.3. Sequence and phylogenetic analysis

Partial sequences were examined, assembled based on

overlapping regions and aligned manually using the

Sequence Navigator program (Applied Biosystems,

version 1.01). Nucleotide composition and numbers of

variable and phylogenetically informative sites for nu-

cleotides were obtained using PAUP* (version 4.0d65,

Swofford, 1998). Phylogenetic analyses used maximum
parsimony (MP), distance (NJ), and likelihood (ML)

frameworks using PAUP*, and Bayesian analyses were

conducted in MrBayes (Huelsenbeck and Ronquist,

2001).

2.4. Higher level analyses

We tested the validity and composition of the tribe
Clethrionomyini by incorporating 12 outgroup taxa

(Table 1) representing the Arvicolinae (genera Arvicola,

Dicrostonyx, Ellobius, Lemmus, Myopus, Ondatra, Phe-

nacomys, Synaptomys, and three species of Microtus)

and the Sigmodontinae (Peromyscus) for which com-

plete cytochrome b sequences had been generated pre-

viously (Conroy and Cook, 1999).

Maximum parsimony analyses were performed using
a simple addition of sequences with 1000 random ad-

ditions to avoid suboptimal islands of trees. MP analy-

ses were unweighted or included a weighting bias of

2:5:1 for first, second, and third positions, respectively,

and a 10:1 weighting bias towards transversions over

transitions (Lessa and Cook, 1998). Major relationships

identified by weighted and unweighted methods did not

differ so bootstrap analyses (500 iterations of branch
and bound search) were conducted using unweighted

MP.

A hierarchical-likelihood ratio test was conducted in

Modeltest 3.04 (Posada and Crandall, 1998) to deter-

mine the simplest model of sequence evolution that best

fits the sequence data. The general time reversible (GTR;

Rodr�ıguez et al., 1990) plus invariant sites (I ¼ 0:6349)
and gamma distribution of variable sites (1.6489) was
chosen as it was significantly better than models with

fewer parameters. The neighbor-joining algorithm using

distances from GTR+ I+gamma model was used to

reconstruct evolutionary relationships. Support for the

relationships was assessed in neighbor-joining bootstrap

analysis (1000 replicas).

The Bayesian approach to phylogeny reconstruction

(Mau et al., 1999; Rannala and Yang, 1996; Yang and
Rannala, 1997) was used to reconstruct the evolutionary

relationship using the program MrBayes (Huelsenbeck

and Ronquist, 2001). The GTR+ invariable sites, plus

gamma distribution model of DNA substitution was

used with the Markov chain started from a random tree

with random branch lengths. Four Markov Chain

Monte Carlo (MCMC) chains were run simultaneously



Table 1

List of specimens examined

Taxa Source GenBank

Ingroup

Alticola macrotis

1 Russia, Providenya AF 7474 AY309411

2 Russia, Stokovo AF 3791 AF 119273

Clethrionomys californicus

1 California, Cabin Creek LHS 642 AY309422

2 California, Cabin Creek LHS 541 AY309423

Clethrionomys gapperi

Alaska, Foggy Bay AF 4270 AY309435

1 Minnesota AF17697 AY309432

2 Minnesota no voucher AY309431

1 North Carolina, Beartrail Ridge IF 5705 AY309430

2 North Carolina, Silers Bald IF 5708 AY309429

1 Pennsylvania (partial sequence) AF 22609 AY309433

2 Pennsylvania AF 22610 AY309434

Clethrionomys glareolus

1 Finland, Sotkomo AF 3133 AF119272

2 Finland, Sotkomo UAM 30029 AY309419

1 United Kingdom, Wales UAM 24464 AY309420

2 United Kingdom, Wales UAM 24466 AY309421

Clethrionomys rex (C. rufocanus, Eothenomys rex)

