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The geographic pattern of mtDNA variation in lemmings from 13 localities throughout the
Eurasian Arctic was studied by using eight restriction enzymes and sequencing of the
cytochrome 4 region. These data are used to reveal the vicariant history of Lemmus, and to
examine the effect of the last glaciation on mtDNA variation by comparing diversity in
formerly glaciated areas to the diversity in non-glaciated areas. Phylogenetic congruence
across different Arctic taxa and association between observed discontinuities, and probable
Pleistocene barriers, suggest that glacial-interglacial periods were crucial in the vicariant
history of Lemmus. Differences in amount of divergence (2.1-9.1%) across different historical
barriers indicate chronologically separate vicariant events during the Quaternary. Populations
from a formerly glaciated area are no less variable than those in the non-glaciated area.
Regardless of glaciation history, no population structure and high haplotype diversity were
found within geographic regions. The lack of population structure indicates that populations
with high ancestral haplotype diversity shifted their distribution during the Holocene, and
that lemmings tracked a changing environment during the Quaternary without reduction of
effective population size.
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INTRODUCTION

Arctic biota underwent dramatic changes during Quaternary glacial-interglacial
periods (Chapin & Kérner, 1994), and these historical processes are reflected in
genes and gene pools of Arctic species. Phylogeography—the analysis of information
integrating allele genealogies, allele frequencies, and geographic distribution of
alleles—provides insight into the historical factors generating extant geographic
patterns of genetic variation (Avise, 1994). By using a phylogeographic approach in
several codistributed species, it is possible to infer some historical processes at the
landscape level (Templeton & Georgiadis, 1996; Zink, 1996). Many Holarctic
phylogeographic studies focus on taxa from Europe or North America (review
Hewitt, 1996), but little is known about phylogeographic structure in species from
the Eurasian Arctic on a continental scale.

There is a pivotal difference in glaciation history between the North American
and the Eurasian parts of Arctic. While isolation in glacial refugia was significant
for genetic differentiation of Arctic species in North America (Bernatchez & Dodson,
1994), and Beringia served as an important refugium (Pielou, 1991), in the Furasian
Arctic the extent of glaciation was limited (Andersen & Borns, 1997) and no glacial
refugia were defined. Palacoecological evidence indicate that Arctic species survived
the Pleistocene glaciations in periglacial areas south of ice sheets in Europe and
western Siberia (Kowalski, 1995) and in the non-glaciated area east of the River
Lena in eastern Siberia (Sher, 1991). Despite the lack of extant geographic barriers
in the Eurasian Arctic, there is evidence for the vicariant events in the dunlin,
Calidris alpina (Wenink et al., 1996), Daphnia pulex (Weider & Hobak, 1997), and the
collared lemming, Dicrostonyx torquatus (Fedorov, Fredga & Jarrell, in press). The
significance of historical isolation is strongly supported if the geographical position
of phylogenetic division is concordant across different taxa (Avise, 1994). Therefore,
phylogeographic studies of additional species are needed to elucidate general trends
in vicariant history of the Eurasian Arctic.

Geographic congruence of phylogenetic splits across different species indicates
past separation by isolating barriers, and thus provides insight into the glaciation
history of landscape. Conversely, the effect of past glaciation on the level of genetic
diversity on a local geographic scale is less evident. It was suggested that populations
living in areas glaciated during the late Pleistocene are genetically less variable than
populations in non-glaciated areas (Sage & Wolft, 1986). Hewitt (1993) showed that
repeated bottlenecking during range expansion into newly available habitats following
glacial retreat, is expected to reduce genetic variation in formerly glaciated areas.
Accordingly, northward latitudinal decrease in genetic variation has been observed
in several taxa (cf. Merild, Bjorklund & Baker, 1997). In contrast, a high level of
mtDNA diversity was reported in microtine rodents from recently glaciated northern
Europe (Tegelstrom, 1987; Jaarola & Tegelstrom, 1995). Equally low mtDNA
diversity was found in the Eurasian populations of the collared lemming irrespective
of glaciation history (Fedorov et al.,, in press). The contrasting glaciation history of
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Figure 1. Map showing the sampling localities (@) and geographic distribution of mtDNA phylogenetic
groups: W, Western group; C, Central group, and E, Eastern group. Locality numbers refer to Material
and Methods and Table 1.

western us. eastern Eurasian Arctic (Sher, 1991) makes it possible to examine the
effect of glaciation on present levels of genetic diversity in different taxa by comparing
intrapopulation genetic diversity between glaciated and non-glaciated regions situated
at similar latitudes and within the same landscape zones.

