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Using independently segregating nuclear single nucleotide polymorphisms (SNPs) and mitochondrial control region
sequences, we found an east–west division among sampled willow grouse Lagopus lagopus subspecies. This division
cut across the range of the subspecies with the largest distribution (lagopus) and thus contradicted existing
taxonomic classifications. Russian Lagopus lagopus lagopus tended to cluster with North American willow grouse
partly classified as other subspecies. Scandinavian willow grouse (L. l. lagopus) clustered with red grouse from
Britain and Ireland (Lagopus lagopus scoticus and Lagopus lagopus hibernicus) but substructuring confirmed the
monophyly of the latter. In North America, we could not detect any major genetic divisions apart from two birds
described as alexandrae from the Heceta Island (Alaska) when using mitochondrial sequences. Other samples from
North America were intermingled regardless of whether they were described as muriei, alexandrae or lagopus. A
specimen described as alexandrae was to some extent distinct when analysing the SNP data. The genetic analyses
indicated some concordance between genetics and taxonomy but not complete congruence. This is particularly
evident for mitochondrial DNA network analyses. We suggest that the taxonomy of this species would benefit by
a careful re-examination of the available evidence for subspecies. It appears as if subspecies status is a poor proxy
for assigning evolutionary significant units and management units in this species. © 2013 The Linnean Society
of London, Biological Journal of the Linnean Society, 2013, 110, 77–90.
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INTRODUCTION

To take accurate conservation actions, it is important
to correctly identify the taxonomic units relevant for
conservation (Moritz, 1994; Crandall et al., 2000;
Ballard & Whitlock, 2004; Beaumont & Balding,
2004). Many conservation actions still rely on taxo-
nomic subspecies classifications based on morphologi-
cal characters. Although these may be valid in many
instances, they should be confirmed by the genetic

data because classifications based purely on morpho-
logical data may be misleading as a result of pheno-
typic plasticity and clinal variation (Storz, 2002;
Relethford, 2004). Subsequent to the introduction of
genetic techniques in conservation, it has been
common practice to use mitochondrial (mt)DNA
sequences to infer species and other taxonomic rela-
tionships. For taxa to classify as an evolutionary
significant unit (ESU), it has been suggested that
they need to be reciprocally monophyletic for mtDNA
alleles (Moritz, 1994). However, maternally inherited
mtDNA has no (or very low) recombination rates and
is thus inherited as a single linkage group (i.e. as one
gene) (Ballard & Whitlock, 2004). It has long been
known that single gene trees may be discordant with
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the species tree and, consequently, that using a single
gene tree may lead to inference of misleading species
relationships (Pamilo & Nei, 1988; Maddison, 1997;
Edwards & Beerli, 2000). As a result of the stochas-
ticity with respect to the way that two lineages in a
population coalesce in the preceding generation, no
independently segregating single gene trees will be
identical. Therefore, when reconstructing species phy-
logenies, the use of multiple loci is now recommended
(Edwards, Liu & Pearl, 2007). Similarly, when using
intraspecific phylogenies in phylogeographical
studies, similar problems may arise and gene trees
have been reported to be discordant either with mor-
phology (Juan et al., 1996; Babik et al., 2005) or
among markers (Bernatchez et al., 1995; Gantenbein
& Largiadèr, 2003).

One approach for overcoming the problem of single
gene trees would be to use data from many genes to
reconstruct the species tree (Edwards et al., 2007). A
complementary approach is to employ genetic marker
data to infer the number of populations among the
sampled individuals using criteria such as units
in Hardy–Weinberg or linkage equilibrium. These

are the criteria used by STRUCTURE (Pritchard,
Stephens & Donnelly, 2000) in which the user can
choose between different model-based approaches to
detect the possible genetic population structure. If
found, it is then straightforward to compare these
groupings with taxonomic status and/or geographical
origin of the analyzed individuals.