1 Japan, Rishiri HS229 AB017239

2 Japan, Rishiri HS494 AB017240

Clethrionomys rufocanus

1 Finland, Kilpisjarvi AF 3153 AY309413

2 Finland, Kilpisjarvi AF 3157 AY309414

1 Japan, Hokkaido, Ishikari-shi IF 5700 AY309416

2 Japan, Hokkaido, Ishikari-shi IF 5701 AY309417

3 Japan, Hokkaido, Ishikari-shi IF 5702 AY309418

4 Japan, Rishiri HS 227 AB017232

5 Japan, Hokkaido HS 272 AB017233

6 Japan, Hokkaido, Naganuma HS 231 AB017234

1 Russia, Kola Peninsula AF 15465 AY309415

2 Russia, Kola Peninsula AF 15469 AF272640

3 Russia, Magadan AF 6590 AY309412

4 Russia, Sakhalin HS 639 AB017235

5 Russia, Vladivostok HS 943 AB017236

Clethrionomys rutilus

1 Alaska, Cordova AF 1995 AY309426

2 Alaska, Yakutat AF 2041 AY309427

3 Alaska, Healy AF 4853 AF119274

1 Finland, Sotkamo AF 3130 AF272638

2 Finland, Kilpisjarvi AF 3151 AY309428

Japan, Hokkaido, Bekkai HS 444 AB017241

1 Russia, Novosibirsk HS 1165 AB017242

2 Russia, Stokovo AF 3764 AY309424

3 Russia, Stokovo AF3765 AY309425

Eothenomys imaizumii (Phaulomys andersoni), Japan, Honshu HS495 AB017246

Eothenomys melanogaster, Taiwan HS1503 AB017254

Eothenomys regulus (C. regulus)

1 Korea, Solak HS680 AB017237

2 Korea, Mt. Chiri HS276 AB017238

Phaulomys andersoni (E. andersoni)

1 Japan, Honshu, Aomori HS388 AB017243

2 Japan, Honshu, Fukushima HS335 AB017244

3 Japan, Hokkaido, Nikko HS332 AB017245

770 J.A. Cook et al. / Molecular Phylogenetics and Evolution 30 (2004) 767–777



Table 1 (continued)

Taxa Source GenBank

Phaulomys smithii (E. smithii)

1 Japan, Honshu, Kyoto HS258 AB017249

2 Japan, Honshu, Mt. Tsurgi HS262 AB017250

3 Japan, Honshu, Mt. Tsurgi HS1032 AB017251

4 Japan, Kyushu, Fukuoka HS1504 AB017252

5 Japan, Kyushu, Miyazaki HS79 AB017253

Outgroups

Arvicola terrestris, Finland AF 22737 AF 119269

Dicrostonyx groenlandicus, Alaska AF 2246 AF 119268

Ellobius tancrei, Tadjikistan AF 27782 AF 119270

Lemmus trimucronatus, Alaska AF 7421 AF 119276

Myopus schisticolor, Finland UAM 30030 AF 119263

Ondatra zibethicus, Alaska AF 7445 AF 119277

Phenacomys intermedius, British Columbia AF 12726 AF 119260

Synaptomys borealis, Alaska AF 1196 AF 119259

Microtus montanus, Utah NK55041 AF 119280

Microtus oeconomus, Russia HEH040 AF 163902

Microtus pennsylvanicus, New Mexico NK11205 AF 119279

Peromyscus keeni, Alaska AF 17750 AF 119261

Classification follows Musser and Carleton (1993), except that Clethrionomys rex is recognized as a synonym of Clethrionomys rufocanus and

Eothenomys imaizumii is a synonym of Phaulomys andersoni.

J.A. Cook et al. / Molecular Phylogenetics and Evolution 30 (2004) 767–777 771
for one million generations with the resulting trees

sampled at every tenth generation (saving 100,000 trees).

The first 100,000 generations (10,000 trees) were dis-

carded as burn in (chain had not become stationary) and
only the results from the last 900,000 generations

(90,000 trees) were used to compute a consensus tree.

We ran three additional analyses starting with random

trees. Consensus of all of the post-burn in generations

(3600,000 generations resulting in 360,000 trees) was

computed from all four runs.

2.5. Relationships among species of red-backed voles

The phylogenetic relationships of the 12 species (49

individuals) of red-backed voles of the genera Alticola,

Clethrionomys, Eothenomys, and Phaulomys (sometimes

considered Eothenomys) was evaluated within ML. To

avoid computational constraints under the ML frame-

work, we reduced the sample size by including only a

single sequence to represent all individuals that differed
by less than 2.75% (n ¼ 17; uncorrected P distance val-

ues) and two outgroup taxa. Modeltest was used in

conjunction with PAUP* to hierarchically test among

nested DNA substitution models with parameters esti-

mated from aMP tree (unweighted heuristic search). This

method selected the GTR model of DNA substitution

(Rodr�ıguez et al., 1990) with invariant sites and variable

sites distributed according to a gamma distribution. As-
sumed proportion of invariant sites, I, was 0.5696. a, the
shape parameter, was estimated to be 0.8405.