True lemmings (Lemmus) are Arctic rodents with nearly circumpolar distribution
from the Scandinavian Peninsula to Baffin Island. Although the taxonomy of Lemmus
is controversial, we follow Jarrell & Fredga (1993) in regarding Lemmus from the
Furasian Arctic as three species: L. lemmus on the Scandinavian Peninsula, L. sibiricus
in the Russian Arctic from the White Sea to the north eastern Siberia, and L.
trimucronatus in the north eastern Siberia and North America.

Here we examine mitochondrial DNA phylogeny and diversity in 13 lemming
populations of Lemmus from across the Eurasian Arctic. These data are used for two
purposes. First, the phylogeny is used to examine vicariant history of Lemmus in the
Palearctic and compare the geographic positions of phylogenetic splits across different
Arctic species. Second, we compare mtDNA diversity between populations from
glaciated and non-glaciated parts of the Eurasian Arctic to examine the effect of
the last glaciation on levels of genetic variation, specifically to test the prediction
that populations from formerly glaciated areas are less variable than populations
from non-glaciated areas.

MATERIAL AND METHODS
Collection of specimens

Lemmings were trapped in 13 localities (Fig. 1) during summer of 1994 on the
Swedish—Russian Tundra Ecology Expedition (expedition site numbers are given in
brackets; Fredga et al., 1995):

1. Kola Peninsula (1)
2. Western Yamal Peninsula (5)
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TasLe 1. Number of individuals sampled (z), number of haplotypes observed (M), haplotype (h) and
nucleotide () diversities and their standard errors (SE) in 11 populations of Lemmus from the Palearctic.
Populations and phylogeographic groups are designated as in Figure 1

Geographic
locality n M h SE (%) SE(%)

Deglaciated area
Western group

2 7 7 1.00 0.07 1.089 0.083
3 6 5 0.93 0.12 1.136 0.135
4 6 6 1.00 0.10 0.695 0.101
5 6 5 0.93 0.12 0.790 0.149

Non-glaciated area
Central group

Mainland

7 6 6 1.00 0.10 0.647 0.212
8 6 6 1.00 0.10 0.429 0.108
9 7 6 0.95 0.10 0.623 0.151
Islands

10 6 5 0.93 0.12 0.637 0.189
11 6 4 0.87 0.12 0.122 0.052
12 6 3 0.73 0.16 0.051 0.035
Eastern group

13 7 6 0.93 0.12 0.802 0.148

3. North-Western Taymyr Peninsula (8)
4. Northern Taymyr Peninsula (9)
3. North-Eastern Taymyr Peninsula (10)
6. Olenekskiy Bay (11)
7. Yana Delta (12)
8. North-West of Indigirka Delta (14)
9. West of Kolyma Delta (15a)
10. Kotelnyi Island (13b)
11. Fadeyevskiy Island (13a)
12. South-Western Wrangel Island (17)
13. East of Kolyma Delta (15b).

Numbers of lemmings studied at different localities are given in Table 1. One
specimen was studied from Kola Peninsula (1) and three specimens were studied
from Olenekskiy Bay (6). In Norway lemmings were collected from Finse in autumn
1994 and six specimens were used in the present study. Two specimens from Alaska
(AF5624, and AF10906) were obtained from the Frozen Tissue Collection, University
of Alaska Museum, Fairbanks. One specimen from Kamchatka was obtained from
the colony at the Institute of Plant and Animal Ecology, Yekaterinburg. We removed
the liver, heart, and kidney and stored them at — 70°C until isolation of mtDNA.
The specimens collected during the Tundra Expedition were deposited in the
collections of the Zoological Institute in St. Petersburg, Russia.

