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ABSTRACT

Aim The aims of this population genetics study of the common juniper across

Eurasia were to (1) assess the contribution of southern mountain ranges to the

post-glacial recolonization of high latitudes and (2) test whether recent expan-

sion or high gene flow could explain the low genetic differentiation in North-

ern Eurasia.

Location Northern Eurasia and mountain regions of Central Europe and Asia.

Methods Six hundred and twenty-two individuals were sampled in 42 popu-

lations. Two chloroplast DNA (cpDNA) fragments were investigated (trnT-trnL

and 16S-trnA). Analyses of the distribution of haplotypes across the continent

included a suite of phylogeographical and phylogenetic tests. Putative geo-

graphical distribution in the past was reconstructed using environmental niche

modelling.

Results Eighty-four haplotypes clustered into four main clades (GL1-GL4).

The largest clade, GL3, corresponds to populations from the Alps, northern

Europe, Western Caucasus and Siberia. These populations were moderately dif-

ferentiated (28%) compared to the total range (76%) and Fu’s Fs statistic was

negative, indicating a population expansion. Some haplotypes within GL3 form

subclades with a restricted geographical distribution, suggesting a local origin

of the mutation and limited dispersal. In line with these findings, modelling of

ecological niches found no significant reduction in the expected range during

the LGM. Remarkably, populations from the eastern part of North Caucasus,

the Himalayas, Tien Shan and south Siberia were distinctly different from pop-

ulations in the rest of the range.

Main conclusions As in Siberian larch species, the pattern of genetic diversity

at cpDNA across the natural range of J. communis suggests that colonization of

northern Europe and Siberia started from a limited area and predated the last

glaciation. It is likely that juniper survived the subsequent glacial epoch at high

latitudes in cryptic refugia serving as secondary centres of recolonization.

Southern mountain refugia contribution, to the recolonization of high latitudes

was, at best, limited.
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INTRODUCTION

Pleistocene glacial cycles are one of the most important fac-

tors determining the demographic history and, consequently,

the population genetic structure of species of the Northern

Hemisphere (Hewitt, 2000). However, their effect largely

depends on the environmental characteristics of the species

and the geographical region (Petit et al., 2003; Lascoux et al.,

2004). Cold-resistant species, such as birches, larches or

spruces, responded to Pleistocene climate dynamics very dif-

ferently than thermophilic ones, like oaks and beeches: while

the latter could only survive glacial episodes in southern

refugia, the former could persist close to the ice sheets (Wil-

lis & Van Andel, 2004; Binney et al., 2009). Indeed, while

post-glacial migration from southern refugia left a strong

genetic footprint in thermophilic species, with a clear struc-

turing of chloroplastic haplotypes, in boreal species such a

signal was conspicuously absent [e.g. Betula pubescens/B. pen-

dula (Maliouchenko et al., 2007), Salix caprea (Palme et al.,

2003)] or mixed and hard to interpret, and giving a better

match with the earlier, pre-LGM epoch (e.g. Larix sp.,

Semerikov et al., 2013; Polezhaeva et al., 2010). Finally, in

contrast to temperate or boreal species, arctic species that are

adapted to periglacial habitats may expand during glacial

phases and contract during interglacials (e.g. Prost et al.,

2013). The effect of glacial cycles on genetic variability and

demographic history of species with a wide amplitude of

environmental requirements, as opposed to species that are

confined to the Arctic or to cold-sensitive ones, remains

poorly understood.

Juniperus communis L. is a good example of a species with

such a wide ecological tolerance. This evergreen, cold-toler-

ant and xeromorphic gymnosperm is able to grow above the

polar and alpine tree lines, reaching the 72 latitude on the

Taimyr peninsula and 4300 m a. s. l. in the Himalayas, pro-

ducing variable growth forms ranging from a shrub to an

erect tree. Juniperus communis has an extensive circumboreal

range and several morphologically barely distinguishable

varieties (Farjon, 2001; Thomas et al., 2007; Adams, 2014). It

is generally found under the canopy of coniferous forests,

often together with Pinus sylvestris. Its pollen is wind-

dispersed supporting elevated gene flow, as in other boreal

trees.