These parameters were used for a heuristic search for

a ML topology. In additional heuristic searches, we in-

cluded constraints for (1) monophyly of Clethrionomys,
(2) monophyly of North American endemic taxa and C.

rutilus, and (3) monophyly of C. gapperi. We then per-

formed a Shimodaira–Hasegawa test (Shimodaira and

Hasegawa, 1999) in PAUP* with full optimization with
1000 bootstrap replicates. Due to multiple comparisons

(n¼ 3), a sequential Bonferroni correction was used to

adjust a to 0.017. We also conducted a heuristic search

constrained to a molecular clock.
3. Results

3.1. Compositional biases, and patterns and levels of

variation

All sequences obtained follow the patterns of com-

positional bias common among mammalian mitochon-

drial cytochrome b (e.g., Irwin et al., 1991). Average

base frequencies for all positions were: A (30.1%); C

(29.7%); G (13.0%); and T (27.1%) for 29 taxa of Cle-
thrionomyini with complete cyt b sequences. There is a

deficiency in guanines in the light strand of all individ-

uals (12.5–13.6%). Observed substitutions were most

abundant in third positions and least common in second

positions. Observed, uncorrected transitions outnumber

transversions in pairwise comparisons of haplotypes

that exhibit relatively little divergence (e.g., 9:1 in cyt b

for the comparison of two samples of C. rutilus). These
substitutions and biases are expected for functional

mitochondrial cyt b genes. For C. rutilus and C. rufoc-

anus, sequences generated in our laboratory and those

available from GenBank were comparable and clustered

together in all analyses.
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3.2. Higher level relationships

The four (Clethrionomys, Eothenomys, and Phaulo-

mys and Alticola) genera of Clethrionomyini (Musser

and Carleton, 1993) consistently formed a clade when

examined under MP, distance, and Bayesian frame-

works (Fig. 2). Clethrionomys were found to be para-

phyletic with respect to Alticola and Eothenomys.

Haplotypes of C. rufocanus formed a clade with species
of Eothenomys (except E. melanogaster) and Phaulomys.

All other species of Clethrionomys formed a clade that

included Alticola macrotis. Individuals of C. gapperi
Fig. 2. Bayesian estimate (using GTR+ I+gamma) of the phylogenetic relat

Arvicolinae. A representative of the Sigmodontinae (Peromyscus keeni) was i

generations after discarding the burn in generations (100,000 generations). Nu

is correct. MP and NJ trees are not shown, but had topologies consistent w
from eastern North America were more closely associ-
ated with C. glareolus than with C. gapperi from Min-

nesota and Alaska. Samples of E. imaizumii were closely

related to species of Phaulomys, a result that may be

consistent with Musser and Carleton�s (1993) suggestion
that this species should be considered P. andersoni.

3.3. Relationships among species of red-backed voles

Distance values for pairwise comparisons ranged

from 0 for identical sequences of two samples of C.

gapperi to 0.10849 (uncorrected p) between C. rufocanus
ionship of 12 species of Clethrionomyini and 11 other members of the

ncluded as outgroup. This is a consensus tree of four runs of 1000,000

mbers above the branches are the posterior probabilities that the clade

ith the well-supported clades identified by the Bayesian assessment.



J.A. Cook et al. / Molecular Phylogenetics and Evolution 30 (2004) 767–777 773
from Russia (IF5702) and C. californicus. There was a
significant difference between the best topology and one

enforcing monophyly of Clethrionomys (to the exclusion

of Alticola, Eothenomys and Phaulomys) and a signifi-

cant difference between the best topology and one en-

forcing monophyly of North American representatives.

However, a topology constrained to monophyly of C.

gapperi was not significantly different from the ML tree

(Table 2, Fig. 3).
A clock-constrained tree (ln¼)4583.44156) was

compared with the best ML tree with a v2 test (difference
of 15.05; 17 df) and was not significantly different

(a¼ 0.05).
Table 2

Comparison of the optimal (unconstrained) maximum likelihood tree

score ()4568.37136) with likelihood scores from constrained trees us-

ing the Shimodaira–Hasegawa test (Shimodaira and Hasegawa, 1999)

Constraint-monophyly Best tree score P value

Clethrionomys )4609.17446 <0.010�

North American

Clethrionomys

)4620.50724 <0.001�

Clethrionomys gapperi )4571.33859 0.538

* P < 0:017 (a adjusted for multiple comparisons).

