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REFUGIAL ORIGINS OF REINDEER (RANGIFER TARANDUS L.) INFERRED FROM 
MITOCHONDRIAL DNA SEQUENCES 

0YSTEIN FLAGSTAD1'2 AND KNUT H. R0ED3 
1Department of Evolutionary Biology, Uppsala University, Nordbyvdgen 18D, SE-752 36 Uppsala, Sweden 
3Department of Morphology, Genetics and Aquatic Biology, The Norwegian School of Veterinary Science, 

P.O. Box 8146 Department, N-0033 Oslo, Norway 

Abstract.-The glacial-interglacial cycles of the upper Pleistocene have had a major impact on the recent evolutionary 
history of Arctic species. To assess the effects of these large-scale climatic fluctuations to a large, migratory Arctic 
mammal, we assessed the phylogeography of reindeer (Rangifer tarandus) as inferred from mitochondrial DNA 
(mtDNA) sequence variation in the control region. Phylogenetic relationships among haplotypes seem to reflect 
historical patterns of fragmentation and colonization rather than clear-cut relationships among extant populations and 
subspecies. Three major haplogroups were detected, presumably representing three separate populations during the 
last glacial. The most influential one has contributed to the gene pool of all extant subspecies and seems to represent 
a large and continuous glacial population extending from Beringia and far into Eurasia. A smaller, more localized 
refugium was most likely isolated in connection with ice expansion in western Eurasia. A third glacial refugium was 
presumably located south of the ice sheet in North America, possibly comprising several separate refugial populations. 
Significant demographic population expansion was detected for the two haplogroups representing the western Eurasian 
and Beringian glacial populations. The former apparently expanded when the ice cap retreated by the end of the last 
glacial. The large continuous one, in contrast, seems to have expanded by the end of the last interglacial, indicating 
that the warm interglacial climate accompanied by marine transgression and forest expansion significantly confined 
population size on the continental mainland. Our data demonstrate that the current subspecies designation does not 
reflect the mtDNA phylogeography of the species, which in turn may indicate that morphological differences among 
subspecies have evolved as adaptive responses to postglacial environmental change. 

Key words.-Caribou, glacial and interglacial refugia, mitochondrial DNA, phylogeography, population expansion, 
Rangifer tarandus, recolonization, reindeer. 
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The glacial-interglacial cycles of the upper Pleistocene 
have had a major influence on the evolutionary history of 

species distributed in Arctic and sub-Arctic (Chapin and K6r- 
ner 1994; Hewitt 1996). Recent speciation events have been 
attributed to rapid allopatric diversification in isolated refugia 
during periods of Pleistocene ice expansion (e.g., Mac- 
Pherson 1965; Avise and Walker 1998; Bernatchez and Wil- 
son 1998). Similarly, isolation during the last glacial-the 
Wisconsin in North America and the Weichselian in Eura- 
sia-was important in shaping the intraspecific genetic var- 

iability currently seen in many species (e.g., Fedorov et al. 
1999; Holder et al. 1999; Brunner et al. 2001). Notably, there 
were pivotal differences between the North American and 
Eurasian parts of Arctic during the last glacial. In North 
America ice cover was extensive and isolation in glacial re- 

fugia was significant for genetic differentiation of Arctic spe- 
cies (e.g., Tremblay and Schoen 1999; Ehrich et al. 2000; 
Holder et al. 2000). Beringia, encompassing the Bering land 

bridge as well as parts of Yukon, Alaska, and eastern Siberia, 
served as the most important refugium (Pielou 1991). In con- 
trast, the extent of the glacial in the Eurasian Arctic was 
much more limited. This region was characterized by large 
continuous areas of tundra extending throughout much of 
Siberia and central Eurasia (Andersen and Borns 1997), po- 
tentially supporting large populations of Arctic species. 

Rangifer tarandus, called reindeer in Eurasia and caribou in 
North America, is a highly migratory species (Banfield 1961). 

2 Present address: University of Oslo, Department of Biology, 
Division of Zoology, P. 0. Box 1050, Blindern, 0316 Oslo, Norway; 
E-mail: oystein.flagstad@ bio.uio.no. 

As such, it is a typical representative for the fauna of large 
mammals in Arctic and sub-Arctic (cf. Mech 1970; Gardner et 
al. 1986). At the time of the last glacial maximum, reindeer 
were found south to the ice sheets both in Eurasia (Kurten 1968) 
and North America as well as in Beringia (Kurten and Anderson 

1980). By retreat of the ice, a rapid recolonization of the emerg- 
ing habitat presumably took place (e.g., Ukkonen 1993), sub- 

sequently leading to the current circumpolar distribution in the 
northern part of the Holarctic region. 