A previous rangewide allozyme study of the common juni-

per (Hantemirova et al., 2012) revealed one large and a few

smaller geographical groups that are markedly distinct from

each other. The smaller groups correspond to Alaska, the

north-east of Siberia and the south of the Russian Far East,

part of south Siberia, and the Caucasus. The large ‘northern

group’ corresponds to the main part of the range, including

most of Europe and Siberia. Within-population diversity is

high with expected heterozygosity, He, ranging from 0.134 to

0.260, and FST among populations is low with values around

5%. This general structure, with one large homogeneous

group, surrounded by smaller, highly differentiated ones, is

not unique to J. communis and is observed among other

boreal or temperate plants and animals, for example, the

wood lemming, the brown bear or black alder (Fedorov

et al., 2008; Korsten et al., 2009; Havrdova et al., 2015).

Generally, the genetic structure of these species fits well with

the expectations of the rear edge hypothesis (Hampe & Petit,

2005) that assumes a stable, genetically well differentiated set

of rear edge populations (ancient populations persisting over

long periods of time) contributing to highly dynamic,

expanding leading edge ones that are genetically more similar

among them. An alternative explanation of the observed

allozyme structure in common juniper is a long-lasting sur-

vival in the northern part of the range of numerous ‘micro-

refugia’ which would provide sufficient gene flow to homog-

enize populations across this territory, with a limited contri-

bution from the rear edge populations. This, for instance,

seems to be the case in Larix sibirica (Semerikov et al.,

2013). These two hypotheses differ in their expectations.

Under the rear edge hypothesis, total genetic diversity and

population differentiation of common juniper at the leading

edge are expected to be lower than among the rear edge

populations. Within-population diversity should also be

higher and isolation by distance should be weak. The micro-

refugia hypothesis does not predict a decrease in total

genetic diversity in the north but predicts some isolation by

distance. Under the rear edge hypothesis the haplotype diver-

sity of the leading edge populations is also expected to be a

subsample of the diversity in the rear edge populations,

whereas under the microrefugia hypothesis the presence of

endemic locally evolved groups of haplotypes is expected in

the north.

A chloroplast DNA (cpDNA) study of J. communis

restricted to Europe discovered low inter-population diver-

sity, probably because of significant gene flow (Vargas, 2003;

Filipowicz et al., 2006). In contrast, high inter-population

differentiation within European juniper populations was

found with AFLP markers, although without correlation with

geographical distances (Michalczyk et al., 2010). These stud-

ies did not explicitly test the two hypotheses introduced

above. In other species from the genus Juniperus [J. przewal-

skii Komarov (Zhang et al., 2005; Li et al., 2011), J. tibetica

complex (Opgenoorth et al., 2010), J. sabina L. (Guo et al.,

2010) from Qinghai–Tibet Plateau and J. phoenica L. from

the Mediterranean (Boratynski et al., 2009)], a strong phylo-

geographical signal and significant inter-population differen-

tiation were observed.

The aims of this study were twofold: (1) to test whether

southern montane populations (Caucasus, the Himalayas,

Tien Shan and south Siberia) contributed to the recoloniza-

tion of northern latitudes, (2) to test whether the genetic

pattern observed in junipers corresponds better to the expec-

tations of the rear edge hypothesis or the micro-refugia

hypothesis. To that end we developed chloroplast DNA

markers, which are paternally inherited in Cupressaceae

(Neale et al., 1989; Neale et al. 1991; Mogensen, 1996;

Kondo et al., 1998), and genotyped individuals sampled

across the Eurasian part of the range of J. communis.
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MATERIALS AND METHODS

Population sampling

In total, 42 populations of J. communis were sampled (Fig. 1,

see Appendix S1 in Supporting Information): 25 Russian

populations (J. communis var. communis and J. communis

var. saxatilis), one Swedish, three Alpine, two Himalayan and

two from the Tien Shan mountains (Kazakhstan and Kyr-

gyzstan, Central Asia). Eight populations of J. communis var.

oblonga from the North Caucasus and one population of

J. communis var. depressa Pursh from Alaska were also sam-

pled. Each sample contained from 5 to 32 randomly selected

plants, thus 622 plants were analysed in total. Part of this

material was previously analysed with isozyme markers

(Hantemirova et al., 2012).