Fig. 3. ML tree constructed from cytochrome b sequences for 12

species of the Clethrionomyini and two outgroup taxa. Multiple

specimens of C. gapperi, C. rutilus, C. rufocanus, and P. smithii were

included. Phylogeny was constructed using GTR+ I+gamma mode

of sequence evolution. Bootstrap support > 65 is shown above the

branches.
4. Discussion

4.1. Transcontinental exchange

The dynamic climate and landscapes of the Holarctic

during the Pleistocene affected the movement and evo-

lution of boreal organisms. As glacial advances lowered

sea levels, the exposed Bering Land Bridge and sur-

rounding unglaciated region called Beringia (Hult�en,
1937) became the high latitude crossroads between Asia

and North America for a number of organisms. Colo-

nization across the region was not symmetric with most

organisms suspected to have expanded eastward into

North America due to differences in the extent of gla-

ciation along the eastern and western borders of Berin-

gia (Rausch, 1994). While western Beringia had a leaky

boundary with the remainder of eastern Asia, movement
out of western Beringia into the lower latitudes of North

America was blocked by the coalescence of the Lau-

rentide and Cordilleran ice sheets (Pielou, 1991). Ex-

ceptions to this generalization have been proposed

(Fedorov, 1999; Steppan et al., 1999).

A more detailed view of the timing and extent of

glacial advances (Arkhipov et al., 1986a,b; Bespalyy,

1984; Mann and Hamilton, 1995) in Beringia, combined
with interpretation of fossil invertebrates (Elias et al.,

1996, 2000) and extensive paleobotanical work (Ager,

1982; Bliss and Richards, 1982; Colinvaux and West,

1984; Giterman et al., 1982; Ritchie and Cwynar, 1982)

has amplified our understanding of Beringia during the

Cenozoic (West, 1996). The extensive Quaternary record

of fossil holarctic mammals also has played a prominent

role in interpreting intercontinental movement and pa-
leoenvironments in the region (e.g., Guthrie, 1990).

Those studies and others (e.g., Hoffmann, 1985) have

challenged the early characterization of Beringia as

barren tundra; suggesting instead that this region sup-

ported a diversity of habitats, including steppe-tundra,

taiga, dry upland tundra, and wet lowland tundra (but

see Elias et al., 1996; Guthrie, 2001). Diversification of

red-backed voles appears to be intimately tied to this
dynamic environmental history.

The mitochondrial phylogeny combined with the

fossil record for red-backed voles provides a framework

for assessing the extent and relative timing of coloniza-

tion events. We found three primary clades within the

Clethrionomyini; the Asian clade (Eothenomys); Trans-

beringian clade; and the basal E. melanogaster of Tai-

wan (Fig. 2).
Fossils for Alticola date to the early Middle Pleisto-

cene in the Trans-Baikal region (Gromov and Polyakov,

1977). The earliest fossils of Clethrionomys are from

approximately 2.5 million years ago in France (Chaline

and Graf, 1988) or Moldavia (Gromov and Polyakov,

1977). Hence, an Old World origin for the earliest

species of the genus has been accepted by most
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paleontologists. C. rufocanus (and apparently species of
the genus Eothenomys) was isolated in eastern Asia from

other red-backed vole species by the beginning of the

middle Pleistocene (�700,000 years ago; Chaline and

Graf, 1988).

The earliest colonization of North America was by a

progenitor of C. gapperi. Based on the fossil record, es-

timates of the timing of this first colonization vary con-

siderably, ranging from the early Pleistocene (Repenning
et al., 1990), to the end of the middle Pleistocene (Hib-

bard et al., 1965), to about the Late Irvingtonian/

Rancholabrean (Kurt�en and Anderson, 1980). The close

relationship of eastern North American C. gapperi and

C. glareolus is consistent with Hinton�s (1926, 267)

statement that these species are nearly indistinguishable

morphologically. Earliest Old World fossils of C. glare-

olus are from the early middle Pleistocene of central and
western Europe (Gromov and Polyakov, 1977). Given

the phylogeny for North American species of Clethr-

ionomys, we suspect a late Pliocene/early Pleistocene

colonization of North America by an ancestral form of

C. gapperi that was sister to Alticola. The paraphyletic

relationship of C. gapperi with respect to C. glareolus is

intriguing and suggests the possibility of retention of

ancestral lineages or a secondary colonization of Asia
and Europe by ancestors of C. glareolus.