MEDNA analyses

Mitochondrial DNA was extracted using the phenol-chloroform method ( Jaarola
& Tegelstrom, 1995). Aliquots of mtDNA from the total of 81 individuals were cut
separately with eight tetranucleotide restriction enzymes: Ddel, Haelll, Hinf1, Hpall,
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Mbol, Rsal, Sau 961, and 7agl. Restriction fragments were separated by electro-
phoresis in 5% polyacrylamide gels and visualized by silver staining (Tegelstrom,
1992). From the fragment profiles generated by each enzyme, we inferred the
presence or absence of specific restriction sites. A hand-drawn minimum network
of site differences among fragment profiles was constructed for each enzyme.
However, the differences between fragment profiles of lemmings from three different
geographic regions (Fig. 1) were so large as to obviate inferences about restriction
site differences. Therefore we sequenced 915 bp fragment of the mitochondrial
cytochrome b gene (cyt ) in eight individuals, one from each selected locality (2, 6,
8, 9, 12, 13, Kamchatka and Alaska) to obtain sequence divergence estimates
between the main phylogeographic groups. The cyt b gene was isolated via PCR
using the primers: L14724B and H15915 (Irwin, Kocher & Wilson, 1991). The
fragments were gel-purified (Wizard kit, Promega Corp.) and then sequenced
with the Sequenase kit (version 2.0, United States Biochemical) according to the
manufacture’s specification except that the primer annealing was done with snapp-
cooling technique (Palumbi ef al., 1991). We applied manual sequencing, using the
following internal primers: universal H15149 (Kocher et al., 1989), and specially
designed: 5’GCCTCCATATTCTT(TC)ATCTG3; 5'TTCTTCGCATTCCA
(TC)TTY; and SATTTTAG)GTAT)TT(AG)TTTTTCCC3’, which correspond
to human positions L15024, L15294, and 115486, respectively. Sequences were
aligned by eye with the cyt 4 of Mus (Bibb et al., 1981). Sequence data have been
deposited with the GenBank Data Library under Accession Nos. AJ012671-
AJO12678.

Data analyses

For sequencing data, estimates of divergence between haplotypes were calculated
by using Kimura’s (1980) two-parameter method, and a neighbour-joining (NJ)
phylogenetic tree (Saitou & Nei, 1987) was constructed from divergence estimates
with the MEGA program (Kumar, Tamura & Nei, 1993).

The following analyses of phylogenetic relationships among haplotypes and
mtDNA diversity within each phylogeographic group are based on restriction
site data. Estimates of nucleotide divergence between haplotypes were calculated
according to Nei (1987) by using the REAP computer package (McElroy ef al.,
1992), and NJ trees were constructed from divergence estimates with the MEGA
program. We estimated haplotype diversity (h), nucleotide diversity (1) within
populations and geographic groups, and nucleotide divergence (daxy) between groups
of haplotypes with correction for intragroup diversity (Nei, 1987) using REAP.
Variances of nucleotide diversity and divergence estimates were obtained by using
jack-knifing over restriction enzymes (Nei & Miller, 1990). To measure geographic
subdivision of mtDNA variation we performed analysis of molecular variance
(Excoffier, Smouse & Quattro, 1992), with minimum number of mutation differences
matrix as input, through the program WINAMOVA (Excoflier, 1993).

RESULTS

For the cyt b sequence, a total of 915 bp was scored, among which 138 sites were
variable. The cyt b sequences were unique for each of the eight individuals examined.
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Figure 2. Neighbour-joining, unrooted tree illustrating phylogenetic relationships among eight mtDNA
haplotypes representing the three main phylogeographic groups (W, C and E) in the Palearctic Lemmus.
The tree is based on the cyt b sequence divergence estimates. Haplotypes are numbered as in Table
2. Locality numbers refer to Fig. 1. Numbers to the left of the nodes are bootstrap percentages from
1000 replications.