DNA extraction, PCR amplification, RFLP and

sequencing

Genomic DNA was extracted from fresh or silica gel dried

needles using the CTAB method according to Devey et al.

(1996), and used as a template for PCR amplification of two

fragments of chloroplast DNA. Region trnT-trnL was ampli-

fied with primers a, b, c, d of Taberlet et al. (1991), and the

16S-trnA intergenic spacer region using the primer pair,

50-gaaggctgggctagtgactg-30 and 50-gagataagcggactcgaacc-30

(V.L. Semerikov, unpublished), and an additional internal

primer 50-gaaaccaatgccataagcaa- 30. The individual PCR pro-

duct was subjected to digestion with TaqI enzyme for the

16S-trnA region and HinfI for the trnT-trnL region using the

manufacturer’s instructions (Sibenzyme, Novosibirsk,

Russia). Products of restriction reactions were separated indi-

vidually in 6% denaturing polyacrylamide gels with subse-

quent silver staining. In each population all haplotypes

(banding patterns) identified with this restriction fragment

length polymorphism (RFLP) procedure in each of the frag-

ments were sequenced in at least one individual. Indel poly-

morphism in the 16S-trnA spacer allowed to distinguishing

the majority of all haplotypes by the RFLP method. How-

ever, in some populations (the Alps, Kola peninsula, Estonia,

Polar Ural, Sweden, Tver, Yakutia) many different RFLP pat-

terns with similar band sizes were revealed in the 16S-trnA

region, and therefore all samples were sequenced in each of

those populations. To that end the PCR bands were cut out

of 1.0% agarose gels, isolated with SiO2 particles (Vogelstein

& Gillespie, 1979) and then used as templates for direct

sequencing using BigDye v. 3.1 kit (Gene Analyzers 3130;

Applied Biosystems, Foster City, CA, USA), and using PCR

primers as the sequencing primers. Fragments trnT-trnL and

Figure 1 Geographical location of sampled populations of Juniperus communis in Eurasia and Alaska (for numbers see Appendix S1)

and distribution of the main genetic lineages (GLs). GL1, blue: GL2, brown; GL3, red; GL4, pink. samova population groups are
delineated by dashed line.
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16S-trnA were analysed with RFLP in 622 individuals of J.

communis. Among them fragment 16S-trnA was additionally

sequenced in 404 individuals and fragment trnT-trnL, which

is less variable, was sequenced in 180 individuals.

Data analyses

The sequences of the two regions examined were edited and

manually aligned in BioEdit 7.2.5 (Hall, 1999). All sequences

have been deposited in GenBank under accession numbers

KX066269–KX066350, and KX066351–KX066362. In all sub-

sequent analyses each indel was treated as a single 1/0 char-

acter independently of its length.

Spatial analysis of molecular variance (samova 1.0;

Dupanloup et al., 2002) was used to identify population

clusters. This method aims to identify clusters of populations

that are maximally differentiated. A simulated annealing pro-

cess is run until obtaining the configuration of K groups that

maximizes FCT (the proportion of total genetic variance due

to differences among groups of populations) and that mini-

mizes the number of single-population groups. The analyses

were repeated with increasing values of K (2-15), until the

FCT values reached a plateau.

The existence of a phylogeographical structure was tested

following Pons & Petit (1996). Two measures of population

differentiation (GST, NST) were obtained using permut 1.0

(http://www.pierroton.inra.fr/genetics/labo/Software/) with

1000 permutations, and compared to each other.

Arlequin 3.5.1.2 (Excoffier & Lischer, 2010) was used to

calculate molecular diversity indices, including the number

of haplotypes, haplotype diversity (He) and nucleotide diver-

sity (p), as well as for analyses of molecular variance

(AMOVA, Excoffier et al., 1992). Measures of DNA diver-

gence between populations and groups, FST, were calculated

and their significance level was determined using 10,000 per-

mutations. The groups used here were the ones identified

with samova. Relationships between cpDNA haplotypes were

investigated using network 4.6.1.2 (Bandelt et al., 1999).