The colonization pattern for C. rutilus is also not

resolved. The earliest fossils of C. rutilus reported from

Siberia and eastern Asia are from the late Pleistocene

(Gromov and Polyakov, 1977), but this species is not

documented from North America until the Holocene.

This preliminary molecular view of the species indicates

little genetic differentiation across the Bering Straits re-
flecting the Late Pleistocene connection (Bering Land

Bridge) across the continents. Although the existing

fossil record indicates a recent colonization of North

America, larger sample sizes, additional markers, and a

coalescent analysis of genetic variation might allow a

test for a signal of population expansion.

Phylogenetic investigations of several bird taxa (Zink

et al., 1995), voles of the genusMicrotus (Brunhoff et al.,
2003; Conroy and Cook, 2000), marmots (Steppan et al.,

1999), arctic hares (Halanych et al., 1999), and lemmings

(Fedorov, 1999; Fedorov et al., 2003) have begun to

elucidate the relationships of trans-Beringian organisms.

Examination of details of genetic divergence among

these taxa is beginning to provide a view of the relative

timing of colonization or vicariant events. In a few

cases, species suspected to be close relatives based on
morphological characters appear to be only distantly

related based on DNA sequences. For example, Conroy

and Cook (2000) evaluated the narrow-skull voles of the

genus Microtus (subgenus Stenocranius) and concluded

that the Siberian M. gregalis is not closely related to the

New World M. miurus contrary to previous suggestions

of a close sister-taxon relationship.
4.2. Evolutionary relationships of the red-backed voles of

North America

The phylogenetic relationships and geographic limits

of North American species of Clethrionomys have long

been debated (e.g., Bee and Hall, 1956). These species

inhabit boreal biomes and, with the exception of hol-

arctic C. rutilus, are endemic to North America (Fig. 1).

Several investigators have questioned the validity of
particular species pairs based on apparent intergrada-

tion of morphologic and biochemical characters in zones

of contact. For example, although C. rutilus and C.

gapperi are not sister taxa, they are difficult to distin-

guish. These have distinctive biogeographic histories

and have contacted each other within the Holocene

across a broad east/west zone that spans western and

central Canada. Variation in pelage and other mor-
phologic characters is minor (Hall, 1981) and seems to

converge where these species contact (Bee and Hall,

1956; Youngman, 1975). A protein electrophoresis study

(Canham and Cameron, 1972) aimed at distinguishing

C. gapperi and C. rutilus did not equivocally identify

either species. Mitochondrial introgression in a zone of

overlap between these species has been documented in

Southeast Alaska (Runck, 2001). Introgression appar-
ently is not uncommon among species of Clethrionomys

(Grant, 1974; Suzuki et al., 1999; Tegelstr€om, 1987) and

may further complicate the delineation of species in

Clethrionomys.

C. rutilus apparently is a post-glacial colonizer of

North America from Asia based on the fossil record and

close genetic relationships with Far Eastern Siberian

populations (Iwasa et al., 2002, this study). Although
little genetic differentiation exists among populations of

C. rutilus that have been sampled in North America,

substantial phylogeographic structure has been identi-

fied in this red-backed vole species in Asia (Iwasa et al.,

2002). In contrast, C. gapperi has a much longer history

in North America where this species shows significant

phylogeographic structure.

Based on the mitochondrial DNA sequences,
C. gapperi may be paraphyletic with respect to

C. glareolus and C. californicus. Members of the western

clade of C. gapperi are more closely related to C. cali-

fornicus, while the eastern clade forms a sister group

relationship with C. glareolus, a palearctic species. The

position of C. californicus is unresolved. The potentially

close relationship of C. glareolus and C. gapperi has

been previously suspected. Grant (1974) produced hy-
brids between C. gapperi (representative of eastern

clade) and C. glareolus and suggested they were semi-

species. Clearly, more extensive geographic sampling is

needed to understand the significance of the apparent

paraphyly of C. gapperi. The east/west break in

C. gapperi appears to mimic geographic discontinuities

identified in other forest species such as black bear
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(Stone and Cook, 2000; Wooding and Ward, 1997) and
marten (Stone et al., 2002) and other species (e.g., Cook

et al., 2001). Our limited sampling indicates that mem-

bers of the eastern clade apparently spread northward

following the retreating Laurentide ice-sheet (Mac-

Pherson, 1965). In Asia, substantial intraspecific varia-

tion also has been uncovered in C. rufocanus and

C. rutilus (Iwasa et al., 2000, 2002) and some of those

major phylogeographic discontinuities may parallel
breaks found in other taxa (Brunhoff et al., 2003).