Across this vast area, several subspecies have been de- 
scribed (Fig. 1). These can be classified into three major 
ecological groups-the woodland form, continental tundra 

form, and high Arctic island form, each showing distinct 

morphological characteristics. The continental tundra form, 

typically carrying long and rangy antlers, are represented by 
the Eurasian tundra reindeer (R. t. tarandus), the Alaska car- 
ibou (R. t. grantii), and the Canadian barrenground caribou 

(R. t. groenlandicus). The woodland form, including the Eur- 
asian forest reindeer (R. t. fennicus) and the North American 
woodland caribou (R. t. caribou), is characterized by a larger 
body size, long legs, and short and heavy antlers. In fact, 
30-40% of the females in the woodland form are naturally 
antlerless (Banfield 1961), which may indicate that the antler 

anatomy is an adaptation to woodland conditions. The Arctic 

ecotype, characterized by a small body size and a short ros- 

trum, comprises the Svalbard reindeer (R. t. platyrhynchus), 
the Peary caribou (R. t. pearyi), and the extinct form previ- 
ously found on eastern Greenland (R. t. eogroenlandicus). 
Small size reduces the surface:volume ratio of the animal, 
which may point toward a selective pressure for small body 
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FIG. 1. Distribution map for the different subspecies of reindeer (Rangifer tarandus L.). Although additional subspecies have been 
suggested, these eight constitute the conventional taxonomic classification of the species. Eastern and western longitudes are indicated 
and the north pole is represented by a +. 

size under the extreme environmental conditions on the Arc- 
tic islands. 

From morphological and historical data, Banfield (1961) sug- 
gested that the three ecotypes originated in three or more iso- 
lated refugia during the last glacial. Following his interpretation, 
the continental tundra forms originated in Beringia and possibly 
in central Europe north of the Alps. The Arctic Island forms 
may have survived in tundra refugia north to the continental 
ice sheets in Arctic Canada and/or on northern Greenland. Fi- 
nally, the forest or woodland forms probably survived in tem- 
perate refugia south to the continental ice sheets. 

A number of previous studies assessed refugial origins of 
reindeer. R0ed et al. (1991) reported a major dichotomy in allele 
frequencies at the locus coding for serum transferrin between 
the North American woodland caribou and various subspecies 
of the tundra form. The observation supported the conventional 
view that woodland and tundra caribou survived the Wisconsin 
in separate refugia south and north of the continental ice sheet, 
respectively (cf. Banfield 1961). In contrast, Cronin (1992) did 
not find any phylogenetic differentiation in mitochondrial re- 
striction fragment length polymorphisms (RFLPs) between 
woodland and Alaskan caribou and concluded that the popu- 
lations had diverged recently from a common ancestor. Con- 
tradictory variability patterns have been reported also for the 
Arctic ecotype. R0ed et al. (1986) found distinct similarities at 
the transferrin locus between Svalbard reindeer and Peary car- 

ibou, suggesting a common origin of the high Arctic forms 
(R0ed et al. 1986). Gravlund et al. (1998), however, showed 
that Svalbard reindeer had a slightly smaller mitochondrial DNA 
(mtDNA) genetic distance to Eurasian mainland populations 
than to the high Arctic forms on Greenland and the Canadian 
Arctic islands and suggested a diphyletic origin of the Arctic 
ecotype. 

Here we report on all three ecotypes as represented by all 
extant subspecies sampled across the circumpolar distribution 
range of the species. We assess the phylogeography of the 
species as revealed from sequence variability patterns in the 
mtDNA control region. The locations of possible glacial re- 
fugia and postglacial recolonization of the Holarctic are dis- 
cussed in light of the phylogeographic patterns. 

MATERIALS AND METHODS 

Sampling 
Blood samples were obtained from nine free-ranging pop- 

ulations and five domestic herds, covering most of the species 
distribution range in North America and Eurasia (Table 1). 
If possible, poorly sampled areas were supplied with se- 
quences from Genbank. A total of 14 sequences were im- 
ported (Table 1), mainly representing the widely distributed 
woodland caribou of which our own material had been sam- 
pled from a limited area. 
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TABLE 1. Occurrence of haplotypes at the different sampling sites. Haplotype frequency is indicated in parentheses. 

Sample 

Geographic origin Subspecies size Haplotypes present' Genbank accession numbers 

Hardangervidda, Norway R. t. tarandus (Tar) 15 TarN-Fenl (8), TarNRI (6), TarNl04 (I) AY178672, AY178683, AY178673 
Snohetta. Norway R. t. tarandus (Tar) 13 TarN 101 (9). TarN102 (2), TarNlO3 (I), TarN- AY178669, AY178670, AY178671, 

Fenl (1) AY 178672 

Norwegian domestic R. t. tarandus (Tar) 15 TarNRI (3), TarNR2 (2), TarN3l (2), TarN- AY178683, AY178729, AY178731, 
Fenl (2), TarN2 (1), TarN3 (1), TarN5 (I), AY178672, AY178730, AY178674, 
TarN7 (I), TarN8 (1), TarNIl (1) AYl78724, AY178725, AY178726, 

AY 178719 
Russian domestic R. t. tarandus (Tar) 18 TarRI (4), TarR2 (4), TarR3 (3), TarR4 (3), AY178679, AY178727, AY178680, 

TarNRI (2), TarNR2 (2) AY178728, AY178683, AY178729 
Southeastern Finland R. t. fennicus (Fen) 13 Fen I (I I), TarN-FenI (2) AY178682, AY178672 
Svalbard R. t. platyrhynchus (Pla) 12 Pla-CarI (7), P1a32 (5) AY178689, AY178688 
Quehec, Canada P. t. caribou (Car) 16 Pla Carl (2), Car-Peal (I), Car3 (1), CarS (1), AY178689, AY178702, AY178711, 