TasLE 2. Estimates of the cyt 4 sequence divergence (%, above diagonal) between selected mtDNA
haplotypes in Lemmus and their standard errors (SE %, below diagonal). Haplotypes are designated as

in Figure 2

Haplotype 12 26 24 7 2 8 34 30
12 - 0.71 5.04 4.79 11.08 10.94 4.79 5.43
26 0.29 - 5.30 4.79 11.08 10.94 4.79 4.91
24 0.80 0.83 - 0.47 12.07 11.35 1.43 1.55

7 0.78 0.78 0.24 - 11.50 10.79 1.43 1.55

2 1.24 1.24 1.31 1.27 - 2.90 11.50 11.63

8 1.24 1.24 1.26 1.22 0.60 - 11.36 11.21
34 0.78 0.78 0.42 0.42 1.27 1.26 - 1.31
30 0.84 0.79 0.43 0.43 1.28 1.25 0.40 -

The restriction fragment variation in lemmings within the three phylogeographic
groups (Fig. 1): the Western (W), the Central (C), and the Eastern (E) could be
explained by gain or loss of particular restriction sites. Of the 337 sites studied in
the Western group, 165 were variable; of the 309 sites in the Central group, 132
were variable; and 58 out of 256 sites studied were variable in the Eastern group.
We found 32 different mtDNA haplotypes among the 35 lemmings investigated
from the Western group, 30 haplotypes among the 37 lemmings from the Central
group, and eight haplotypes among nine individuals from the Eastern group. None
of the restriction site haplotypes were shared between the geographic localities. The
binary restriction site data matrices are available from the first author on request.

Phylogenetic relationships among haplotypes

The NJ tree (Fig. 2) based on the cyt 4 sequence divergence estimates (Table 2)
indicates a major (9.1%) difference across the River Kolyma between the Central
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groups us. the Eastern group which includes haplotypes from both sides of the Bering
Strait (Fig. 1). It is noteworthy that within the Central group, the haplotype from
Kamchatka is closely related (1.3%) to the Wrangel Island haplotype (Fig. 2)
despite the present geographic separation by the distribution range of the Eastern
phylogeographic group east of the Kolyma (Fig. 1). Another phylogenetic split (4.3%)
is across the River Lena between haplotypes from the Western and the Central
phylogeographic groups.

The NJ trees (Fig. 3) based on nucleotide divergence estimates from the restriction
site data show phylogenetic relationships among haplotypes within the Western and
the Central phylogeographic groups. There are two tip clades significantly supported
by bootstrap in the Western group and haplotypes from the western Arctic (Norway,
1 and 2) form a monophyletic group (Fig. 3 A). Apart from three clades of haplotypes
from the island populations (10, 11 and 12), no significant phylogenetic clusters are
defined in the Central group (Fig. 3 B). There are no significantly supported clades
of haplotypes in the Eastern group (not shown), and the interpopulation divergence
estimate (daxy) across the Bering Strait, between seven haplotypes from locality 13
and two haplotypes from Alaska, is 0.67% (SE=0.15%). The maximum parsimony
trees (not shown) based on the restriction site data show the same significant
phylogenetic clusters within the main phylogeographic groups.

MDNA diwersity

Four localities (1, 6, Alaska and Kamchatka) had inadequate samples and diversity
analyses in the Norwegian population will be reported elsewhere. With the exception
of the Wrangel Island population (12) intrapopulation haplotype and nucleotide
diversity estimates are generally high (Table 1). The nucleotide diversity estimates
in populations (2, 3, 4 and 5) from the area to the west of the Lena (Fig. 1) which
was glaciated during the last ice age did not differ from the diversity estimates in
populations (7, 8, 9 and 13) from non-glaciated mainland to the east of the Lena
(Table 2; Wilcoxon two-sample test: U=14; two-tailed P>0.10). The nucleotide
diversity estimates in the island populations (10, 11 and 12) were significantly lower
(U=22; two-tailed P=0.05) than those in the all populations studied from the Arctic
mainland.