The phylogenetic relationships among cpDNA haplotypes

were evaluated with MrBayes 3.2.3. (Huelsenbeck & Ron-

quist, 2001). Juniperus rigida was used as an outgroup, and

the GTR+G+I nucleotide substitution model was chosen with

the Modeltest 3.7 software program and Akaike’s informa-

tion criterion (Posada & Crandall, 1998). Two independent

Markov chain Monte Carlo (MCMC) chains with a length of

10 million steps were used, saving the parameters every 1000

steps. To monitor the adequacy of the length of the Markov

chain, the average standard deviation of split frequencies was

used. After 2.5 million generations, the value of this measure

was < 0.01, and due to this, the first 2.5 million generations

were discarded as burn-in. The remaining 7500 trees were

used to construct a consensus tree.

To detect historical population expansion events in J. com-

munis, mismatch distributions were calculated using Arle-

quin 3.5.1.2. A total of 1000 parametric bootstrap replicates

were used to generate an expected distribution under a

model of sudden demographic expansion (Rogest &

Harpending, 1992). Fu’s Fs and raggedness indices were used

to test for deviation from neutrality.

We used environmental niche modelling based on the cur-

rent distribution of J. communis in Eurasia and present and

past climatic parameter distributions to reconstruct putative

species ranges during the Last Glacial Maximum (LGM:

21,000 years before present) and the Last Interglacial (LIG:

c. 120,000 years before present). To do this we used the

machine learning method based on maximum entropy

implemented in the program maxent 3.3.3 (Phillips et al.,

2006). Juniperus communis distribution data (from Europe)

were retrieved from the GBIF database (http://www.gbif.org,

last accessed 20 February 2012). The data set was expanded

by the addition of 66 of our field records and 396 records

from the territory of the former USSR (Sokolov et al., 1977).

To reduce number of species occurrence to 10,000 we used

thin.max.r R script, a part of the ENMTools 1.4.4 (Warren

et al., 2010).

The environmental data describing the baseline climate

(19 BioClim layers for the period 1950–2000 at a spatial res-

olution of 2.5 arc min), the LGM climate (BioClim layers

derived from the Coupled Model Intercomparison Project

Phase 5) and for the Last Interglacial climate (Otto-Bliesner

et al., 2006) were retrieved from the WorldClim database

(Hijmans et al., 2005). To reduce an effect of association

between climate parameters, we computed correlation

between all pairs of 19 parameters for the geographical

points of the species occurrence. For the groups of parame-

ters with correlation 0.8 or more, we included only one

parameter, leaving nine: bio1 – Annual Mean Temperature,

bio2 – Mean Diurnal Range, bio3 – Isothermality, bio4 –
Temperature Seasonality, bio5 – Max Temperature of Warm-

est Month, bio8 – Mean Temperature of Wettest Quarter,

bio12 – Annual Precipitation, bio15 – Precipitation Seasonal-

ity, bio18 – Precipitation of Warmest Quarter. To account

for bias associated with different accessibility of sites, a layer

with accessibility was used. It was prepared by assigning a

value of 20 to all Western European sites. The value of 2 was

assigned to the rest of Eurasia. Default settings of Maxent

were used.

RESULTS

DNA sequence variation

Juniperus communis is highly variable: 84 cpDNA haplotypes

were identified based on the combined polymorphisms at the

trnT-trnL and 16S-trnA loci. The total alignment length of

the sequences was 2857 bp across all 404 individuals from

the 42 populations. Sequences of the trnT-trnL fragment

included polymorphic sites apparently arising from point

mutations. A high level of polymorphism was detected in the

16S-trnA spacer and represented insertions, deletions and

substitutions. Haplotype frequencies in each population are

presented in Appendix S1. More than half of the haplotypes
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were rare, including 36 singletons and 11 haplotypes

observed only twice or three times in a single population

(see Appendix S2). The number of haplotypes and haplotype

diversity (He) per population ranged from 1 to 13 and from

0 to 0.96, respectively, with the greatest values for the num-

ber of haplotypes in North Tyrol. In addition to the Alps,

some northern populations (Yakutia, Polar Ural, Estonia,

Sweden, Kola Peninsula) and the Tver population also

showed high haplotype diversity levels (Fig. 2). The Swedish

population also has high nucleotide diversity p (0.18). The

distribution of the number of private haplotypes (haplotypes

specific to a particular population) did not show any clear

geographical pattern: a high number was observed in the

Polar Urals (4) but also in the Alps (North Tyrol; 7; see

Fig. 3).

