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Abstract Vegetation-rich patches in the High Arctic may
serve as a significant source for vegetation reconstruction
in the climate changes. Diversity and colonization, how-
ever, of such potential source populations in the High
Arctic has rarely been studied. We examined chloroplast
sequence variation in Salix arctica, a key species in the
Canadian High Arctic, from four adjacent glacial moraines
of differing ages on Ellesmere Island, Canada, as well as
two other populations located at the center and southern
end of the species’ range. The estimated ages of the mor-
aines varied from 35,000 to 250 years old. The older
moraine populations showed higher within-population
genetic variation compared with the other moraine popu-
lations, which is generally attributed to differences in
establishment age associated with plant densities among
moraines. The moraines with smaller plant density had
lower genetic diversity and had no private haplotypes,
indicating the local population size and genetic diversity
may not be recovered within a few thousand years. This
suggests seed dispersal at a local scale may be limited even
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in species with high velocity of seed dispersal, and that
High Arctic vegetation-rich patches may serve as signifi-
cant source populations for sustaining local genetic diver-
sity. In addition, the three regions we observed comprised
an evolutionarily distinct lineage and significant population
differentiation. This implies multiple sources for the col-
onization during the most recent deglaciation, resulting in
the current wide distribution. Local as well as range-wide
processes of colonization would be essential to understand
vegetation responses in High Arctic to the environmental
changes.
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Phylogeography - Polar oasis - Refugia

Introduction

Climate changes induce species range shifts (Davis and
Shaw 2001), with possible loss of genetic diversity caused
by range dynamics occurring in species with genetically
structured populations (Alsos et al. 2009). Identifying
levels of genetic variation within and among populations of
key species in an ecosystem is essential for the prediction
and assessment of potential risks and consequences of
diversity loss.

The High Arctic is dominated by polar desert (Freedman
et al. 1994), and its vegetation is a fundamental component
initiating and sustaining the arctic ecosystem. Vegetation-
rich microsites in the polar desert, known as “polar oases”
(Muc et al. 1994), are usually geographically very limited
but may serve as crucial sources of arctic biota (Bliss and
Gold 1994) for further colonization and vegetation devel-
opment. Moraines, which are formed during glacial retreat,
sometimes provide habitats for well-developed vegetation
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in the Canadian High Arctic. A survey of recently devel-
oped moraines consisting of rocky soils suggests Salix
arctica Pall. is one of only a few pioneer plant species in
the High Arctic that can invade the rocky and unstable
substrate environments of young moraines (Mori et al.
2008). This species also continues to dominate in later
successional stages. High velocity of seed dispersal of Salix
with fluffy seeds (Horn et al. 2001) may contribute to this
feature of S. arctica. Such plant invasion can modify soil
structure, which allows further invasion of other species
and vegetation establishment (Chapin et al. 1994). Thus,
S. arctica is a key species for vegetation development in
the Canadian High Arctic.

The multiple retreats of Arklio Glacier on Ellesmere
Island have led to the formation of moraines of differing ages
(King 1981). The developmental periods of the oldest and
youngest moraine are estimated to have occurred
35,000-25,000 and 400-250 years ago, respectively (Okitsu
et al. 2004). These age estimates are tentative because the
conjectured northern limit of the last glacier is located at the
northern edge of the island (Dyke et al. 2002), but soil
structure on the oldest moraine suggests a fairly long period
of time has passed since establishment of the now well-
developed vegetation (Mori et al. 2008). The moraine age
had a substantial effect on vegetation succession and also
population size of S. arctica (Okitsu et al. 2004; Mori et al.
2008). Colonization processes may result in substantially
reduced genetic diversity in younger populations caused by
founder effects. Such effects may influence rates of coloni-
zation and recovery of population size at a local scale. Long-
distance dispersal was often featured in High Arctic plants,
but the way in which genetic variation in source populations
affects colonization at local scales is poorly understood. The
different establishment ages of moraines can provide an
opportunity to investigate the colonization processes of a
species and to roughly estimate the time for population size
and genetic diversity to recover in arctic environments on a
local scale.

In this study, our goal was to elucidate colonization and
genetic diversity among four moraines formed at different
ages (ranging from 35,000 to 250 years ago). With a few
southern populations, we also investigate genetic diversity
in populations located in southern areas within the species’
range and the potential sources of colonization.