4.3. Taxonomy of red-backed voles

This preliminary view of the evolutionary history of

red-backed voles has implications at various taxonomic

levels. Relationships among genera in the Clethriono-

myini are not well resolved, but they apparently form a
closely related clade (Gromov and Polyakov, 1977). Of

all the species of red-backed voles that we analyzed,

Eothenomys melanogaster is the most distinctive. The

paraphyly of species of Clethrionomys, with respect to

Alticola, Phaulomys, and Eothenomys (and paraphyly of

species of Eothenomys with respect to Clethrionomys),

suggests that either these genera as currently circum-

scribed are invalid (and all red-backed voles should be
called Clethrionomys), or that the genus Clethrionomys

should be realigned into at least two distinct genera.

Hooper and Hart (1962) and Corbet (1978, 1984) pre-

viously suggested that Eothenomys was congeneric with

Clethrionomys. Gil€eva et al. (1989) also demonstrated

paraphyly between Clethrionomys and Alticola, but we

included only a single species of Alticola in our analyses.

With respect to these questions, our results expand the
conclusions of Suzuki et al. (1999) who examined evo-

lutionary relationships of three species of Clethrionomys

and four species of Eothenomys from areas surrounding

the Sea of Japan using nuclear ribosomal DNA and the

partial cyt b sequences included in our study.

Collectively, these analyses indicate that Clethriono-

mys, Eothenomys, Phaulomys, and Alticola shared a

common ancestor (i.e., the Clethrionomyini may repre-
sent a monophyletic clade). Within this primary group,

one subclade includes only Eothenomys melanogaster of

Taiwan, another subclade includes Asian species of

Eothenomys, Phaulomys, and Clethrionomys, and a third

is comprised of palearctic Alticola macrotis and C.

glareolus, the holarctic C. rutilus, and the two species of

Clethrionomys endemic to North America. Phaulomys

was proposed to include E. smithii and E. andersoni, but
as noted by Suzuki et al. (1999), E. smithii is apparently

paraphyletic. We suggest that all of these species of red-

backed voles might be placed in the single genus

Clethrionomys (including species of Eothenomys and

Phaulomys). Further, the close relationship between E.

regulus, E. andersoni, C. rufocanus, and P. smithii was

previously identified by Iwasa and Suzuki (2002a) on the
basis sequence variation in the X-linked gene G6pd.
Detailed analyses of the evolutionary relationships of E.

andersoni and P. smithii (reported as E. smithii) were

completed by Iwasa and Suzuki (2002b).

This work has also clarified that C. gapperi is spe-

cifically distinct from C. rutilus, a conclusion that some

investigators had questioned (Bee and Hall, 1956;

Youngman, 1975). Additionally, C. gapperi, as currently

recognized (Hall, 1981) appears to consist of at least two
species.

4.4. Conclusions

These analyses of cyt b data support the monophyly

of a group that includes the red-backed vole genera

Alticola, Clethrionomys, and Eothenomys; however,

Clethrionomys is found to be paraphyletic with respect
to both Alticola and Eothenomys. Three major clades

were identified as Asian (Eothenomys andersoni, E.

smithii, Clethrionomys regulus, C. rex, and C. rufocanus),

Holarctic (Alticola macrotis, C. gapperi, C. glareolus,

and C. rutilus), and Taiwanese (E. melanogaster). Ad-

ditional datasets, especially nuclear DNA, should be

developed to test these conclusions before the taxonomy

is changed to reflect evolutionary relationships. The
distinctive E. melanogaster is based on a mitochondrial

sequence from a single specimen and more individuals

must be sequenced. These results are consistent with the

fossil record which indicates an initial diversification of

red-backed voles in Asia. That diversification was fol-

lowed by colonization eastward across the Bering Straits

on at least two occasions. The holarctic species, C. ru-

tilus, appears to have colonized North America much
more recently (late Pleistocene) than the two species of

Clethrionomys that are endemic to North America. Fi-

nally, C. gapperi, appears to be comprised of two dis-

tinct eastern and western species, the former with

affinities to the Asian C. glareolus and the latter more

closely related to C. californicus of western North

America. This east/west split is comparable to phylog-

eographic patterns discovered in other forest associated
species in North America.
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