The willow grouse (or willow ptarmigan), Lagopus
lagopus, Linnaeus, 1758, is a grouse species found in
subalpine/boreal forests and heathlands in both the
Nearctic and Palaearctic. Several subspecies are
described but their validity should be evaluated
(Storch, 2007). Johnsgard (1983) listed 16, Potapov
(1985) listed 13, Potapov & Flint (1989) recognized
15, and del Hoyo, Elliot & Sargatal (1994) suggested
19 subspecies worldwide (Fig. 1). Hannon, Martin &
Eason (1998) described six subspecies for North
America. However, there have been few genetic
studies covering large parts of the range of this
almost circumpolar species and the subspecies classi-
fications are based on morphological criteria that
may be subjected to phenotypic plasticity and clinal
variation. The willow grouse is a species that is

Figure 1. Approximate distribution of Lagopus lagopus subspecies (sensu Potapov 1985) Subspecies in bold were
included in the present study. Large dots indicate several samples from that location; small dots refer to one sample.
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characterized by large outbreeding populations har-
bouring large amounts of genetic variation (Berlin,
Quintela & Höglund, 2008), although isolated popu-
lations that have lost genetic variability have been
described (Gyllensten, 1985; Freeland et al., 2007;
McMahon et al., 2012). Willow grouse of both sexes
normally attain an all white winter plumage, whereas
females are camouflaged grey/brown during the
summer and males develop a similar brownish
nuptial plumage on the neck, breast, and back. The
subspecies found in Britain and Ireland (called red
grouse) does not acquire the winter plumage
(Skoglund & Höglund, 2010).

The present study aimed to compare mitochondrial
and nuclear genetic data with previous taxonomic
classifications of a number of willow grouse individu-
als collected throughout the range of the species. We
wanted to compare genetic data from nuclear single
nucleotide polymorphisms (SNPs) and mitochondrial
control region sequences with taxonomic status and
geographical origin. It is assumed that, if the taxo-
nomic status is correct, there will be a correspondence
between this and the genetic data. However, if the
taxonomic status and the genetic data do not corre-
spond, we expect a better fit with geographical origin
because this a widespread circumpolar species in
which we expect a gradual change in allele frequen-
cies as the geographical distance between samples
increases.

MATERIAL AND METHODS
SAMPLES

Samples from 80 individuals of Lagopus lagopus
belonging to six different subspecies were collected:
alexandrae (7), hibernicus (1), kamschatkensis (1),
lagopus (62), muriei (5), and scoticus (4). The geo-

graphical distribution of the samples is shown in
Table 1 and individuals were collected in North-
America (subspecies lagopus, alexandrae, and
muriei); Britain and Ireland (subspecies hibernicus
and scoticus); Russia (subspecies lagopus and kams-
chatkensis); and Scandinavia (Norway and Sweden,
subspecies lagopus); for further details about sam-
pling sites, see the Supporting Information
(Table S1). Samples from rock ptarmigan (Lagopus
muta) and a lagopus ¥ muta hybrid (with muta
mtDNA) were also included to be used as an out-
group. DNA was extracted either using a salt-
extraction procedure (Paxton et al., 1996) or the
Qiagen DNeasy Blood and Tissue isolation kit
(Qiagen Inc.) in accordance with the manufacturer’s
instructions. To avoid contamination, DNA extrac-
tions, pre-polymerase chain reaction (PCR) and post-
PCR pipetting were carried out in different rooms
and the equipment was sterilized using ultraviolet
radiation.

SINGLE NUCLEOTIDE POLYMORPHISM

(SNP) GENOTYPING

Twenty-four unlinked SNP markers were selected
for multiplex genotyping using the GenomeLab
SNPstream system (Beckman Coulter) (Bell et al.,
2002) available at the SNP & SEQTechnology Platform
at Uppsala University (http://www.genotyping.se).
SNPs were located in sixteen exons scattered through-
out chromosomes of different sizes classes: AKR,
APOA, bcl-2, BRIP, CAAX, CXC4, EPN, KELCH,
LEPR, MBL, MICRO, PKP4, PPARG, TAR, TRANS,
and YTH; for further details about SNP detection in
willow grouse, see Berlin et al. (2008) and Quintela
et al. (2010). Primers for multiplex were designed for
substitutions flanked by regions of at least 100 bp on

Table 1. Origin (and number) of individuals genotyped from each of the subspecies at the respective molecular markers

Species Subspecies
Single nucleotide
polymorphism markers

Mitochondrial
DNA

Lagopus lagopus lagopus Alaska (5) Alaska (5)
Russia (6) Russia (5)
Scandinavia (51) Scandinavia (15)

kamschatkensis Siberia East (1)
scoticus UK (4) UK (7)
hibernicus Ireland (1)
muriei Alaska (5) Alaska (4)
alexandrae Alaska (4) Alaska (2)

Canada (3) Canada (3)
Lagopus muta Scandinavia (3)
Hybrid Scandinavia (1)

Total 80 45
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both sides (for SNPs and flanking sequences, see
Supporting Information, Table S3).