Materials and methods
Sampling locations
The High Arctic oasis in this study is located within the

proglacial field of the southern front of the Arklio Glacier
in the Krieger Mountains near Oobloyah Bay, Ellesmere
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Island, Canada (80°00-52'N, 82°49-51'W). Leaf samples
were collected from each of four moraines whose flora has
been previously studied (Larkin et al. 2007; Mori et al.
2008). The retreating Arklio Glacier has resulted in a series
of moraines of different ages (Table 1), estimated as
(A) 35,000-25,000, (B) 15,000-8,000, (C) 3,300-2,400,
and (D) 400-250 years old (Okitsu et al. 2004). We also
sampled two more southern populations, Resolute Bay on
Cornwallis Island (Res) and Cambridge Bay (Cam) to
compare their genetic diversity to Ellesmere Island popu-
lations. Leaves were collected from plants >5 m apart.

Ecological niche modeling to estimate current
distribution

Ecological niche modeling was performed to visualize a
current potential distribution and population locations in this
study within the species’ current range. We obtained 933 geo-
referenced records from the Global Biodiversity Information
Facility (GBIF) database (http://www.gbif.org/). Bioclimatic
variables from current climate models were obtained from
Global Climate Data (http://www.worldclim.org; Hijmans
et al. 2005). Four bioclimatic variables, which had pairwise
correlation coefficients less than 0.7, were used to model the
species’ range using the maximum entropy machine learning
algorithm as implemented in MAXENT (Phillips et al. 2006).
Binomial tests of omission were conducted by randomly
selecting 30 % of the occurrence localities from the dataset as
test data. We evaluated grid cells with a cumulative proba-
bility >10, as suggested by Waltari et al. (2007) and Peterson
et al. (2007).

Chloroplast DNA sequence variation

DNA was extracted from air-dried leaf tissue using the
modified CTAB method (Doyle and Doyle 1990). Eight
chloroplast DNA regions (trnV-ndhC, psbD—trnT, rpsl6—
trnK, petL-psbE, psbJ-petA, atpl-atpH, trnK2—trnQr
(DumolinLapegue et al. 1997; Shaw et al. 2007) were
tested. Four intergenic regions (psbJ—petA, atpl-atpH,
trnK2—-trnQr, and trnl—trnF) that successfully amplified
were used in this study. The PCR-amplified products were
sequenced using an ABI Prism BigDye Terminator v3.1 kit
on an ABI3730 DNA Analyzer (Applied Biosystems,
Foster City, CA, USA). Only high quality traces were
considered. DNA sequences were aligned using ClustalW
(Thompson et al. 1994; Larkin et al. 2007). All observed
indels were excluded from the analysis, while an inversion
was included as 5th state.

The observed number of haplotypes (H(n)), haplotype
diversity (Hd), and nucleotide diversity (7) and theta (6)
from segregating sites were calculated for each population.
Tajima’s D (Tajima 1989) and Fu and Li’s D* test (Fu and
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Fig. 1 Haplotype variation.
a Observed haplotypes with a
predicted distribution map. Four
sample populations (A-D) were
collected from moraines on
Ellesmere Island. Filled circles
are sampling locations, and
open squares are geo-reference
records obtained from the GBIF
database. Darker gray indicates
the potential range of the
species predicted by niche
modeling with the geo-
referenced occurrence data
(at least 10 % of cumulative
probability). The blue line
indicates the northern limit of
the last glaciation. b Haplotype
network of observed haplotypes.
Each haplotype is represented
by a color-filled circle. Branch
length indicates the number of .
mutation events. (Color figure
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Li 1993) for departure from neutrality were calculated
using DnaSP v5 (Librado and Rozas 2009). A haplotype
network was constructed using NETWORK v4.6 (Fluxus
Technology, http://www.fluxus-engineering.com/network_
terms.htm) with the reduced median method (Brandelt
et al. 1995). Pairwise population differentiations and pop-
ulation differentiation (Ngr in addition to Ggt) were esti-
mated from haplotype frequency and distances between
haplotypes (Pons and Petit 1996). The significance of dif-
ferentiation between Ggr and Ngt was tested with 1,000
non-parametric permutation tests. Demographic inference
was explored by mismatch distribution analysis of
observed haplotype pairwise differences, following a pop-
ulation expansion model (Rogers and Harpending 1992)
and a spatial expansion model (Excoffier 2004). We used
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the sum of squared deviations between the observed and
expected mismatch and the Raggedness Index (Harpending
1994) to test deviation from the model.