The levels of subdivision of the mtDNA diversity between populations were
estimated separately within the Western group, excluding Norway and localities 1,
6; and within the Central group by using analysis of molecular variance, which
takes into account both haplotype frequencies and number of restriction site
differences among them (Table 3). Within the Western group, subdivision is significant
and 21% of the total mtDNA variation is distributed among populations. However,
there is no subdivision among the Taymyr population (3, 4 and 5) in the Western
group if the most geographically distant, the Yamal locality 2, is excluded (Table
3). As expected from the haplotype phylogeny in the Central group (Fig. 3 B),
subdivision among all populations is high, 82% of total variation is allocated among
populations. This subdivision reflects high degree of differentiation of the island
populations (10, 11 and 12) and appears insignificant among the mainland populations
(7, 8 and 9) if the island localities are excluded (Table 3). Similarly, interpopulation
nucleotide divergence estimates (daxy), corrected for intrapopulation diversity, in-
dicate no net divergence among the Taymyr populations (3, 4 and 5; Table 4) and
among the mainland populations (7, 8 and 9) in the Central group (Table 5).



364

V. FEDOROV ET AL.

16 N TAYMYR 4

17 ETAYMYR 5
100

25

94 |OLENEKS
26
23 E TAYMYR 5

32

29
100 30
27

99

YAMAL 2
91 11

13 W TAYMYR 3

L{ Eg ]YAMAL2
20 E TAYMYR 5

19 N TAYMYR 4
15W TAYMYR 3
21 ETAYMYR §
14 W TAYMYR 3

7N TAYMYR 4

8 :|WTAYMYR3
6

p 5 ]NTAYMYR4
22 ETAYMYRS5
18 N TAYMYR 4

0.01

I3YANAT7
4 INDIGIRKA 8

3
1 FADEYEVSKIY
21 ISLAND 11

2
6 INDIGIRKA 8
8 WKOLYMA 9
12YANA7

KOTELNYI
ISLAND 10

100 [ 30

15 W KOLYMA 9

18 YANA 7
7
9 J W KOLYMA 9
27
24
ﬁzg INDIGIRKA 8
23
14] YANA 7
11
26 W KOLYMA 9
5 INDIGIRKA 8
L j0vANA7
| |
0 0.01

31KOLA 1

28

NORWAY

WRANGEL

T72° | ISLAND 12
28

Figure 3. Neighbour-joining, unrooted trees illustrating phylogenetic relationships (A) among 32
mtDNA haplotypes in Lemmus from the Western group, and (B) among 30 haplotypes from the Central
group. The trees are based on restriction site data. Numbers to the left of the nodes are bootstrap
percentages from 500 replications. Locality numbers refer to Fig. 1.
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TasLE 3. Analysis of molecular variance (AMOVA) within and among populations of Lemmus from
the Eurasian Arctic. P, the significance level, is the proportion of 1000 permutation results larger than
the observed estimate ®st

Variance component Variance % total P (more extreme Pst
value)

Western Group

Among populations (2-5) 2.409 20.73 0.002 0.207
Within populations 9.211 79.27

Among populations (3, 4, 5) —0.130 —1.52 0.611 —~0.015
Within populations 8.667 101.52

Central Group

Among populations (7-12) 9.484 81.95 <0.001 0.819
Within populations 2.089 18.05

Among populations (7, 8, 9) —0.049 ~1.40 0.545 —0.014
Within populations 3.537 101.40

TaBLE 4. Estimates of mtDNA sequence divergence (daxy %, above diagonal) between populations of
Lemmus from the Western group corrected for intrapopulation diversity and their standard errors
(SE %, below diagonal). Populations are designated as in Figure 1

Population Norway + 1 2 3 4 5 6

Norway + 1 - 2.10 2.26 2.44 2.54 3.20
2 0.33 - 0.35 0.55 0.57 1.18
3 0.30 0.04 - —0.04 0.04 0.67
4 0.38 0.11 0.01 - —0.04 0.55
5 0.41 0.14 0.03 0.02 — 0.35
6 0.48 0.28 0.23 0.17 0.14 -