ANALYSIS OF SNP MARKERS

The analysis with the SNP set of markers was per-
formed using two different approaches:

1. Geographical approach: samples were divided into
four groups based on the geographical origin of the
individuals: Russia (N = 7), Scandinavia (N = 51),
Alaska–Canada (N = 17), and the British Isles
(N = 5).

2. Taxonomic approach: individuals were divided into
six groups with respect to the subspecies: lagopus
(N = 63), alexandrae (N = 7), muriei (N = 5), kams-
chatkensis (N = 1), scoticus (N = 4), and hibernicus
(N = 1).

Both basic statistics and pairwise FST were calculated
with GENALEX, where the significance of the latter
was based on 10 000 permutations. The use of single
summary statistics such as FST (Weir & Cockerham,
1984) or Nei’s D (Nei, 1972, 1978) was not considered
sufficient to adequately capture interpopulation rela-
tionships (Dyer & Nason, 2004). Because the genetic
interrelation between populations is measured upon
their genotypes at a number n of loci with m inde-
pendent combination of alleles, each population can
be represented in a multidimensional space consist-
ing of m orthogonal axes. To summarize these data in
a comprehensible format and better understand the
structure of the set of populations investigated in the
present study, we performed multivariate analysis
using the R package ADEGENET for the individuals
genotyped at SNPs (Jombart, 2008).

To further investigate population structure, we
identified genetic clusters with the Bayesian model-
based clustering algorithms implemented in STRUC-
TURE, version 2.3.1, under a model assuming
admixture and correlated allele frequencies using
population information (LOCPRIOR option). Ten
runs with a burn-in period consisting of 100 000 rep-
lications and a run length of 1 000 000 Markov chain
Monte Carlo iterations were performed for a number
of K clusters, ranging from 1 to 15 depending on the
approach. We then applied the Evanno, Regnaut &
Goudet (2005) ad hoc summary statistic DK, which is
based on the rate of change of the ‘estimated likeli-
hood’ between successive K-values. Simulations indi-
cate that the K-value with a higher DK corresponds
to the uppermost hierarchical level of population
structure (Evanno et al., 2005). Furthermore, we
compared the posterior probabilities for the values
of K with the highest P(X|K) using a Wilcoxon
two-samples test sensu Rosenberg et al. (2001).
Runs were averaged using CLUMPP, version 1.1.1

(Jakobsson & Rosenberg, 2007) using the large K
greedy algorithm and the G′ pairwise matrix simi-
larity statistics and results were visualized as bar-
plots. STRUCTURE analyses were performed: (1) by
adding prior information about the individuals’ geo-
graphical sampling area; (2) according to subspecies
assignment; (3) according to sampling site; and (4)
without any priors.

MT CONTROL REGION

Sequence assembly and alignment
The 1089-bp mitochondrial control region was
amplified using primers and methods sensu Baba,
Fujimaki & Koike (2001). Resulting products were
purified using ExoSAP-IT (GE Healthcare) in
accordance with the manufacturer’s instructions.
Automatic sequencing was performed on a Mega-
Bace 1000 (GE Healthcare).

The sequence assembly of the mitochondrial control
region sequences was performed using CODONCODE
ALIGNER (CodonCode Corporation). The sequences
were then aligned using CLUSTALW (Thompson,
Higgins & Gibson, 1994) in CODONCODE ALIGNER
and refined by eye. Sequences with many gaps as a
result of missing data were removed. All unique
sequences were deposited in GenBank (accession
codes: JX274545–JX274589).

PHYLOGENETIC ANALYSIS

Conventional F-statistics and pairwise FST were com-
puted from haplotype frequencies and statistical sig-
nificance was based on 10 100 permutations using
ARLEQUIN (Excoffier, 2006).

The haplotype phylogeny of willow grouse was
reconstructed using four different methods: Neigh-
bour joining, maximum parsimony (MP), maximum
likelihood (ML), and Bayesian inference. We choose
four different phylogenetic reconstruction methods to
check that relationships are robust and not artefacts
of any given phylogenetic reconstruction method.
Three rock ptarmigan (L. muta) control region
sequences were used as outgroup taxa.