Results
Current distribution

Ecological niche modeling for S. arctica under current
climate conditions determined the species distribution
(Fig. 1a) with a high Area Under the ROC Curve (AUC)
for the receiver operating characteristic (ROC) (AUC = 0.944
with test data), where a score of 0.5 indicates a random
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model. If AUC equaled 1.0, this would indicate a perfect
discrimination between an area where the species is present
and where it is absent. Thus, the model performed well in
projecting the current distribution of the species. The predicted
range shows a continuous distribution throughout the Cana-
dian Arctic expect absence in a few northern regions such as
on Ellesmere Island and the surrounding islands. It also indi-
cates a disjunct distribution in the alpine areas of North
America. Our sampled populations from the moraines on the
Ellesmere Islands were located at the northern edge of the
species range relative to other populations. The other two
populations were located at center and south of the large
continuous distribution of the species in the High Arctic.

Genetic diversity in S. arctica in the High Arctic

A total of 2,450 bp of chloroplast sequence data were
combined from aligned sequences of psbJ—perA (920 bp),
atpl-atpH (1,004 bp), and trnK2—trnQr (526 bp). The
combined dataset had a total of 14 haplotypes (Table 1).
Among the moraine populations, genetic diversity was
highest in the oldest moraine A (Hd: 0.762; =: 0.00096)
and lowest in the younger moraines (Hd: 0.338; =: 0.00015
for moraine C and Hd: 0.394; =: 0.00036 for moraine D). A
neutrality test (Fu and Li’s D*) was significant only in the
moraine B, the 2nd oldest moraine. There is a common
shared haplotype (Hap4) in all studied populations, while
all except two younger moraine populations had private
haplotypes (Fig. 1a, b).

Population differentiations were significant among three
regions, Ellesmere A-D, Resolute Bay (Res) and Cam-
bridge Bay (Cam) (Ngt = 0.139, p < 0.01; Table S1). The
differences between Ggr and Ngr were also significant,

which indicates genetically more similar genotypes exist
within regions. Population differentiation among the mor-
aine populations on Ellesmere Islands was not significant
(Ngt = 0.085).

Mismatch distribution analysis

For the youngest moraine population (D), the demographic
expansion model was rejected. However, this result should
be taken with caution because the number of segregated sites
is very low in the younger moraine populations. Among the
Ellesmere Island moraine populations, the mismatch distri-
bution parameter 7, which is the time in mutational steps
since the modeled expansion event, was constantly generally
high in the oldest moraine in both population and spatial
expansion models, compared to other younger moraines
(Table 2). The parameter T was the highest in the southern
population (Cam). The Raggedness Index, which becomes
larger in a stable population, was also highest in the Cam
population, and a smooth distribution, which is typical for
expanding populations, was rejected in this population.

Discussion

We detected generally high within-population haplotype
variation in the High Arctic populations of S. arctica. The
moraine populations we studied on Ellesmere Island have
well-developed vegetation, as is occasionally observed for
limited locations within polar deserts (Muc et al. 1994).
Each Ellesmere Island moraine developed at a different
time, and thus each has a different soil structure
(Okitsu et al. 2004; Mori et al. 2008). According to

Table 2 Mismatch distribution analysis under two expansion models: population expansion and spatial expansion

Elles(A) Elles(B) Elles(C) Elles(D) Res Cam
Population expansion model
T 3.600 0.800 3.000 0.000 2.400 6.800
SSD 0.061 0.022 0.227 0.226 0.020 0.140
p Value (SSD) 0.145 0.104 0.136 0.000 0.328 0.062
Raggedness Index 0.183 0.163 0.210 0.312 0.073 0.376
p Value (Raggedness) 0.115 0.185 0.243 0.959 0.588 0.018
Spatial expansion model
T 2.843 0.848 0.428 2.825 1.294 4.726
SSD 0.053 0.022 0.004 0.024 0.013 0.104
p Value (SSD) 0.219 0.050 0.221 0.338 0.371 0.198
Raggedness Index 0.183 0.163 0.210 0.312 0.120 0.395
p Value (Raggedness) 0.298 0.165 0.448 0.674 0.447 0.242