Car6 (1), Car14 (1), Carl9 (1), Car2O (I), AY178712, AY178722, AY178723, 
Car2l (I), Car24 (1), Car25 (1), Car27 (I), AY1787 13, AY178690, AY178703, 
Car3l (1), Car34 (1), Car38 (1) AY178692, AY178693, AY178695, 

AY178694, AY178681, AY178691 
North West Territories, Cana- R. t. groenlandicus (Gro) II Gro2O (I), Gro23 (1), Gro25 (I), Gro26 (1), AY178706, AY178707, AY178708, 

da Gro55 (I), Gro56 (1), Gro59 (1), Gro64 (1), AY178709, AY178700, AY178701, 
Gro67 (1), Gro68 (1), Gro 71 (1) AY178696, AY178699, AY178697, 

AY178698, AY178710 
Alaska R. t. grantii (Gra) 12 GralO2 (2), GralO4 (2), GralOl (1), GralO3 AY178676, AY178678, AY178675, 

(1), Gra899 (1), Gra9O3 (1), Gra9O4 (1), AY178677, AY178715, AY178716, 
Gra9OS (1), Gra9O7 (1), Gra951 (I) AY178717, AY178718, AY178720, 

AY 178721 

Peary lslands, Canadian Ar- R. t. peayri (Pea) 12 Pea83 (3), Pea22 (2), Pea24 (2), Car-Peal (1), AY178687, AY178704, AY178684, 
chipelago Pea23 (1), Pea53 (1), Pea88 (1), Pea9O (1) AY178702, AY178685, AY178705, 

AY178686, AY178714 
Imported from Genbank: P. t. groenlandicus (Gro) 2 Gro7 (1), Gro101 (1) AF096446, AF096414 
(unknown population origin) P. t. caribou (Car) 11 Car401 (4), Car3Ol (2), Car25 (2), Car2O3 (I), [AF096417, AF096418 AF096429, 

Car204 (I), Car3J2 (1) AF096442], [AF096420, AF096438], 
[AF096421, AF096427], AF096422, 
AF096440, AF096419 

Each haplotype is given a three-letter code according to subspecies origin (cf. column 2). Norwegian and/or Russian origin of tarandus (Tar) haplotypes is indicated by capital letters N and R, 
respectively. 

2 Genbank accession numbers that represent the same haplotype are given within brackets 1]. 
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DNA Extraction, Polymerase Chain Reaction Amplification, 
and DNA Sequencing 

DNA from all blood samples was extracted according to 
a standard phenol:chloroform protocol (Sambrook et al. 
1989). A 470-bp region of the mtDNA control region adjacent 
to the tRNAPro gene was amplified using primers 5'-AATA- 
GCCCCAC TATCAGCACCC-3' (L15394; originally de- 
signed for hartebeest [Alcelaphus buselaphus] and targeting 
the tRNAPr? gene; cf. Flagstad et al. 2000) paired with 5'- 
TATGGCCCTGAAGTAAGAACCAG-3' (H15947; "mam- 
malian" primer targeting CSB-D; cf. Southern et al. 1988). 
Thirty-five cycles of amplification with 40 sec at 94?C, 40 
sec at 60?C, and 40 sec at 72?C were preceded by a 4-min 
predenaturation step at 94?C and followed by an additional 
7-min extension step at 72?C. Amplifications were performed 
in 25-pl volumes containing 1.35 mM MgCl2, 200 I1M of 
each dNTP, 5 pmol of each primer, and 0.5 units of AmpliTaq 
DNA polymerase (Applied Biosystems, Foster City, CA). 

DNA sequencing was carried out using a Thermo- 
Sequenase kit for [--33P]ATP-labeled dideoxy-nucleotides fol- 
lowing standard procedures as recommended by the manu- 
facturer (Amersham Pharmacia, Uppsala, Sweden). 

Data Analysis 

Sequences were aligned by eye using the sequence editor 
software SeqApp provided by D. G. Gilbert (http://iubio. 
bio.indiana.edu/soft/molbio/seqap). No indels were found 
among the reindeer sequences, but inclusion of moose (Alces 
alces) as an outgroup imposed three indels between the two 
species. The final alignment is available on request. 

An appropriate model of nucleotide substitution was se- 
lected using the hierarchical test approach implemented in 
MODELTEST (ver. 3.06; Posada and Crandall 1998). An 
extended HKY-85 model (Hasegawa et al. 1985), including 
a gamma-distributed rate variation across sites (Yang 1993) 
and a certain proportion of invariable sites, was selected as 
the most optimal model. Phylogenetic relationships among 
the different haplotypes were estimated from a Bayesian ap- 
proach as implemented in MRBAYES 3.0 (Huelsenbeck and 
Ronquist 2001), using moose as an outgroup. Two different 
analyses were performed, one allowing branch lengths to 
evolve unconstrained and the other constraining branch 
lengths according to a molecular clock. One million Me- 
tropolis-coupled Markov chain Monte Carlo steps were run 
in each of the analyses, using two Markov chains. Two chains 
allow one of them to be heated, which improves the efficiency 
when searching for the most optimal tree. A phylogenetic 
tree was saved every 100 generations and consensus trees 
were estimated from the trees sampled after the stationary 
distribution had been reached, in our case 9500 trees. In 
addition to reconstruction of phylogenetic trees, a minimum 
spanning network (MSN) was constructed using the statistical 
parsimony approach described by Templeton et al. (1992) as 
implemented in TCS version 1.13 (Clement et al. 2000). 

