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Variation in the nucleotide sequence of the mitochondrial cytochrome b region (804 bp) was examined for 24 individuals 
of collared lemmings Dicrostonyx sampled over the circumpolar distribution range of this genus. The mtDNA phylogeny 
supports the division of Dicrostonyx into four species suggested on the basis of karyotypes and hybridisation experiments, 
the Eurasian D. torquatus and the North American D. groenlundicus, D. hudsonius and D. richardsoni. The interspecific 
divergence estimates (mean 4.89 YO) suggest that radiation took place during the Pleistocene and gives support for the 
importance of vicariant events generated by the glacial-interglacial periods for speciation in the chromosomally variable 
Dicrostonyx. The monophyly of the North America species group indicates one dispersion event across the Bering Land 
Bridge and does not support the hypothesis that the morphologically primitive D. hudsonius is a relict of an earlier 
invasion from Eurasia while D. groenlundicus represents a later dispersion event. The division of the North America D. 
groenlandicus in the two phylogeographic groups with limited divergence (0.63 %I) across the Mackenzie river is consistent 
with separation of this species in more than one refugial area located to the north west of the Laurentide ice sheet during 
the last glaciation. Within the Eurasian D. torquatus, the group of haplotypes from the area to the east of the Kolyma 
river has the basal position. This gives support for the importance of the Asian Beringia as a refugial area for the tundra 
specialist, D. torquatus, during one of the warm interglacials in the late Pleistocene. 
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Pleistocene glaciations were suggested as important 
events promoting speciation in vertebrates (MAYR 
1 970): glacial advances provided geographic barriers 
generating intraspecific divergence, and the separated 
gene pools were protected from mixing by hybrid 
zones during interglacials leading to allopatric specia- 
tion (HEWITT 1996). However, molecular systematic 
studies in passerine birds claimed no increase in 
speciation rates during the Pleistocene (ZINK and 
SLOWINSKI 1999, rather, mtDNA divergence esti- 
mates among North American songbirds suggest that 
the Pleistocene glaciations favoured diversification at 
the intraspecific level but did not promote speciation 
(KLICKA and ZINK 1997). This conclusion has re- 
cently come under challenge from reinterpretation of 
mtDNA phylogeographic patterns in birds suggesting 
that Pleistocene conditions did play an important role 
both in initiating intraspecific divergence, and in 
completing speciations that had been inaugurated 
earlier (AVISE and WALKER 1998). Thus, the impor- 
tance of the Pleistocene glaciations in speciation of 
vertebrates is currently under debate. 

Taxa with circumpolar distribution in the recently 
glaciated Arctic offer an opportunity to study the 
effect of the Pleistocene glaciations on speciation and 
intraspecific genetic divergence since, in contrast to 

North America Arctic, where the Pleistocene glacia- 
tions were extensive, the extent of glaciation was 
limited in the Eurasian Arctic (ANDERSEN and 
BORNS 1997). Hence, the contrasting glaciation his- 
tory of North America and Eurasian parts of the 
Arctic makes it possible to examine the effect of the 
glaciation itself on levels of genetic divergence within 
the same genus by comparing divergence estimates 
across two continents. 

Collared lemmings (Dicrostonyx) are Arctic ro- 
dents with circumpolar distribution. Although the 
taxonomy of Dicrostonyx is controversial, collared 
lemmings are currently regarded as three North 
American species: D. groenlandicus, D.  richardsoni, 
and D. hudsonius and one Eurasian species, D. 
torquatus (cf. JARRELL and FREDGA 1993; EN- 
GSTROM et al. 1993; BEREND et al. 1997). These 
species have been recognised on the basis of kary- 
otypes and hybridisation experiments (SCOTT and 
FISHER 1983; ENGSTROM et al. 1993; cf. JARRELL 
and FREDGA 1993; BEREND et al. 1997). Relatively 
high species diversity in the extensively glaciated 
North American Arctic suggests the importance of 
the Pleistocene glaciations for the speciation in Di- 
crostonyx. Accordingly, allopatric isolation in differ- 
ent glacial refugia was suggested as an important 
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factor for diversification in this genus in North Amer- 
ica (RAUSCH 1980; cf. EGER 1995). However, except 
for mtDNA study in laboratory populations of D. 
groenlandicus and D. richardsoni (ENGSTROM et al. 
1993), the phylogenetic relationships and the timing 
of speciation events are unknown. 