Phylogenetic relationships among haplotypes and

their geographical distribution

The distribution of the 84 haplotypes was not random and

showed strong geographical patterns. Populations were

highly differentiated (GST = 0.640). The value for NST

(0.796) was higher than that for GST (P < 0.001), indicating

significant phylogeographical structure across the entire

distribution of the species and low gene-flow relative to the

mutation rate.

The Bayesian phylogenetic tree of haplotypes includes four

main genetic lineages (GL) (Figs 1 and 4). network shows

the same structure as the tree (see Appendix S3). GL1 is the

most basal and includes two sister groups of haplotypes of

J. communis var. saxatilis – specific to Central Asia (Altai,

Sayan, Shoria, Tien Shan) and the Himalayas respectively.

The rest of the tree splits into the GL2 group including hap-

lotypes H1 and H2 of J. communis var. depressa from North

America (north-west Alaska), and a large clade that consists

of GL3, GL4 and a few divergent haplotypes.

GL3 is the largest lineage containing haplotypes specific to

different varieties of J. communis – var. communis, saxatilis

and oblonga – and to different geographical regions of the

major part of Northern Eurasia – Europe, Ural and most of

Siberia, and also the central part of North Caucasus. GL3 is

defined by the presence of a large insert in the 16S fragment,

suggesting that GL3 is monophyletic. Many haplotypes and

their clades within G3 have a regional distribution. For

example, the clade including haplotypes 22, 23, 24 is specific

to the Urals, the clade consisting of haplotypes 52 and 72 to

the central part of North Caucasus, and haplotypes 17, 18,

20, 23 to northern Europe and the Polar Urals.

Figure 2 Intra-population diversity He and p based on 84 chloroplast DNA haplotypes in populations of Juniperus communis. The

colour and the size refer to the values of He and p, respectively. He – white circles – 0–0.49, grey circles – 0.55–0.83, black circles –
0.85–0.96. p – small circles: 0–0.028, median circles – 0.031–0.051, large circles – 0.056–0.18.
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GL4 splits into several haplogroups specific to the follow-

ing geographical regions: 1 – north-east of Siberia including

Kamchatka and south of Russian Far East and Sakhalin

Island, 2 – eastern part of North Caucasus, 3 – the Alps

(mainly the population of North Tyrol), plus a single haplo-

type H61 found in the South Urals.

The analysis of molecular variance (AMOVA) revealed sig-

nificant differences across the total distribution of the species

(FST = 0.76; P < 0.001).

The samova groups are congruent with those obtained

from the Bayesian tree (Fig. 1 and 4). The FCT value reached

a plateau (0.737) under K = 6 (see Appendix S3). The large

samova group III including the populations of Northern

Eurasia and of the central part of North Caucasus is almost

entirely composed of closely related haplotypes belonging to

the GL3 lineage. Population differentiation of J. communis in

these groups was markedly lower than that in the entire

range (FST = 0.28; P < 0.001) in spite of the vast geographi-

cal range, but within-population haplotype diversity

(He = 0.77) is higher than average (He = 0.60). The value for

NST (0.204) was not higher than GST (0.191, P < 0.25).

samova groups Ia and Ib (Central Asia) correspond to

GL1, group II (Alaska) corresponds to GL2, and group IVa

(North East Asia and Russian Far East) and group IVb (east

part of North Caucasus) to GL4. All of these groups are

strongly differentiated: they have few haplotypes in common,

and haplotype diversity is low: Central Asia – He = 0.48;

Alaska – 0.55; North East Asia and Russian Far East – 0.50;

Caucasus – 0.47.

Inference of demographic processes

A mismatch distribution analysis was conducted for the

major lines obtained with MrBayes. Results of Fu’s Fs
tests and the raggedness statistic of the mismatch distribu-

tion analysis are provided in Table 1. In GL1, GL2 and

GL4, the sum of squared deviations (SSD) between the

observed mismatch distribution and the expectation under

the expansion model and the raggedness index values are

rather high and suggest a stable population size. For GL4

goodness-of-fit test reject a sudden expansion model. Only

in GL3, the highly significant and large negative Fu’s Fs
indicates a deviation from neutrality, and supports popula-

tion expansion.