The major groups as revealed from the phylogenetic anal- 
yses were tested for sudden population expansion using the 
mismatch distribution approach (Slatkin and Hudson 1991; 
Rogers and Harpending 1992) as implemented in ARLE- 
QUIN version 2000 (Schneider et al. 2000). The mismatch 

distribution is the distribution of the observed number of 
differences between pairs of haplotypes. This distribution is 
usually multimodal in samples drawn from populations that 
are in demographic equilibrium, as it reflects the highly sto- 
chastic shape of gene trees. In contrast, haplotypes drawn 
from a population that has undergone a recent demographic 
expansion usually have a unimodal distribution of pairwise 
differences (Slatkin and Hudson 1991; Rogers and Harpend- 
ing 1992). The approach implemented in ARLEQUIN as- 
sumes a stepwise expansion model, reflecting a sudden pop- 
ulation growth from No to N1 t generations ago, after which 
the population rapidly reaches demographic equilibrium. 
Such a model may be particularly useful when studying pop- 
ulations that has been affected by dramatic environmental 
fluctuations and probably fits well to species affected by the 
glacial-interglacial cycles of the upper Pleistocene. 

Under the stepwise expansion model a general nonlinear 
least-square approach, based on the mean and variance of 
pairwise differences, is used to estimate three demographic 
parameters: 00 = 2jiNo, 01 = 2LAN1, and T = 2,ut, where JL 
is the mutation rate for the whole haplotype. The validity of 
the assumed model is tested from a parametric bootstrapping 
approach (Schneider & Excoffier 1999), where the sum of 
square deviance (SSD) between the observed and expected 
mismatch distribution is used as a test statistic. The expected 
distribution is obtained by simulating B samples around the 
estimated demographic parameters, using a coalescent al- 
gorithm modified from Hudson (1990). If the validity of the 
model is confirmed, the time since the putative expansion 
event can be estimated from T(= 21Lt). T represents the ex- 
pected number of differences between two randomly drawn 
haplotypes at time t since the expansion. We assumed a di- 
vergence rate of 16% per million years, which is similar to 
that of other large mammals for the left domain of the D- 
loop (Brown et al. 1979; George & Ryder 1986; Vigilant et 
al. 1991). Simple rearrangement gives, 

t = (7 differences per haplotype) 
- {[(0.16 x 470) differences per haplotype] 

- 1 million years}, (1) 
where 470 represents the number of base pairs sequenced. 
Confidence intervals (95%) were estimated from the same 
parametric bootstrap approach (10,000 replicates) that was 
used to test the validity of the stepwise expansion model; 
that is, simulating values of the three demographic parameters 
using a coalescent algorithm. 

An analysis of molecular variance (AMOVA) was used to 
examine the amount of genetic variability partitioned within 
and among populations as well as among groups of popu- 
lations (Excoffier et al. 1992; Weir 1996). To assess the sig- 
nificance of the various factors that could affect partitioning 
of genetic variability, populations were grouped according 
to a set of different grouping criteria: subspecies designation, 
ecotype characteristics, geographic distribution, and phylo- 
genetic affinity. 

RESULTS 

Phylogenetic Relationships 

Sixty-five variable sites, comprising 58 transitions and 7 
transversions, were found among the reindeer sequences. In 
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FIG. 2. Bayesian inference of the intraspecific phylogeny of reindeer (see Table 1 for haplotype abbreviations) under the HKY-85 model 
of nucleotide substitution allowing a gamma-distributed rate variation across sites and a certain proportion of invariable sites. Moose 
(Alces alces) was used as an outgroup. (A) Branch lengths are unconstrained with an exponentially distributed prior. Support values are 
indicated for nodes that were supported in 50% or more of 9500 sampled trees (burnin = 500). The arithmetic mean of the marginal 
likelihood of the sampled trees is -2068.32. (B) Branch lengths are constrained to evolve according to a molecular clock under a 
coalescence model with an exponentially distributed prior for the coalescence parameter, 0. Support values are indicated as in (A). The 
arithmetic mean of the marginal likelihood of 9500 sampled trees is -2044.71. The displayed consensus tree represents an average of 
the sampled trees, which explains why the tree does not appear strictly ultrametric. 
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addition, a 7-bp inversion was found in one individual. 
Among the 150 individuals of reindeer included in the study, 
70 haplotypes were detected, of which 50 were found only 
once (Table 1). 