Compared to other mammals, the fossil record of 
Dicrostonyx demonstrate an extraordinary rate of 
increase in molar complexity during the Pleistocene 
(GUTHRIE and MATTHEWS 1971). In contrast, extant 
species of Dicrostonyx are morphologically similar, 
and only D. hudsonius is distinguished on the basis of 
molar morphology (AGADJANYAN 1976). The molar 
structure of D. hudsonius is simpler than in other 
extant species and similar to a relatively primitive 
dental pattern of extinct D. simplicior distributed over 
the Holarctic in the middle Pleistocene (ZAZHIGIN 
1976; cf. EGER 1995). On the basis of this similarity, 
it was suggested that the North American D. hudso- 
nius is a relict of earlier dispersion event from the 
Eurasia while other North American Dicrostonyx 
species represent a later invasion across the Bering 
land bridge (GUILDAY 1963; RAUSCH 1980). This 
hypothesis implies that the North American D. 
groenlandicus, D. richardsoni and the Eurasian D. 
torquatus form a monophyletic group relatively D. 
hudsonius. Alternatively, there could have been a 
single dispersal event from Eurasia, the separation 
between D. hudsonius and other North American 
Dicrostonyx species resulting from vicariance due to 
isolation by the glacial barrier in the late Pleistocene 
(CHALINE 1987). The phylogenetic expectation under 
this scenario is that all North American species, 
including D. hudsonius, represent a monophyletic 
group relative to the Eurasian D. torquatus. 

Apart from speciation, the isolation by the Pleis- 
tocene glacial barriers generated genetic diversifica- 
tion on intraspecies level (HEWITT 1996). In North 
America, MACPHERSON (1 965) suggested that D. 
groenlandicus survived the last glaciation in two dif- 
ferent refugia: the Eastern Beringia refugium included 
large ice-free area in Alaska, on the one hand, and 
the non-glaciated parts of the Central Canadian Arc- 
tic Islands and coastal Greenland, on the other hand. 
Thus, more than one phylogeographic group could be 
expected within the present distribution range of D. 
groenlandicus. 

In Eurasia, a shallow phylogeny in D. torquatus 
suggests contraction of the distribution range of this 
species to a single refugium, probably, due to warm- 
ing events during one of the interglacials, followed by 
dispersion (FEDOROV 1999; FEDOROV et al. 1999a). 
The geographic position of the interglacial refugium 
was not identified but it may be located by using 
phylogenetic reconstruction rooted to an outgroup. 

The geographic distribution range of the basal phylo- 
genetic group in D. torquatus is expected to corre- 
spond to the geographic location of the interglacial 
refugium. 

In this study we reconstruct mtDNA phylogeny in 
Dicrostonyx over the circumpolar distribution range 
of this genus. The phylogenetic reconstruction is used 
for four purposes. First, to reveal phylogenetic rela- 
tionships and divergence estimates among extant spe- 
cies of Dicrostonyx in order to examine possible effect 
of the Pleistocene glaciations on speciation in this 
genus. Second, to test biogeographical hypotheses 
based on morphological data: two dispersion events 
vs. one dispersion event from Eurasia to North 
America. Third, to test the hypothesis of isolation D. 
groenlandicus in more than one refugium during the 
last glaciation. Fourth, to locate the geographic posi- 
tion of the interglacial refugium for the Eurasian D. 
torquatus. 