TasrE 5. Estimates of mtDNA sequence divergence (daxy %, above diagonal) between populations of
Lemmus from the Central group corrected for intrapopulation diversity and their standard errors
(SE %, below diagonal). Populations are designated as in Figure 1

Population 7 8 9 10 11 12

7 — 0.01 -0.02 0.73 0.55 2.09
8 0.01 - 0.01 0.86 0.60 2.19
9 0.01 0.02 — 0.73 0.63 2.04
10 0.28 0.31 0.30 — 1.05 2.42
11 0.21 0.21 0.22 0.28 — 2.66
12 0.26 0.32 0.23 0.28 0.44 —

Analysis of molecular variance and the divergence estimates show that no mtDNA
variation is allocated among the populations within each region: recently glaciated
Taymyr (3, 4 and 5) and non-glaciated mainland (7, 8 and 9) between Rivers Lena
and Kolyma. As haplotype diversity estimates within each region are equally high,
0.99, the lack of differentiation among populations means that pairs of haplotypes
from the same population have no less divergent sequences than pairs of haplotypes
from separate populations within the same region. This lack of population structure
allows us to compare total nucleotide diversity estimates calculated for all individuals
sampled in each of these areas with contrasting glaciation history: 7 =0.864% (SE =
0.101%, n=18) in the Taymyr populations vs. 1=0.569% (SE=0.138%, n=19) in
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the populations from the Lena-Kolyma coast. Remarkably, the nucleotide diversity
estimate in formerly glaciated area tends to exceed that in non-glaciated area, but
the difference is not significant (Student’s ¢=1.73, two-tailed 0.10>P>0.05).

DISCUSSION
Phylogeography of Lemmus

This study shows that the major phylogenetic split in Lemmus occurs at the River
Kolyma. Phylogenetic discontinuities in the Kolyma river area were revealed by
mtDNA analysis in the other taxa studied in this area: the dunlin, Calidns alpina
(Wenink et al., 1996; Wennerberg ¢t al., in press), and the collared lemming, Dicrostonyx
torquatus (Fedorov et al., in press). The topological congruence across different taxa
can be taken as evidence for a shared history of vicariance due to a possible historical
barrier in the Kolyma river area. However, there is a difference in the magnitude
of this divergence: 9.1% of the cyt b sequence divergence in Lemmus versus 1.1% of
divergence from restriction site analysis of a complete mtDNA in the collared
lemming (Fedorov et al., in press) and 1.2% of the control region sequence divergence
in the dunlin (Wenink et al., 1996). It is unlikely that this large difference is only
due to divergence rate variation between different parts of the mitochondrial genome
or/and between different taxa. This contrast in divergence estimates probably
indicates temporal incongruence in the history of vicariance and implies that the
time of divergence is longer in Lemmus than in the two other taxa. This contrast
prompted us to take a closer look at Lemmus phylogeography in Beringia, the area
that included the Asian mainland to the east of the Kolyma, Wrangel Island,
Kamchatka, and stretching into Alaska. Due to eustatic lowering of sea-level during
the glacial periods, all these areas in combination with the exposed continental shelf
formed a single ice-free land-mass (Hopkins, 1982). The land connection was
submerged most recently around 11 kyr BP (Elias ¢f al., 1996). Two phylogeographic
findings allow some inferences concerning the history of Lemmus in the Beringia.
First, despite the present geographic discontinuity, the haplotype from Wrangel
Island is closely related to the haplotype from Kamchatka and both of them belong
to the Central phylogeographic group (Figs 1, 2). Second, the haplotypes from the
Eastern phylogeographic group are closely related to each other across the Bering
Strait and distributed on the Asian mainland between Wrangel Island and Kam-
chatka. We suggest the following explanation for this pattern: during the late
Pleistocene, lemmings in the Asian part of the Beringia shifted their range southward
but the Wrangel Island population remained i situ. The range contraction was
followed by range expansion by lemmings from Alaska via the Bering land bridge
into unoccupied area in the north east of the Asian mainland. This implies that,
the main phylogenetic division in Lemmus, like in number of taxa (cf. Fedorov ef al.,
in press), had resulted from isolation by intermittent inundation of the Bering Strait,
as was suggested on morphological evidence ( Jarrell & Fredga, 1993). The geographic
position of this division moved to the Kolyma in the course of westward range
expansion from Alaska across the Bering land bridge in the late Pleistocene. The
oldest Lemmus fossils are from the early Pleistocene on both sides of the Bering Strait
(cf. Chernyavsky et al., 1993), and isolation during this amount of time (about 2 Myr)
might result in the high divergence estimate obtained from the cyt 4 region (cf.
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Martin & Palumbi, 1993). The main split in mtDNA phylogeny is consistent with
current Lemmus taxonomy (Chernyavsky et al., 1993; Jarrell & Fredga, 1993) and
indicates that division between the Palearctic L. sibiricus and the essentially Nearctic
L. trnimucronatus is at the Kolyma.