The unconstrained Bayesian phylogeny (Fig. 2A) appears 
poorly structured, with many unsupported (< 50%) or mod- 
erately supported groupings. Nevertheless, the tree comprises 
two highly supported, relatively large clades, each of them 
comprising samples collected from a geographically distinct 
area (haplogroups I and II). Haplogroup I exclusively consists 
of haplotypes found among Fennoscandian individuals. Hap- 
lotypes belonging to this group were not represented among 
the Russian domestic herds, but was found in a previous study 
in three of 23 individuals from the Taimyr Peninsula (Grav- 
lund et al. 1998). Haplogroup II comprises haplotypes found 

among the North American woodland caribou together with 
two haplotypes found in two individuals of barrenground 
origin (Gro7 and GrolOl). The remaining parts of the tree 
are characterized by haplotypes that have a very limited af- 
finity to counterparts of the same subspecies or geographic 
region. Yet, a few small clades with reasonable support reflect 

geographically well-defined regions. For example, both hap- 
lotypes found on Svalbard are contained within one clade. 

Notably, though, this clade is not population specific: the 
most common haplotype found on Svalbard is identical to 
the only haplotype found more than once in Quebec. 

The clock-constrained tree (Fig. 2B) shows a higher like- 
lihood than the unconstrained tree and seems to have a more 
distinct phylogenetic structure. In addition to the strongly 
supported haplogroups I and II, a third haplogroup (haplo- 
group III) is indicated, comprising all haplotypes not con- 
tained within haplogroups I and II. Although the three hap- 
logroups appear reciprocally monophyletic, haplogroup III 
was supported in only 16% of the 9500 sampled trees. Such 
a weakly supported clade may indicate recent divergence 
among the putative ancestral populations represented by the 
three haplogroups, which in turn suggests that there has been 
insufficient time for unambiguous lineage sorting. Alterna- 

tively, the poor support could indicate that haplogroup III in 
fact comprises a paraphyletic assemblage, as indicated from 
the unconstrained tree. However, because the clock-con- 
strained tree showed the highest likelihood, it should reflect 
the most reliable phylogeny of the species. Thus, it seems 
reasonable to assume that the present gene pool may have 
its origin from three separate ancestral populations. 

The existence of the same three haplogroups is indicated 
also from the MSN (Fig. 3). Haplogroup I displays a clearly 
defined central haplotype, TarN-Fen, which was represented 
in all Fennoscandian populations. This haplotype was found 
in 13 of 20 individuals belonging to this group, while the 

remaining six haplotypes were found in one or two individ- 
uals only. Haplogroup II seems to comprise three subgroups. 
The same subgroups is also recognized in the phylogenetic 
trees with moderate to high support. Haplogroup III consti- 
tutes a wide subnetwork of cross-linked haplotypes located 
between haplogroups I and II in the network. 

Analysis of Molecular Variance 

The AMOVA (Table 2) shows that there is no relationship 
between the current subspecies designations and differenti- 

ation at the mtDNA level. Similarly, weak relationships were 
found when grouping the populations according to geograph- 
ic distribution or ecotype characteristics. The only convincing 
figures appeared when populations were grouped in various 

ways according to the main haplogroups as suggested from 
the phylogenetic analyses (Figs. 2, 3). When considering the 
two northerly distributed haplogroups (I and III) as a single 
entity, 33% (P = 0.09) of the total variability is explained 
at the group level. An increased and significant proportion 
(42%; P < 0.001) is assigned to the group level when pooling 
the two North American haplogroups (II and III). The highest 
proportion, however, is obtained when treating the three 

groups as separate entities. Almost 50% (P < 0.001) of the 
total variability is now explained at the group level, sup- 
porting the actual existence of three main mtDNA lineages. 

Population Expansion 

The mismatch distributions of haplogroups I and III are 

clearly unimodal (Fig. 4A, C), a pattern compatible with a 
historical population expansion. In contrast, haplogroup II 
shows a multimodal mismatch distribution (Fig. 4B), sug- 
gesting stable population size through time or that this hap- 
logroup comprised several subgroups as indicated from the 
MSN (Fig. 3). The average number of nucleotide differences 
is much higher for haplogroup III as compared to that of 

haplogroup I, indicating that the ancestral populations of the 
two haplogroups expanded at different times. Accordingly, 
the putative expansion of haplogroup I was dated to 15,000 
years ago (95% confidence interval: 0-26,000 years ago), 
whereas that of haplogroup III was estimated to have occurred 

approximately 115,000 years ago (95% confidence interval: 
87,000-142,000 years ago). 

DISCUSSION 

Glacial and Interglacial Refugia 

As shown in the phylogenetic trees and the MSN (Figs. 2, 
3), there is only limited congruence between the different 
clades and the present-day geographic distribution of hap- 
lotypes, suggesting that the phylogeny of the sequences re- 
flects historical patterns of fragmentation and colonization 
rather than clear-cut relationships among extant populations. 
Three main haplogroups are recognized (Figs. 2B, 3) and 

approximately 50% of the total sequence variability is as- 

signed to variation among these groups (Table 2). These re- 
sults point toward the existence of three separate glacial pop- 
ulations during the Weichselian/Wisconsin. 