MATERIALS AND METHODS 

Specimens examined 

A total of 24 collared lemmings collected from 18 
localities around the North Pole were used for 
mtDNA sequencing study (Fig. 1). One specimen of 
the bank vole Clethrionomys glareolus from central 

Fig. 1. Map showing the sampling localities in collared 
lemmings, Dicvostonyx. 
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Sweden was included as an outgroup. Lemmings were 
collected in the Eurasian Arctic during the summer of 
1994 on the Swedish-Russian Tundra Ecology Expe- 
dition (localities 1-8). Specimens from Alaska 
(AF15732, AF22142, and AF22172; localities 9, lo) 
and Canada (localities 1 I - 16) were obtained from 
the Frozen Tissue Collection, University of Alaska 
Museum and from the Division of Zoology, Univer- 
sity of Oslo respectively. Three specimens from 
Labrador (MVZ5163, MVZ5164, and MVZ5165; lo- 
cality 17) were obtained from Museum of Vertebrate 
Zoology, University of California. In north east 
Greenland (locality 18) lemmings were collected in 
the summer of 1995. Low mtDNA diversity has 
previously been found within the populations and the 
geographic regions in the Eurasian Arctic (n = 0.00- 
0.13 %I, RFLP data; localities 1-6; FEDOROV et al. 
1999a), north east Greenland (n = 0.02 %), RFLP 
data; locality 18; unpublished), and the Canadian 
Arctic (localities 12-16; EHRICH et al., in prepara- 
tion). For the study on a circumpolar scale one 
individual from each of these localities was examined. 
Depending on the number of samples available, we 
studied froin one to three specimens in localities with 
relatively high (7, 8, and 1 I )  or unknown (9, 10, and 
17) levels of intrapopulation mtDNA diversity. Se- 
quences for 13 collared lemmings (2, 3, 6, 7a, 8, 
10-14, and 16) are used elsewhere (FEDOROV 1999; 
EHRICH et al., in preparation). Sequences have been 
deposited with the GenBank Data Library under 
Accession Nos. AJ131439-AJ 131444; AJ 238421-AJ 
238438. 

DNA extraction, ampl$cufion, and sequencing 

DNA was extracted from frozen or alcohol preserved 
liver samples by using proteinase K digestion, NaCl 
precipitation of proteins, and DNA precipitation 
with isopropanol following a protocol modified from 
MILLER et al. (1988). The mitochondria1 cytochrome 
b gene was amplified by the polymerase chain reac- 
tion using the primers: L14724B and H15915 (IRWIN 
et al. 1991). The PCR products were gel-purified 
(Wizard kit, Promega Corp.) and then sequenced 
with the Sequenase kit (version 2.0; United States 
Biochemical) according to the manufacturer‘s specifi- 
cation, except that the primer annealing was done 
with snap-cooling technique (PALUMBI et al. 1991). 
We used manual sequencing with the following inter- 
nal primers: universal H 15 149 (KOCHER et al. 1989), 
and specially designed: S’GCCTCCATATTCT- 
T(TC)ATCTG3’; 5’TTCTTCGCATTCCA(TC)TT3’; 
5’ATTTT(AG)GT(AT)TT(AG)TTTTTCCC3’, which 
correspond to human positions L15024, L15294, and 
L15486, respectively. Sequences were aligned by eye 
with the cyt h of Mus (BIBB et al. 1981). 

Data analyses 

Sequence variation and substitution pattern were ex- 
amined using the program MEGA version 1.01 (Ku- 
MAR et al. 1993). Kimura 2-parameter distances, 
Jukes-Cantor distances, and uncorrected p-distances 
were calculated among haplotypes and a neighbor- 
joining (NJ) phylogenetic tree was constructed from 
distance estimates with the MEGA program. Dis- 
tances were calculated including both transversions 
and transitions and missing sites were completely 
excluded. Significance of the branch lengths of the NJ 
tree was tested by the standart error test (RZHETSKY 
and NEI 1992). Maximum-likelihood phylogenetic re- 
constructions were carried out with the Phylip 3.5 
DNAML program (FELSENSTEIN 1993), using empir- 
ical base composition and transition/transversion 
(6: 1) biases. Estimates of nucleotide diversity (n) 
within groups, nucleotide divergence (dxy, daxy) 
among species and groups of haplotypes and their 
variances were calculated according to NEI ( 1  987). 