Neighbour-joining analyses were performed in
MEGA, version 4 (Tamura et al., 2007). Because the
variation of intraspecific sequences might be low, the
Jukes–Cantor estimate of the number of nucleotide
substitutions per site (d) was employed to: (1) avoid
incorrect topology resulting from the larger variance
introduced by complex model because, if d is less than
0.05, the distance model of p-distance or Jukes–
Cantor distance should be used (Nei & Kumar, 2000);
(2) evaluate the nodal support of the Neighbour-
joining tree because, if d is not bigger than 0.5, the
confidence value of bootstrap test (Felsenstein, 1985)
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and the interior branch test (Nei, Stephens & Saitou,
1985) is nearly the same and, for closely-related
sequences, the interior branch test is more math-
ematically rigorous (Sitnikova, Rzhetsky & Nei, 1995;
Nei & Kumar, 2000). The test was performed for 1000
iterations and a 50% majority-rule was used to gen-
erate the consensus tree.

Maximum parsimony analyses were conducted in
PAUP* 4.0b10 (Swofford, 2002) using a heuristic
search and the stepwise addition option. Sequences
were added randomly with ten replicates and the tree
bisection–reconnection algorithm was used for branch
swapping. Maximum likelihood analyses were per-
formed in PHYML, version 2.4.4 (Guindon & Gascuel,
2003), using the best-fit nucleotide substitution model
selected by the Akaike information criterion in MOD-
ELTEST, version 3.6 (Posada & Crandall, 1998). The
bootstrap method (1000 replicates) was used to evalu-
ate the nodal support of the MP and the ML trees.
Bayesian inference was conducted using MrBayes,
version 3.1.2 (Huelsenbeck & Ronquist, 2001). The
best-fit model of nucleotide substitution was selected
in MRMODELTEST, version 2.2 (Nylander, 2004) fol-
lowing the Akaike information criterion. The analysis
was run for 500 000 generations, with four parallel
chains and a sampling frequency of every 100 gen-
eration. The burn-in point at which the sampling of
the trees reached a stationary state was estimated
using TRACER, version 1.5 (Rambaut & Drummond,
2009). Samples before the stationary point were
discarded.

The phylogenetic network analysis was performed
in NETWORK, version 4.5.1.0 (http://www.fluxus-
engineering.com). The reduced median network
option was applied to identify obvious parallel muta-
tions. Then the median-joining method (with default

settings) was used to calculate the MP network of the
refined dataset (Bandelt, Forster & Röhl, 1999).

RESULTS
SNP MARKERS

The conversion rate of SNP markers was 70.83% (17
out of the 24 multiplexed primers successfully yielded
a product) with 100% of reproducibility according to
duplicate analysis of 7% of the genotypes. One out of
17 approved assays, CAAX-124 (1.33%), was mono-
morphic. Summary statistics for all SNPs are pro-
vided in the Supporting Information (Table S4).

Geographical approach
Pairwise FST (Table 2) values ranged from 0 (Russia
versus Alaska–Canada) to 0.072 (UK versus Alaska–
Canada). The only pairwise comparisons that showed
significant structure were North America versus
Scandinavia, and the UK. Analyses performed with
principal component analysis (PCA) (Fig. 2), pairwise
FST, and STRUCTURE using population information
(Fig. 4A) yielded very similar results for most of the
pairwise comparisons. The only discrepancies were
found in the comparison for Russia–Scandinavia
where STRUCTURE detected differences that went
unnoticed by PCA (some overlap of the respective 95%
inertia ellipses) but mainly for pairwise FST (0.014,
P > 0.05). The second disagreement was found in the
PCA for Scandinavia–Ireland_UK, where the overlap
of the 95% inertia ellipses did not agree either with
the nonsignificant FST (0.007, P > 0.05) or with the
high similarity in the inferred membership of indi-
viduals from both groups according to STRUCTURE.
Posterior probabilities for different K values under

Table 2. Single nucleotide polymorphism markers: pairwise FST between geographical regions and subspecies calculated
with GENEALEX (below diagonal) with probability values based on 9999 permutations (above diagonal)

Geographical regions Scandinavia Russia Alaska–Canada UK–Ireland

Scandinavia – 0.175 0.000 0.318
Russia 0.014 – 0.429 0.106
Alaska–Canada 0.067 0.000 – 0.031
UK–Ireland 0.007 0.048 0.072 –

Subspecies Lagopus Alexandrae Muriei Scoticus

Lagopus – 0.002 0.089 0.334
Alexandrae 0.141 – 0.021 0.004
Muriei 0.065 0.146 – 0.012
Scoticus 0.016 0.249 0.240 –

Values shown shown in bold are significantly higher than zero after Bonferroni correction (a = 0.0083). Values in italics
are significant at P < 0.05.
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the geographical approach (and subsequently for the
taxonomic and sample site approaches) are provided
in the Supporting Information (Tables S5 and S6).