Sum of squared deviations (SSD) and Raggedness Index are indicated as test statistics for the models. The demographic parameter 7 indicates the
time in mutational steps since the modeled expansion event. Bold text indicates where p < 0.05
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Mori et al. (2008), the rocky environment of the youngest
moraine has resulted in low species richness and lower
occurrence of S. arctica. In their study, the occurrence of
S. arctica was estimated as 100 % on the oldest moraine
(moraine A in this study) and 20 % on the youngest mor-
aines (moraine D) based on 20 observed plots per moraine.
Larger overall population size with relatively longer habitat
establishment may have contributed to sustaining relatively
larger levels of genetic diversity within moraines. The
oldest moraine population had a common private haplotype
and equivalent genetic variation when compared with two
other island populations sampled from the central and
southern portion of the species’ range, while two younger
moraine populations on more recently developed sites
(oldest estimated age of 3,300 years) had relatively lower
haplotype and nucleotide diversity and had no private
haplotype. Frequent sexual reproduction (Steltzer et al.
2008) may boost genetic diversity in the small but a rela-
tively old S. arctica moraine population located in the High
Arctic. Although there is no significant population differ-
entiation among moraine populations, limited dispersal of a
common private allele in the oldest moraine suggests most
dispersal may be limited within local regions, even in a
species with a strong ability to disperse. This suggests such
vegetation-rich patches would provide crucial sources of
genetic variation and population expansion, and loss of
these small patches may have significant effects on total
genetic diversity and evolutionary potential of the species
in High Arctic ecosystems.

The Canadian High Arctic was inferred to have been one
of multiple refugia in North America during the last glaci-
ation for arctic plants such as Dryas integrifolia (Tremblay
and Schoen 1999) and Saxifraga oppositifolia (Abbott et al.
2000) and the arctic rodent Dicrostonyx groenlandicus
(Fedorov and Stenseth 2002). Recent genetic analysis of
fossils revealed the presence of a tree species in Scandinavia
where trees are believed to have been absent during the last
glaciation (Parducci et al. 2012), indicating survivability of
woody species adapted to cold environments in small and
isolated conditions. Since the oldest moraine is estimated to
have developed before the Last Glacial Maximum (Okitsu
et al. 2004), Mori et al. (2008) and Okitsu et al. (2004) have
posited that moraines and nearby districts may have been
covered by vegetation during the full glaciation period. In
our study, the mismatch distribution analysis suggested that
the population size of the Cambridge Bay site has been more
stable over time, compared to other populations. If the
species generally retreated to the south during the glacial
period, higher diversity and more stable population size
compared to the other northern population would be
expected as seen in this study. However, significant popu-
lation divergence among three regions (moraines, Res and
Cam populations) and the presence of regional private
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haplotypes support the hypothesis that there have been at
least multiple sources contributing to post-glacial coloni-
zation of S. arctica in Canadian Arctic regions. Further
investigation is required to clarify this hypothesis in
S. arctica. Nonetheless, with such strong population struc-
ture created by historical events and/or relatively limited
gene dispersal, loss of local populations can directly result in
loss of unique genetic resources.

Conclusion

Salix arctica is a foundation species in the High Arctic as a
low trophic-level species, which acutely and chronically
modulates fundamental ecosystem properties and processes
(Ellison et al. 2005). Wind dispersal with fluffy seeds, which
is a typical feature of Salix species, may promote high levels
of seed dispersal and colonization as a dominant species.
High gene flow enhances homogenization of genetic varia-
tion among populations (Hartl and Clark 2007). However,
our findings in S. arctica suggest gene flow may not be so
high that it rapidly homogenizes genetic variation among
populations and that recovery of genetic variation within
populations may take a few thousands of years even if source
populations are close by. This implies rapid environmental
changes may influence population recovery, thus ultimately
slowing the recovery of High Arctic vegetation. Also, the
implication that there may be multiple refugia has recently
received increased attention as an alternative explanation for
the rapid range expansion of woody species in response to
past climate changes (e.g. Petit et al. 2008). Arctic and alpine
species will experience expanding growth, increased com-
petition and loss of habitat with the climate changes occur-
ring globally (Birks 2008). Revisiting local processes of
population colonization and recovery from small popula-
tions in the High Arctic are essential in projecting the
response of the High Arctic to environmental changes.
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