RESULTS 

Compositional biases and sequence variation 

Excluding missing sites, a total of 804 bp of the 
cytochrome b gene were scored for the 24 Di- 
crostonyx specimens. Nucleotide composition and the 
substitution patterns are typical for mammalian cy- 
tochrome b gene (IRWIN et al. 1991). There is a low 
level of guanines in the overall composition of the 
light strand (13.5 YI), especially in third positions 
(3.4‘%), but least so in first positions (23.7%). Ob- 
served substitutions are not evenly distributed, but 
are most abundant at third positions and least abun- 
dant at second positions. Among the 24 Dicrostonyx 
sequences, 85 variable sites of 97 (88 YO) are at  the 
third position of the codon, while 10 (10 (%) sites are 
at the first, and only 2 (2%) are at the second. 

Phylogenetic relationships among species 

The proportion of site differences (p), Jukes-Cantor 
and Kimura 2-parameter distances gave similar val- 
ues for divergence estimates among the 24 Di- 
crostonyx haplotypes (data not shown). The highest 
p-distance value is 7 %, and this value gives no indi- 
cation for multiple substitutions (NEI 1987). The NJ 
tree (Fig. 2) rooted to the distant outgroup is based 
on Kimura 2-parameter distances. Divergence esti- 
mates among species and groups of haplotypes within 
Dicrostonyx as well as nucleotide diversity estimates 
were calculated with the Jukes-Cantor correction be- 
cause it has a smaller variance (KUMAR et al. 1993). 

The NJ  tree (Fig. 2) shows that except for D.  
richardsoni, for which we analysed only single speci- 



304 V. B. Fedorou and A .  V. Goropushnuya Hereditas 130 (1 999) 

N. AMERICA 

LIB 1 
groenlandicus 

- 

1 

I outgroup - 
0 .01 

Fig. 2. Neighbour-joining tree illustrating phylogenetic re- 
lationships among 24 mtDNA haplotypes observed in col- 
lared lemmings, Dicrostonyx. The tree is based on the 
cytochrome b sequence data. Haplotypes are numbered 
according to the sampling localities as in Fig. 1. Numbers 
to the left of the nodes are percentages of the confidence 
probability obtained from the standard error test. 

men, each species represents monophyletic group 
with good support from the standart error test. The 
North American D. groenlundicus, D.  richardsoni and 
D. hudsonius form a well supported monophyletic 
group relative to the Eurasian D. torquutus. The same 
tree topology was obtained with maximum likelihood 
searches (not shown). 

Interspecies divergence and timing of speciution 

The divergence estimates calculated as the average 
pairwise Jukes-Cantor distances among all haplo- 
types across each pair of species (dxy; Table 1) may 
be used to obtain estimates of the timing of specia- 
tion. It has been recently shown that the divergence 
rate of the rodent cytochrome h for third-position 
transversions is 1.87-2.55 '%I per myr (SMITH 1998; 
LESSA and COOK 1998). The average divergency esti- 
mate for third-position transversions between D. 
torquatus and D. groenlmdicus is 2.4 '% (95 %) CI: 
2.3-2.5 %I). This gives time estimate of about 1 myr 
for the division across the Bering Strait and suggests 
that the divergence rate for all nucleotide substitu- 

tions in the cytochrome b region is about 7 [Yo per myr 
(Table I) .  This time estimate does not contradict the 
timing obtained from the fossil record and the same 
divergence rate was used for the restriction fragment 
data from a complete nitDNA genome in Di- 
crostonyx (FEDOROV et al. 1999a). The average diver- 
gence estimate for the three North American species 
is 3.6 % (0.65 I%, SE) which, applying the rate of 7 '%I 

myr, suggests an average divergence time of about 
500 kyr. 

intruspecijic phylogeogruphy 

There are only two clades of haplotypes well sup- 
ported by the standard error test within D. groen- 
landicus (Fig. 2). One clade includes haplotypes from 
North West Alaska (localities 10, 11); haplotypes 
from the Central Canadian Arctic (localities 12- 14, 
and 16) and North East Greenland (locality 18) form 
another clade. None of the well supported clades 
includes the two haplotypes from Wrangel Island (8) 
and east Alaska (9). The phylogenetic division be- 
tween the two phylogeographic groups is at the 
Mackenzie river (Fig. 1). The average divergence 
between the groups (daxy) is 0.63% (0.43%, SE) 
which gives the time of separation at around 100 kyr. 
Despite the imprecision of this estimate, it suggests 
that the two phylogeographic groups in D. groen- 
landicus were separated during the late Pleistocene. 