Species distribution modeling

The environmental niche modelling for J. communis at the

LGM and the LIG produced putative geographical ranges

which were similar to the current distribution (Fig. 5). The

regions with suitable climatic conditions (marked as green)

occupy a large proportion of the current range. The most

favourable areas appeared in Europe, the Urals and the east-

ern part of the range – Russian Far East, North East Asia as

Figure 3 Distribution of private haplotypes in populations of Juniperus communis. Bar chart represents the number of private

haplotypes in a given population.
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well as the mountainous region of Central Asia (Tien-Shan,

Himalayas).

DISCUSSION

Our results suggest that J. communis has a complex demo-

graphic history with multiple post-glacial colonization events

in different parts of its range. This study revealed a remark-

ably high level of population differentiation with FST = 0.76

in the total data set and high genetic diversity within popula-

tions of J. communis, which is expected for such a wide-

spread species. Additionally, FST, with a value of 0.28, was

much lower in the ‘northern group’. Genetic structure at

chloroplast and nuclear DNA are fairly congruent

Figure 4 The Bayesian tree phylogeny with genetic lines (GLs) based on the 84 cpDNA haplotypes of Juniperus communis in Eurasia
with Juniperus rigida as outgroup. Four major clades GL1 – GL4 are marked with blue, brown, red and pink correspondingly.

Journal of Biogeography
ª 2016 John Wiley & Sons Ltd

7

Phylogeography of common juniper in Eurasia



(Hantemirova et al., 2012) and are generally compatible with

a model where southern populations had a limited contribu-

tion to northern ones from which they strongly diverged,

suggesting an ancient split and limited gene flow thereafter.

The pattern is therefore strikingly similar to that observed

previously in Larix (Semerikov et al., 2013). Our data also

show that the pattern observed today does not solely reflect

the LGM, but also more ancient demographic events. In our

data and according to the biogeographical study of Mao

et al. (2010), the central Asian cpDNA lineage GL1 is very

distinct and well differentiated from the others, so that it

likely represents old, fragmented, relic populations that did

not contribute to the recolonization of the north. Perhaps

somewhat more unexpectedly the Caucasus populations con-

tributed in a very minor way to the last wave of post-glacial

recolonization given the post-glacial refugia status that has

generally been ascribed to Caucasus for other species, for

example, in oaks (Dumolin-Lapegue et al., 1997), in Eurasian

shrew (Dubey et al., 2006) and in lynx (Rueness et al.,

2014). On the contrary, in juniper the Caucasus likely was

not the source of post-glacial recolonization but rather the

recipient of immigrants from the north as in hedgehog (Sed-

don et al., 2002) or Scots pine (V.L. Semerikov, unpub-

lished). The isolation of populations from the eastern part of

North Caucasus from the rest of the species range is likely

Table 1 Results of mismatch distribution analysis and tests of

demographic expansion of main genetic lineages of Juniperus
communis in Eurasia.

GL Tau SSD HRI P-value Fs P-value

GL1 19.36 0.13 0.26 0.16 10.40 0.98

GL2 0.85 0.034 0.31 0.095 1.20 0.66

GL3 4.21 0.0044 0.010 0.82 �24.85 0.000

GL4 10.63 0.075 0.18 0.000 0.087 0.57

GL – genetic lineage; SSD – sum of squared deviation under expan-

sion model; HRI – Harpending’s raggedness index; Fs – Fu’s Fs test

statistic.