Taxonomic approach
Pairwise FST (Table 2) ranged from 0.016 (lagopus
versus scoticus) to 0.249 (scoticus versus alexandrae).
All values were significantly different from zero,
except for lagopus versus scoticus (0.016, P > 0.05)
and lagopus versus muriei (0.065, P > 0.05). Although
these results were largely supported by PCA (Fig. 3),
it is worth noting that the degree of overlap between
the aforementioned subspecies was higher than
expected, also taking into account that they shared a
similar average proportion of membership to the
same STRUCTURE cluster (Fig. 4B).

STRUCTURE analyses performed considering the
site of sampling site as a prior yielded two main
clusters (Fig. 4C). Thus, individuals from the follow-
ing locations showed more than 0.75 of proportion of
membership to cluster I: site 1 (Ireland), site 9
(Naryan Mar and Ostrov Kolguyev, North-West
Russia), site 10 (Magadan, Eastern Siberia), site 11
(Atqasuk, North Alaska), site 12 (Heceta Island,
South-East Alaska), site 13 (Zarembo Island, South-
East Alaska), and site 14 (Chilkat Pass, North-West
BC, Canada), whereas individuals from site 2

(Orkney, South-York-Dales, Islay_Scotland), site 4
(Vålådalen, Tjallingen, Sweden), and site 5
(Tjuoltadalen, Sweden) showed a proportion of mem-
bership higher than 0.75 to cluster II.

STRUCTURE analyses performed without prior
information yielded three main clusters. However,
when plotting individual membership proportions to
each cluster, we could not detect any geographical or
taxonomic signal and individuals were all assigned to
each cluster with equal probability.

MITOCHONDRIAL SEQUENCES

Sequence variation
The final data matrix included 41 individual 1089-bp
long sequences (Table S2) corresponding to nucleotides
61 to 1140 of the complete mitochondrial control region
of willow grouse (based on a comparison with GenBank
accession number AJ297169 (Lucchini et al., 2001). We
found 42 polymorphic sites and 30 haplotypes. Within
the nominal subspecies, one haplotype was shared by
two individuals from Scandinavia and one from
Russia. Similarly, in Alaska, another haplotype was
shared by two specimens of lagopus and one specimen
of muriei. Descriptive statistics of genetic diversity for
geographical regions and subspecies, respectively, are
given in Table 3. The geographical approach for genetic
differentiation based on pairwise FST for mtDNA

Figure 2. Topology of the four geographical regions
obtained by principal component analysis. Eigenvalues
corresponding to the represented components are filled in
black. Points represent the genotypes; geographical groups
are labelled inside their 95% inertia ellipses. The percent-
age of explained variance was 77.65% and 11.64% for axes
1 and 2, respectively.

Figure 3. Topology of the six subspecies obtained by prin-
cipal component analysis. Eigenvalues corresponding to the
represented components are filled in black. Points repre-
sent the genotypes; subspecies are labelled inside their 95%
inertia ellipses. The percentage of explained variance was
45.44% and 33.50% for axes 1 and 2, respectively.
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(Table 4A) was consistent with the results obtained
with SNP markers, with the exception of the compari-
son for Scandinavia–Britain, which suggested mono-
phyly for the British birds for mtDNA (Fig. 5).
However, when considering the taxonomic approach,
discrepancies between both markers appeared to arise.
Thus, despite the high values found for pairwise FST

using mtDNA, the low sample sizes hampered reveal-
ing any statistical significance (Table 4B). Therefore, it
is necessary to interpret these results with caution
because the apparent lack of structure between taxa
can be spurious.