The largest and most influential origin to the current gene 
pool of the species is represented by haplogroup III (Figs. 
2B, 3). All North American samples except for those of the 

southerly distributed woodland caribou (plus two groenlan- 
dicus specimens) belong to this haplogroup (Fig. 5), pointing 
toward a Beringian origin. Importantly, though, paleobotan- 
ical evidence suggests the existence of extensive areas of 
tundra throughout Siberia and Central Europe during the Wei- 
chselian (Andersen and Borns 1997). Moreover, fossils of 
reindeer from this time have been found at many sites in 
Siberia as well as in Central and Western Europe (Germonpre 
1986; Kirsche et al. 1993; Andersen and Borns 1997; Iacumin 
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FIG. 3. Minimum spanning network (MSN) as estimated from statistical parsimony (Templeton et al. 1992). Mutations are represented 
as bars. Haplogroups I, II, and III as revealed from the ML tree are indicated with white, dark gray, and lighter gray, respectively. 
Haplotypes estimated to be the most likely common ancestor within each of the three haplogroups are displayed as squares. As rec- 
ommended by Clement et al. (2000), sequences with one or more ambiguous sites were not included in the analysis. 

et al. 2000). These figures may suggest that haplogroup III 
represents an ancestral glacial population ranging across vast 
areas of tundra in Eurasia extending into North America 
across the Beringian land bridge (Elias et al. 1996). Such a 
scenario is supported by the large contingent of Eurasian 
haplotypes that also falls into haplogroup III (Fig. 5). The 
large sequence diversity (Fig. 3) and unimodal distribution 
of sequence differences (Fig. 4) suggest that the population 
remained large and continuous after an initial demographic 
expansion. 

The expansion event itself was dated to approximately 
115,000 years ago. Molecular dating based on a single locus 
must obviously be interpreted with caution (e.g., Hillis et al. 
1996). Nevertheless, it is noteworthy that our data suggest a 
sudden expansion during the transitional stage between the 
last interglacial and the Weichselian/Wisconsin, a period 
when global climate was characterized by rapid cooling (e.g., 
Hooghiemstra et al. 1992; Berger et al. 1996). During the 
interglacial, tundra habitat was very restricted on mainland 
Eurasia and North America (Sher 1991; Andersen and Borns 
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TABLE 2. Analysis of molecular variance based on several possible groupings of the populations examined. Proportion of the total 
genetic variation explained at the individual and population levels are given in parentheses in their respective columns. 

Fixation index Proportion 
of total Significance 

variation level of 
Individuals Population Group assigned grouping 

Grouping criteria Groups of populations (IsT Dsc DCT to groups (P) 

Subspecies [tarandus] [fennicus] [platyrhyncus] [pearyi] 0.369 0.373 -0.005 0 0.52 
[caribou] [groenlandicus] [grantii] (63%) (37%) 

Ecotype [tarandus, groenlandicus, grantii] [platyrhyn- 0.370 0.369 0.002 0.2 0.43 
cus, pearyi] [fennicus, caribou] (63%) (37%) 

Geographic distribution I [tarandus, fennicus, platyrhyncus] [pearyi, 0.374 0.365 0.014 1.4 0.34 
grantii, groenlandicus, caribou] (63%) (36%) 

Geographic distribution II [platyrhyncus] [Norwegian tarandus] [fenni- 0.381 0.295 0.122 12.2 0.02 
cus, Russian tarandus] [pearyi, grantii, (62%) (26%) 
groenlandicus] [caribou] 

Northern vs. southern haplo- [haplogroup I, haplogroup III] [haplogroup II] 0.567 0.355 0.328 32.8 0.09 
groups (43%) (24%) 

Eurasian vs. North American [haplogroup I] [haplogroup II, haplogroup III] 0.733 0.539 0.419 41.9 <0.001 
haplogroups (27%) (31%) 

Three main haplogroups [haplogroup I] [haplogroup II] [haplogroup 0.708 0.428 0.490 49.0 <0.001 
III] (29%) (22%) 

1997), implying that reindeer populations surviving under 
tundra conditions on the continental mainland were confined 
to relatively small and isolated refugia. The estimated coa- 
lescence time suggests a single refugial origin of haplogroup 
III by the time of the last interglacial. Paleoecological data 
(Sher 1991) may indicate that such a refugium have been 
located in eastern Siberia. This line of evidence suggests that 
the Asian part of the Beringian mainland was not dramatically 
affected by forest expansion and sea transgressions during 
this period. Moreover, it has been suggested that this part of 
Siberia most likely provided a strictly tundra-adapted lem- 

ming species with suitable habitat during the warm intergla- 
cials (Agadjanyan 1976; Fedorov and Goropashnaya 1999). 
Built on these lines of evidence, our data may suggest that 
the ancestral population represented by haplogroup III ex- 

panded rapidly from a small interglacial refugium when tun- 
dra habitat spread during the transitional stage between in- 

terglacial and glacial. 
Haplogroup I seems to have been established as a result 

of a rather different evolutionary history, characterized by 
high degrees of recent isolation. Because haplotypes belong- 
ing to this group were not represented among any of the North 
American samples, a pure Eurasian origin is indicated. The 
starlike appearance of the haplogroup in the MSN with many 
short branches radiating from a common, central haplotype 
suggests a recent origin in a small refugium, which was prob- 
ably isolated in connection with ice expansion in Eurasia 

during the Weichselian. The current distribution gradient of 

haplotypes belonging to this group (Fennoscandia: -40% of 
the examined individuals; Russia: 7.3%; North America: 0%; 
Fig. 5) may suggest a location in Western Europe. Notably, 
reindeer lived on the western coast of Norway as late as 
30,000 years ago (Valen et al. 1996), showing that small and 
isolated refugia have existed in Western Europe in close con- 
nection to the expanding ice cap. 