The second major mtDNA division separating the Central and the Western
phylogeographic groups was found at the Lena (Figs 1, 2). A phylogenetic discontinuity
in this area was also found in the collared lemming, Dicrostonyx (Fedorov et al., in
press). Allozyme data from 19 loci studied in Lemmus showed genetic division in the
same geographic area (Fedorov et al., unpublished). Thus, both congruence across
different taxa and concordance across different gene genealogies within Lemmus,
support the significance of historical separation in the Lena river area. Although
the extent of the Pleistocene glaciation was limited in this part of the Siberian Arctic,
an ice sheet on the Verkhoyansky Mountain Ridge (Andersen & Borns, 1997), in
combination with the ice sheet centered on the East Siberian shelf (Grosswald ef al.,
1992) might be the cause of the historical barrier at the Lena. The 4.3% of the cyt
b sequence divergence across the river suggests that separation between the Western
and the Central phylogeographic groups occurred prior to. the last glaciation
(Weichsel, 115-10 kyr BP, Andersen & Borns, 1997). This deep phylogenetic division
within L. sibiricus is not reflected in current taxonomy (Chernyavsky et al., 1993;
Jarrell & Fredga, 1993).

Lemmings of the Western phylogeographic group are distributed over a vast area
of the Eurasian Arctic, from Scandinavia to the Lena (Fig. 1). Within this group,
the haplotypes from the Scandinavian Peninsula (Norway and 1) form a monophyletic
clade supported significantly by the bootstrap test (Fig. 3A). The geographic gap in
sampling between localities 1 and 2 does not allow us to distinguish the effects of
historical factors vs. isolation by distance through statistical testing. Nevertheless, the
estimate of nucleotide divergence between the Scandinavian group (Norway and 1)
and the population (2) from Yamal is four times larger than divergence estimate
(Table 4) between the Yamal population (2) and the N. Taymyr population (4)
which are separated by the same geographic distance, and the difference in divergence
is statistically significant (Student’s t=4.43; two-tailed P<0.001). Thus, isolation by
distance alone cannot explain geographical association among evolutionary-related
haplotypes in Scandinavia. This implies that historical events were probably im-
portant for the genetic discontinuity between the populations from Scandinavia and
western Siberia. Thus, lemmings from Scandinavia represent a phylogenetic group
with an unique evolutionary history, and this group has been regarded, primarily
on the basis of coat color, as a distinct species, L. lemmus (cf. Jarrell & Fredga, 1993).

Analysis of molecular variance (Table 3) among populations (2, 3, 4 and 5) in
the Western phylogeographic group reveals significant division between the Yamal
population (2) vs. the Taymyr populations (3, 4 and 5). The phylogenetic tree (Fig.
3 A) shows that the sample from Yamal is composed of lemmings with haplotypes
from two different clades. This may indicate that the Yamal population (2) consists
of a mixture of two previously separated mtDNA lineages. Similarly, a mixture of
two distinct mtDNA lineages was found in the Yamal population of the dunlin
(Wenink et al., 1996). A mtDNA discontinuity between the Yamal and the Taymyr
populations of the collared lemming (Fedorov ef al, in press) suggests that the
glaciation barrier in this area might have caused the divergence between presently
mixed mtDNA lineages in the Yamal populations of both Lemmus and the dunlin.