PHYLOGENY

The Jukes–Cantor estimate of the mean ± SE number
of nucleotide substitutions per site (d) was
0.015 ± 0.002. Therefore, the p-distance model was
used to reconstruct a Neighbour-joining tree (Nei &
Kumar, 2000), and the interior branch method was
selected to test the reliability of the tree (Sitnikova
et al., 1995). For the ML analysis, the best-fit substi-
tution model was HKY+I+G (base frequencies: A,
0.3319, C, 0.1471, G, 0.2575, T, 0.2635; transition/
transversion ratio = 3.2187; proportion of invariable
site = 0.8386; gamma shape parameter = 0.9443). For
the Bayesian inference, the best-fit substitution
model was HKY+I+G (proportion of invariable
site = 0.8386; gamma shape parameter = 0.9443). The
sampling of the trees became stationary after 460
generations. After discarding the initial burn-in, the
remaining 4500 generations were used to determine
the posterior probability distribution.

The Neighbour-joining tree clearly suggested that
willow grouse haplotypes are separated into two
major clades. One clade consists of sequences from
the British Isles and Scandinavia, whereas the second
clade consists of sequences from Russian and North-
American willow grouse (Fig. 5). The other phyloge-
netic trees using MP, ML, and Bayesian methods
resulted into a tree topology similar to that of
Neighbour-joining method, although with lower
support values (see Supporting Information, Figs S1–
S3). The median network analyses suggested a
similar grouping with clear geographical separation.
Scandinavian and British haplotypes were separated
but, together, were distinct from those from Russia
and North America. North American and Russian
sequences also showed internal structure (Fig. 6).

DISCUSSION

A major finding of the present study is that both the
nuclear and mitochondrial data suggest that willow
grouse are separated into two main genetic groups:
one in the western part of the range, including the

British Isles and Scandinavia, and another from
Russia eastwards in North America. However, we
were unable to obtain samples from eastern North
America and southern Russia and so many described
subspecies were not included in the present study. It
is thus possible that further geographical structuring
is present within this species. We did find some
further geographical structuring in the mitochondrial
data in red grouse from the British Isles as they
clustered together in a clade with some but not all
sequences from Scandinavia. Divergence between
Scandinavian and British red/willow grouse was con-
firmed previously using nuclear markers (Quintela
et al., 2010). This east–west subdivision is in disa-
greement with taxonomic classifications in that the
widespread continental subspecies is paraphyletic.

The east–west separation reported in the present
study approximately corresponds to the eastern
boundary of the European ice sheet during the last
glacial maximum 20 000 years BP (Hewitt, 2000). We
can therefore tentatively suggest that Western
Europe and Scandinavia were recolonized from a
refugium that was distinct from the unglaciated Ber-
ingial region in Eastern Siberia and Alaska that
might have served as the refugium for Russian and
North American lineages.

Dating the split between the western and eastern
clade of lagopus is difficult because molecular clock
calibrations for the avian Control Region revealed
varying results (from 0–38% divergence per 1 million
years in different avian genera (Ruokonen & Kvist,
2002). In the present study, we report 0.015
substitutions/site. A 2% divergence corresponds to
mutations accumulating at a rate of approximately
one every 3500 years. This would give an estimate of
50 000 years for the timing of the split between the
western and eastern clade of willow grouse. If the
control region evolves five- to ten-fold faster
(Ruokonen & Kvist, 2002), we obtain an estimate of
5000–10 000 years ago. This approximately corre-
sponds in time to the retreat of the inland ice in
Europe since the Last Glacial Maximum.

Recent analyses using Bayesian estimation of
species trees suggested that Scandinavian willow and
British red grouse coalesce before the Pleistocene
glaciations (more than 20 000 years ago) (Quintela
et al., 2010). This clear separation between these taxa
was found by using 76 unlinked SNPs harboured in
13 protein-coding loci. In the present study, using
some of the same SNPs but including a wider sam-
pling and STRUCTURE analyses, we could not
confirm this separation. We suggest that this is most
likely because of differences among the studies with
respect to the SNP typing method. In the present
study, we could not use all 76 SNPs of the previous
study in which we employed a direct sequencing
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method. Instead, we applied the SNPStream typing
method and were able to design primers for only a
part of the SNPs; furthermore, we lost SNPs as a
result of unreliable typing. Thus, given that the
analyses of the present study are based on a smaller
number of SNPs, the results should be interpreted
with some caution.