In North America another distinct and geographically well- 
defined refugial area is indicated by the existence of haplo- 
group II (Fig. 2). Virtually all haplotypes belonging to this 

group are found among the southerly distributed woodland 
caribou (Fig. 5), suggesting that this subspecies has its origin 
in one or several refugia located south to the Wisconsinian 
ice sheet. Our data (Figs. 2B, 3) suggest that this haplogroup 
may comprise three different subgroups, which in turn may 
indicate the existence of three separate glacial refugia. Such 
a subdivision of the ancestral population is compatible with 
the multimodal mismatch distribution observed among these 

sequences (Fig. 4B). Importantly, though, a similar genetic 
signature would also be produced if these haplotypes origi- 
nated in a single glacial population that was large enough 
for ancestral polymorphism to be retained. 

Subspecies Origin and Postglacial Recolonization 
of the Holarctic 

As seen from the AMOVA (Table 2), the current subspe- 
cies designations are not compatible with the differentiation 
at the mtDNA level. In fact, 0% of the variability was ex- 

plained at the subspecies level, strongly suggesting that the 

morphological differences among extant subspecies did not 
evolve in separate glacial refugia. A possible exception to 
this is the North American woodland caribou, which seems 
to have its origin in a subspecies-specific refugium south to 
the continental ice sheet. 

The large Eurasian glacial population, possibly ranging 
across extensive areas of tundra from Beringia to Central 

Europe, has clearly been the most influential source to the 

present gene pool of reindeer. All current populations are to 
some extent affected by this origin (Fig. 5). As ice cover 
retreated by the end of the Weichselian/Wisconsin, repre- 
sentatives from this population appear to have recolonized 

exposed habitat on the continental mainland in North Amer- 
ica, Siberia, and Fennoscandia. The North American tundra 
forms (grantii and groenlandicus) almost exclusively com- 

prise haplotypes of such an origin (Fig. 5). The Eurasian 
tundra form (tarandus), on the other hand, appears to have 
a diphyletic origin, as the putatively small and isolated Eur- 
asian refugium also contributed to its gene pool (Fig. 5). 
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A) Haplogroup I (Raggedness index = 0.142, P = 0.37) 
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C) Haplogroup III (Raggedness index= 0.008, P = 0.51) 
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FIG. 4. Observed (columns) and expected (line) mismatch distri- 
butions given a null distribution compatible with sudden population 
expansion for (A) haplogroup I: (B) haplogroup II; and (C) hap- 
logroup III. Harpending's raggedness index (Rogers and Harpend- 
ing 1992) and significance levels for deviance from the expected 
mismatch distributions are indicated for each of the haplogroups. 

These results largely support the classical interpretation of 
refugial origins based on morphological and historical data 
(Banfield 1961), which suggests that the continental tundra 
forms (groenlandicus, grantii, and tarandus) originated in 
Beringia and possibly in refugia in Central Europe north of 
the Alps. For the Eurasian forest reindeer (subspecies fen- 
nicus) the classical interpretation (Banfield 1961) invokes a 
separate temperate refugial origin, a scenario that is not sup- 
ported from our data. Rather, a similar diphyletic origin as 
for tarandus is suggested (Fig. 5). Accordingly, adaptation 
to woodland conditions for this subspecies seems to be a 

..ii7Y 
.. .. 

recent phenomenon, which may have taken place in connec- 
tion with postglacial forest expansion. 

As briefly mentioned above, the North American woodland 
caribou (subspecies caribou) likely originated in one or sev- 
eral refugia south of the continental ice sheet, which is in 
accordance to the classical view suggested by Banfield 
(1961). This subspecies is highly dominated by haplotypes 
belonging to haplogroup II, although a few individuals dis- 

play haplotypes apparently originating from Beringia (Fig. 
5). It seems that colonization attempts from the north to some 
extent have been buffered against the caribou populations 
already present in the southern areas. Prolonged isolation may 
also have led to adaptive differences between the two lineages 
(cf. Templeton et al. 1986), as indicated from the conspicuous 
adaptations to forest habitat seen in the woodland caribou 
(Banfield 1961; Cumming 1992). Although the existence of 

haplotypes of northern origin in the more southerly distrib- 
uted populations and vice versa indicates recent events of 

gene flow, the limited mixture of haplotypes may suggest 
some degree of reproductive isolation. 