Within the Eurasian D. torquutus clade, the group 
of haplotypes from the Asian part of Beringia (local- 
ity 7, Fig. 1) has a basal position (Fig. 2). The 
average divergence (TC) among all haplotypes in D. 
torquutus is 1.04 '% (0.13 YO, SE) and this estimate is 
not significantly different (t = 0.96, P =. 0.10, Student 
t-test) from 1.23 o/o (0.15 %, SE), the average diver- 
gence among all haplotypes in D. groenlandicus. The 
similarity in the average divergence estimates indi- 
cates the similar time of subdivision within the 
Eurasian D.  torquutus and the North America D. 
groenlandicus. 

Table 1 .  Estimates qf' the cytochrome h sequence di- 
vergence (dxy) umong species o j  collured lemmings, 
Dicrostonyx, and their standurd errors (SE) 

Species dxy (!Xu) SE (%) 

D. torquatus vs. D. groenlandicus 6.78 0.92 
D. torquatus vs. D. richardsoni 6.90 2.17 
D. torquatus vs. D. hudsonius 4.86 1.19 
D. groenlandicus vs. D. richurdsoni 2.33 0.68 
D. groenlandicus vs. D. hudsonius 3.98 0.90 
D. richardsoni vs. D. hudsonius 4.47 2.21 
Mean 4.89 0.71 
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DISCUSSION 

Pattern and timing of speciation 

This study shows that the main phylogenetic split in 
Dicrostonyx is at  the Bering Strait as was previously 
revealed by the mtDNA restriction fragment analysis 
on a smaller data set (FEDOROV et al. 1999a). The 
divergence estimate suggests that, despite the Bering 
Land Bridge, the Eurasian and North American phy- 
logenetic groups were separated at least since the mid 
Pleistocene. The well supported monophyly of the 
North American species group indicates one disper- 
sion event across the Bering Land Bridge, and so 
does not support the hypothesis that the morphologi- 
cally primitive D. hudsonius is a relict of an earlier 
invasion from Eurasia while D. groenlandicus repre- 
sents a later dispersion event (GUILDAY 1963; 
RAUSCH 1980). Thus, the mtDNA phylogeny does 
not support the phylogenetic relationships based on 
molar morphology (ZAZHIGIN 1976). This lack of 
concordance indicates that the morphological similar- 
ity between the Eurasian D. torquatus and the North 
American D. groenlundicus resulted from convergent 
morphological evolution on both sides of the Bering 
Strait. 

The mtDNA phylogeny supports the division of 
Dicrostonyx into the four species suggested on the 
basis of karyotypes and hybridisation experiments 
(cf. JARRELL and FREDGA 1993; SCOTT and FISHER 
1983; ENGSTROM et al. 1993; BEREND et al. 1997), 
the Eurasian D. torguatus and the North American 
D. groenlandicus, D. hudsonius and D. richardsoni. 
The divergence estimates indicate that radiation took 
place during the Pleistocene and support the impor- 
tance of the glacial-interglacial periods for speciation 
in this genus. The main phylogenetic division between 
the Eurasian D. torquatus and the North American 
group of species had resulted from isolation by inter- 
mittent inundation of the Bering Strait during the 
interglacial periods (FEDOROV et al. 1999a). In North 
America the following glacial vicariant separation in 
three refugial areas probably generated the extant 
species diversity, D. groenlundicus evolved in ice-free 
areas to the north west of the Laurentide ice sheet, 
whereas D. hudsonius and D. richardsoni likely 
derived from the southeastern and southwestern 
periglacial areas, respectively (MACPHERSON 1965; 
CHALINE 1987; ENGSTROM et al. 1993; EGER 1995). 
However, the estimate of divergence among the three 
North America species suggests that the vicariant 
events predated the last glaciation (Wisconsin; 10- 
1 1  5 kyr; ANDERSEN and BORNS 1997). 