For the mitochondrial data, we found that Britain
and Scandinavia formed one clade and Russia and
North America formed another both in the phyloge-
netic reconstructions and in the haplotype network
analyses. These results were confirmed by STRUC-
TURE analyses of the nuclear SNP data when using
geographical origin as a prior. With the taxonomic

Figure 4. Inferred ancestry assessed with STRUCTURE using single nucleotide polymorphism markers under different
approaches (for details, see Material and methods). A, geographical approach: individuals were grouped into their four
geographical regions of origin. B, taxonomic approach: individuals were divided into six subspecies (individuals of the
nominal subspecies were ordered in the barplot in accordance with the geographical origin of the samples. C, sampling
sites approach (with the taxonomic adscription included). Sites correspond to: 1, Ireland; 2, Orkney, South-Yorkshire
Dales, Islay, Scotland; 3, Kaiseloukta, Kaisejåkkå, Lulep, Sarta, Sweden; 4, Vålådalen, Tjallingen, Sweden;
5, Tjuoltadalen, Sweden; 6, Jämtland, Sweden; 7, Ylivinsa, Sweden; 8, Norway; 9, Naryan Mar and Ostrov Kolguyev,
North-West Russia; 10, Magadan, East Siberia; 11, Atqasuk, North Alaska; 12, Heceta Island, South-East Alaska;
13, Zarembo Island, South-East Alaska; 14, Chilkat Pass, North-West BC, Canada; 15, Schumagin Island, Alaska;
16, Maclaren River Valley Alaska; 17, South-West Birdsall Island, Izembek National Wildlife Refuge. D, no priors.
�

Table 3. Descriptive statistics of mitochondrial DNA genetic diversity for geographical regions (top) and subspecies
(bottom)

Sample
size

Haplotype
diversity (h)

Nucleotide
diversity (p)

Number of
pairwise
differences (K)

Geographical regions
Britain 7 0.857 0.00167 1.810
Scandinavia 14 0.934 0.00355 3.857
Russia 5 1.000 0.00267 2.900
Alaska–Canada 14 0.956 0.00533 5.780

Subspecies
Lagopus lagopus scoticus 7 0.857 0.00167 1.810
Lagopus lagopus lagopus 24 0.975 0.00590 6.399
Lagopus lagopus alexandrae 5 0.900 0.00756 8.200
Lagopus lagopus muriei 4 1.000 0.00230 2.500

Table 4. Mitochondrial DNAcontrol region: pairwise FST calculated with ARLEQUIN and computed from haplotype
frequencies between geographical regions and subspecies (below diagonal) and probability values based on 10 100
permutations (above diagonal)

Geographical regions Scandinavia Russia Alaska–Canada UK–Ireland

Scandinavia – 0.3661 0.0020 0.0072
Russia 0.0129 – 0.1843 0.1867
Alaska–Canada 0.0550 0.0244 – 0.0143
UK–Ireland 0.1004 0.0736 0.0884 –

Subspecies Lagopus Alexandrae Muriei Scoticus

Lagopus – 0.0255 0.5708 0.0041
Alexandrae 0.0581 – 0.4449 0.0714
Muriei 0.0000 0.0531 – 0.2292
Scoticus 0.0783 0.1231 0.0812 –

Values shown shown in bold are significantly higher than zero.
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approach, we could only detect a weak signal for
alexandrae when K = 2. The mitochondrial data
further suggested that the British birds formed a
clade within the partly Scandinavian–British clade,
confirming the monophyly of red grouse.

There might be a number of reasons for the rela-
tively poor taxonomic signal in the SNP data. First,
as noted above, our analyses are based on a limited
number of SNPs and taxon sampling. Although we
know that the SNPs included here segregate inde-

pendently as a result of a large effective population
size and high recombination rates (Berlin et al.,
2008), it might be necessary to include a larger
number of SNPs before any firm conclusions can be
drawn. Second, subspecies classifications might not
correspond with genetic differences among popula-
tions. Rather, similar habitat and microclimate
regimes might produce similar phenotypes, although
the sampling locations were far apart. Studies of the
closely-related blue grouse (Barrowclough et al., 2004)

Figure 5. Neighbour-joining tree of mitochondrial control region haplotypes of willow grouse. Subspecies names and
phylogenetic clades are indicated to the right-hand side. Rock ptarmigan served as an outgroup and connected at the base
of the tree (not shown). The support value of the nodes is from the interior branch test (1000 replicates). The haplotype
DG1385 includes the sequences of individuals from two subspecies, Lagopus lagopus lagopus and Lagopus lagopus muriei.
Branch lengths are proportional to the number of substitutions per site (scale bar = 0.005 substitutions/site).
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and sage grouse (Young et al., 2000) revealed further
substructuring among recognized subspecies, suggest-
ing that further genetic structuring beyond the sub-
species level may be common among grouse species.