Similar to the North American tundra forms, the Arctic 
forms (pearyi, eogroenlandicus, and platyrhyncus) exclusive- 
ly comprise haplotypes originating from the large Beringian- 
Eurasian glacial population represented by haplogroup III 

(Fig. 5). This indicates a common glacial origin on the con- 
tinental mainland of all three Arctic subspecies. Banfield 
(1961) suggested a more peripheral islandic origin north of 
the continental ice sheets, a scenario that is not supported 
from our data. Rather, the haplotypes representing the Arctic 
subspecies (pearyi [Pea] and platyrhyncus [Pla]) are well in- 
tegrated at internal positions in the MSN (Fig. 3), suggesting 
that these haplotypes did not evolve separately from those 
of the Beringian population. Consequently, tundra refugia on 
the Arctic islands may not have been large enough to support 
viable populations of reindeer over extensive periods of time. 
However, such islandic refugia have been found to support 
populations of smaller arctic species such as the rock ptar- 
migan (Holder et al. 1999), the collared lemming (Ehrich et 
al. 2000), and the widespread arctic plant Dryas integrifolia 
(Tremblay and Schoen 1999). It may therefore be premature 
to rule out the possibility that these refugia also supported 
small populations of reindeer. If, after all, the species was 
able to survive within these islandic refugia throughout the 
Wisconsin, gene flow from Beringia seems to have been sig- 
nificant, swamping any distinct genetic pattern. 

A common North American origin for the Arctic forms is 
particularly well supported for eogroenlandicus and pearyi 
as these subspecies shared a common haplotype (Gravlund 
et al. 1998). When the ice retreated, colonizers appear to 
have migrated across the Canadian archipelago and eventu- 
ally reached eastern Greenland. Reconstruction of the colo- 
nization route toward Svalbard and subsequent founding of 
this population appear more puzzling. Our data suggest a 
direct connection between Quebec and Svalbard, as the most 
common haplotype found on Svalbard is identical to the only 
haplotype found more than once in Quebec. The connection 
between these two extremes in the species distribution is 
surprising, and may solely be attributed to random haplotype 
survival. However, a similar pattern was observed by R0ed 
et al. (1991), suggesting that some basic feature of coloni- 
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FIG. 5. Geographic distribution of the three main haplogroups; haplogroup I (white), haplogroup II (gray), and haplogroup III (black). 
Numbers correspond to the following geographic locations: (1) Norway (tarandus); (2) southeastern Finland (fennicus); (3) western 
Russia (tarandus); (5) Alaska (grantii); (6) North West Territories (groenlandicus); (8) Peary Islands (pearyi); (10) Svalbard (platyrhyncus); 
and (11) Quebec (caribou). To cover as much as possible of the species' distribution, three sampling localities from Gravlund et al. 
(1998) were included: (4) Taymyr Peninsula (tarandus); (7) western Greenland (groenlandicus); and (9) eastern Greenland (eogroenlan- 
dicus). 

zation after the Wisconsin is responsible for the observed 

genetic patterns. Moreover, one haplotype is shared also be- 
tween Peary and Quebec, providing further support to a true 
connection between geographically and ecologically very dis- 
tinct entities. Alternatively, convergence could explain the 
observation. However, given the very limited number of hap- 
lotypes shared among populations, most of them among geo- 
graphically adjacent populations, convergence per se seems 
to be a rare event. 

These results may suggest a North American colonization 
route toward Svalbard. When the ice retreated by the end of 
the Wisconsin, individuals from the periphery of the Ber- 

ingian distribution would presumably follow the edge of the 
ice sheet, attempting to colonize new areas of favorable hab- 
itat. Such a scenario would lead to a directed movement of 
colonizers toward the edges of the present circumpolar dis- 

tribution range, that is, Svalbard to the north and Quebec and 

adjacent regions to the south. However, it is not possible 
from our data to rule out an eastern colonization route with 
Franz Josef's land (between Svalbard and Eurasia) as a step- 
ping stone, especially because the same haplotype was also 
found at the Taimyr Peninsula in northern Russia (Gravlund 
et al. 1998). Yet, because common haplotypes among geo- 
graphically distant localities are likely to originate from a 

single dispersal event (Avise et al. 1987), the strong affinity 
between the Arctic forms and the woodland form to the south 

may favor the North American alternative. 

Conclusion 

This study suggests that a combination of glacial and in- 

terglacial effects have been important in shaping the recent 

-90 

-9 _-. r''~~ 
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evolutionary history of reindeer. A large and continuous gla- 
cial population in Beringia extending far into Eurasia appears 
as the most influential origin to the current gene pool of the 

species. Notably, our data indicate a much more limited dis- 
tribution in the same area during the last interglacial, sug- 
gesting that unfavorable environmental conditions on the 
continental mainland as perceived by the species itself may 
have been more significant during interglacial periods. Two 
additional refugial areas appear to have existed during the 
Weichselian/Wisconsin. A small and isolated refugium seems 
to have arisen in connection with ice expansion in western 
Eurasia. Another distinct and geographically well-defined re- 
fugial area, most likely comprising several subrefugia, was 

probably located south to the extensive North American con- 
tinental ice sheet. In contrast to what has been found for 
several smaller Arctic species (Holder et al. 1999; Tremblay 
and Schoen 1999; Ehrich et al. 2000), our data did not support 
the classical view that populations of reindeer survived the 
Wisconsin in islandic refugia north of the North American 
ice sheet (Banfield 1961). Finally, our data demonstrates that 
the current subspecies designation does not reflect the 
mtDNA phylogeography of the species, which in turn may 
indicate that morphological differences among extant sub- 
species have evolved as adaptive responses to postglacial 
environmental change. 
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