The average divergence estiinate among Di-  

di"cr-jience On i n L r z , s p o c i e s  level in  o c h e r  r'xlellts <cf 
c ~ o . s f o , z ~ ~ . ~  species is within the ~-irnge o f  nltDNA 

HEWITT 1996; FEDOROV et al. 1999b; DA SILVA and 
PATTON 1998). The fixation of chromosome rear- 
rangements in separated gene pools of collared lem- 
mings could have resulted in reproductive isolation 
and, thus, led to an increase of the rate of allopatric 
speciation in this genus (cf. JARRELL and FREDGA 
1993). The mtDNA phylogeny indicates that vicari- 
ant events generated by the glacial-interglacial peri- 
ods were likely important €or speciation in the 
chromosomally variable Dicrostonyx. However, this 
conclusion should not be extended to other mammals 
without further molecular systematic studies. 

IntraspeclJic phylogeography 

The division of D.  groenlandicus in the two clearly 
defined phylogeographic groups with limited diver- 
gence across the Mackenzie river is consistent with 
separation of this species in more than one refugial 
area during the last glaciation (MACPHERSON 1965). 
The phylogenetic split in D. groenlundicus across the 
Mackenzie river was previously revealed by the anal- 
ysis of the cyt b variation on a smaller data set 
(EHRICH et al., in preparation). The group of haplo- 
types from north west Alaska probably represents 
populations that survived the glaciation in the 
Neoarctic part of Beringia, the ice-free mainland to 
the north west of the Mackenzie river. The group of 
haplotypes from the formerly glaciated Canadian 
mainland to the east of the Mackenzie river, the 
Arctic Islands and north east Greenland colonized 
deglaciated areas from the ice-free area on the Cana- 
dian Arctic Islands or the coastal part of north 
Greenland (MACPHERSON 1965; cf. EGER 1995). 
None of the two phylogenetic groups includes the 
two haplotypes from Wrangel Island (8) and east 
Alaska (9). This may indicate that D. groenlandicus 
from Alaska was subdivided within the Beringian 
refugium. Additional sampling in the Neoarctic is 
needed to reveal a complete refugial history of this 
species. 

We previously suggested on the basis of the 
mtDNA phylogeography that the distribution range 
of D. torquutus in Eurasia was contracted to a single 
refugia by northward forest expansions in combina- 
tion with sea transgressions during the warming 
events in one of the interglacials (FEDOROV 1999; 
FEDOROV et al. 1999a). Within the D. torquatus 
clade, the basal position of the group of haplotypes 
from the Asian part of Beringia, the area to the east 
of the Kolyma River, indicates that this area might 
have provided a refugium for tundra specialist D. 
torquatus. This suggestion is supported by some pale- 
oecological evidence. The Asian part of the Bcrinpiczri 
~ ~ , a i n l a u d  w a s  less alYectcd by f-orcst expansions and 
sea transgressions during the warm i n t e r g l i r c i a l s  than 
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other parts of the Siberian Arctic (cf. SHER 1991), 
and this area has been previously suggested as the 
interglacial refugium for the Eurasian Dicrostonyx 
(AGADJANYAN 1976). The average divergence esti- 
mate of 1.04 'HI (CI 95 %: 0.78-1.30) within D. 
torquatus gives the average time estimate of 140 kyr. 
This time estimate implies that the distribution range 
of D. torquatus might have been contracted during 
warming events of the last interglacial (Eemian; 130- 
115 kyr; ANDERSEN and BORNS 1997) and dispersal 
took place with onset of the last glaciation. 

The similarity in the average divergence estimates 
within the Eurasian D .  torquatus and the North 
American D. groenlandicus suggests similar timing of 
dispersal events and the subsequent vicariant separa- 
tion within each species. However, the range contrac- 
tions and following dispersal events within each 
species on different continents might result from dif- 
ferent historical events. There is insufficient informa- 
tion to characterize the last interglacial environment 
in the Neoarctic and additional phylogeograhic data 
in D. groenlandicus are needed to reveal historical 
factors contracting the distribution range of this 
species. 
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