In a large outbreeding population such as the
willow grouse, we would expect isolation by distance
and, indeed, this was previously found in Scandinavia
(Quintela et al., 2010). A possible consequence of
isolation-by-distance is clinal variation in morphologi-
cal traits. This would call for caution when assigning
subspecies status to local populations within a con-
tinuous range. Thus, a few of the widespread subspe-
cies with no clear geographical distinction from
neighbouring subspecies (such as lagopus and alex-
andrae) would be predicted to have high levels of gene
flow and low genetic differentiation. By contrast,
island subspecies and otherwise isolated subspecies
(such as scoticus and hibernicus) would be predicted
to show limited gene flow with other subspecies and
be more genetically distinct. Our mitochondrial
network analyses confirmed these patterns to some
extent, whereas more extensive nuclear data are
required to address this issue in earnest. This also
corresponds with the conservation status of willow
grouse subspecies. Although willow grouse represents
a common species throughout most of its range, some
populations and subspecies inhabiting islands have
been are classified as locally threatened, such as red
grouse on Ireland (Lagopus hibernicus; McMahon
et al., 2012). However, our data suggest that none of
these threatened populations, nor the large continen-

tal subspecies would classify as reciprocally mono-
phyletic for mtDNA, which has been suggested to be
a criterion for assigning ESU-status to subspecies
(Moritz, 1994). However, these threatened island
populations probably classify as management units
(Palsbøll, Bérubé & Allendorf, 2007).

In conclusion, we found an east–west division
among the sampled willow grouse subspecies. This
division cut across the range of one of the subspecies
(lagopus) with the largest distribution and thus con-
tradicted existing taxonomic classifications. In North
America, we could not detect any major genetic divi-
sions apart from two birds described as alexandrae
from the Heceta Island (Alaska) when using mito-
chondrial sequences. The other samples from North
America were intermingled regardless of whether
they were described as muriei, alexandrae or lagopus.
The specimens described as alexandrae were to some
extent distinct when analysing the SNP data. Even
though the fit between taxonomy and genetics might
be considered poor, the genetic analyses indicated
some concordance between genetics and taxonomy,
although not complete congruence. This was particu-
larly evident for mtDNA network analyses. It is
evident that the taxonomy of this species would
benefit by a careful re-examination of the available
evidence for subspecies designation. More extensive
sampling among and within putative subspecies and
more nuclear markers might help to resolve some of
the uncertainties discerned by the present study,
although it appears as if subspecies status is a poor

Figure 6. Median-joining network (MJN) of mitochondrial control region haplotypes of willow grouse. Red, Britain;
yellow, Scandinavia; green, Russia; blue, Alaska and Canada. Black, median vectors (mv) that represent hypothetical
missed or unsampled ancestral haplotypes; purple, rooting taxa. The size of the circle is proportional to the number of
individuals that share the haplotype.
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proxy for assigning ESUs (Moritz, 1994) and manage-
ment units (Palsbøll et al., 2007) in this species.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this article at the publisher’s web-site:

Figure S1. Maximum parsimony tree of mitochondrial control region haplotypes of willow grouse (maximum
parsimony tree): length (L) = 109, consistency index (CI) = 0.789 and retention index (RI) = 0.917.
Figure S2. Maximum likelihood tree of mitochondrial control region haplotypes of willow grouse.
Figure S3. Bayesian tree of mitochondrial control region haplotypes of willow grouse.
Table S1. Information about sampling location, subspecies classification of the studied individuals, and source
for DNA extraction.
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Table S2. List of names of the mitochondrial control region haplotypes of willow grouse.
Table S3. Single nucleotide (SNP) positions (substitutions noted in brackets in bold) and flanking regions used
to design the twenty-four multiplexed primers (bold and italics indicate the codes of those that were successfully
amplified). The SNP code consists of the exon name and the position of the substitution (bp).
Table S4. Summary statistics for SNPs (mean ± SE) calculated with GENALEX using geographical and
taxonomic approaches, respectively: observed heterozygosity (HO), unbiased expected heterozygosity (UHE),
number of alleles (A), and proportion of polymorphic loci.
Table S5. Posterior probabilities for different values of K under four approaches of STRUCTURE data analysis.
Table S6. Mean ± SD value of r after 10 runs per K with different STRUCTURE analysis approaches.
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