The phylogenetic discontinuities revealed in Lemmus and the geographic con-
gruence of these discontinuities across different taxa are evidence for the importance
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of vicariant events in the Eurasian Arctic. The association between observed genetic
discontinuities and probable Pleistocene barriers suggests that glacial-interglacial
periods were crucial in the vicariant history of Arctic species, as it has been suggested
for a number of taxa (Hewitt, 1996). However, differences in the amount of
divergence across different historical barriers in Lemmus indicate chronologically
separate vicariant events in this genus during the Quaternary.

MtDNA dwersity

Inconsistent with the traditional view (Sage & Wollfl, 1986), populations of the
Lemmus living in areas covered by ice during the last glaciation are no less variable
than populations in non-glaciated areas. On the contrary, the mtDNA nucleotide
diversity estimate within formerly glaciated region tends to be higher than the
estimate within non-glaciated area of the Siberian mainland. This may indicate that
lemmings colonized deglaciated areas without reduction of effective population size
from genetically variable, periglacial populations, as has been suggested for Arctic
plants (Gabrielsen et al., 1997). It follows from the phylogeography analysis in the
Western group that mixing of mtDNA lineages from previously separated gene
pools may have actually increased nucleotide diversity in some populations (2, 3
and 5; Table 1, Fig. 3 A) from formerly glaciated areas.

Similar to other taxa (Frankham, 1997), mtDNA nucleotide diversity estimates in
the island populations of Lemmus are lower than those in the mainland populations.
In contrast to the mainland, haplotypes from each of the island populations represent
a monophyletic group (Fig. 3B). Because these islands were isolated from the
mainland by rising sea levels 11-9.5 kyr BP (estimate for the Chukchi Sea, Elias et
al., 1996), we assume that isolation over the Holocene caused lower intrapopulation
diversity and phylogenetic distinctiveness of the island populations.

Regardless of glaciation history, no mtDNA variation is allocated among popu-
lations within each of geographic areas of a similar size on the mainland: the Taymyr
Peninsula (3, 4 and 5) and the area between Rivers Lena and Kolyma (7, 8 and 9).
Haplotype diversity is high, and the lack of differentiation among populations means
that pairs of haplotypes from the same population have no more similar sequences
than pairs of haplotypes from separate populations within the same region. There
are two explanations for the lack of mtDNA population structure within two large
geographic regions: intensive ongoing gene flow or/and recent invasion of the
regions due to distribution shift of populations with high ancestral haplotype diversity.
Ongoing gene flow alone seems to be an unlikely explanation for two reasons. First,
significantly restricted mtDNA gene flow among density fluctuating populations of
microtine rodents was reported by Stacy et al. (1997) over distances two orders of
magnitude smaller than the distances separating these Lemmus populations. Second,
low but statistically significant Fgp values (0.049-0.069) from allozyme allele fre-
quencies (Fedorov ef al., unpublished) indicate restricted ongoing gene flow among
the same Lemmus populations within each region. We suggest that the lack of
population structure in mtDNA within geographic regions with contrasting glaciation
histories has primarily resulted from distribution shifts of populations with high
ancestral haplotype diversity during the Holocene. This hypothesis could be tested
by estimating differences in haplotype frequency—instead of haplotype phylogeny—
between the populations using other mtDNA markers with moderate haplotype
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diversity. We would then predict a significant differentiation in mtDNA haplotype
frequencies among the localities. Some support, although not very firm, for this
hypothesis comes from observations that lemmings have shifted their distribution
range more than 300 km northward in Taymyr (Sdobnikov, 1957) since the end of
the Little Ice Age in 1840 (Overpeck et al., 1997). Also, periodic range expansions
have been documented in L. lemmus from Fennoscandia (Henttonen & Kaikusalo,
1993). Our results suggest that in the Siberian Arctic, lemmings tracked a changing
environment during the Quaternary by shifting their distribution, as has been shown
for a number of beetle species (Coope, 1994).
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