Figure 5 Distribution models J. communis for (a) the present, (b) the Last Glacial Maximum (c. 21,000 years before present) and (c)
interglacial period (c. 120,000 years bp). Green colour indicates the most suitable modelled habitat, whereas dark blue indicates a low

suitability. Sampled populations of J. communis are represented by red circles. The limits of the northern Europe – Barents sea ice sheet
(after Hughes et al., 2016) and Alpine and Pyrenean glaciers (after Ehlers & Gibbard, 2004) at the LGM are also indicated by light grey.
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due to the topography of the region and the arid climate

that prevailed during long periods. Populations of the more

humid central part of North Caucasus had more possibilities

for expansion and experienced more gene flow from group

GL3, accumulating European haplotypes (although there are

no shared haplotypes with European populations, suggesting

an absence of recent contact). Less surprisingly, and in line

with previous studies (Polezhaeva et al., 2010; Hantemirova

et al., 2012), populations from Beringia and the Russian Far

East also constituted a separate group. Adams & Pandey

(2003) studied only two juniper samples from one popula-

tion of this region, namely, from Kamchatka. This popula-

tion was also very distinct from European and Siberian

populations. For many species Beringia (including north-east

of Asia) was an ancient refugium isolated from the rest of

the territory by the Verkhoyansky mountain ridge (Eidesen

et al., 2013). Macrofossils and pollen data suggest that the

current boreal vegetation probably survived in isolated refu-

gia located in Beringia (Abbott & Brochmann, 2003; Bruba-

ker et al., 2005).

While other groups did not significantly depart from the

standard neutral model, in the ‘northern’ group Fu’s Fs
statistics indicated strong deviation from neutrality or recent

population expansion. As we noted above, GL3 is defined by

the presence of a large insert in the 16S fragment suggesting

that GL3 is monophyletic. Taken together, the low differenti-

ation of the ‘northern group’ (FST = 28%), significant Fs and

monophyly of GL3 suggest a relatively recent expansion of

northern populations from a single source. Given the high

diversity of the Alpine populations and considering that

Southern European mountains were a major refugium for

some boreal species [e.g. Norway spruce (Lagercrantz &

Ryman, 1990)], we speculate that the Alpine region was this

source. At the same time, ecological niche modeling shows

that survival of common juniper was possible during LGM

over the northern part of the current range (Fig. 5), suggest-

ing that a hypothetical initial ‘out-of-Alps’ migration, if at

all, took place before the LGM. Juniperus communis was

likely able to survive during the cold episodes of the Pleis-

tocene at high latitudes in many periglacial microrefugia,

spreading out and admixing during warm intervals over and

over again. Apart from the Urals, populations in the north

of Europe (Sweden, Estonia, Kola Peninsula) and Asia

(Yakutia) that show high genetic diversity and many rare

haplotypes could also have served as cryptic (micro-)refugia.

The presence of trees at high latitudes during the early Holo-

cene is supported by the macrofossils and stomata in the fos-

sil record from the area east of the margin of the

Scandinavian ice sheet and west of the Ural Mountains dur-

ing the early Holocene (V€alirant€a et al., 2011) and in the

north of West Siberia during the LGM (Binney et al., 2009;

Kosintsev et al., 2012). Broad distribution of cold-resistant

trees and shrubs during the LGM is also suggested by the

abundance of large herbivores (mammoth, rhinoceros, horse,

reindeer, bison, etc.), the diet of which included branches

(Ukraintseva, 1993; Boeskorov et al., 2011; Kosintsev et al.,

2012). At the same time these animals could suppress the

development of dense forest stands, promoting instead

shrubs including juniper (Michalczyk et al., 2010). Juniper is

not exceptional in this respect, and high genetic diversity in

northern Europe was also observed for Picea abies (Tollefs-

rud et al., 2008), Dryas octopetala (Skrede et al., 2006), Vac-

cinium uliginosum and Vaccinium vitis-idaea (Eidesen et al.,

2007, 2013). A unique mtDNA haplotype in P. abies popula-

tions of NW Norway also suggested survival in LGM at high

latitudes (Parducci et al., 2012). A refugium in Yakutia is

supported by fossil evidence of Dryas from the middle to late

Weichselian (Kienast et al., 2001, 2005).

The population expansion observed in J. communis was

also detected in the wood lemming (Fedorov et al., 2008),

the brown bear (Korsten et al., 2009), Siberian larch (Semer-

ikov et al., 2013), black alder (Havrdova et al., 2015) and the

Siberian salamander (Malyarchuk et al., 2013). In many of

these cases the age of population expansion, when it was

estimated, exceeds the age of the LGM (in the wood lem-

ming 125,000 years, in the Siberian salamander before

250,000 years, and in Siberian larch 500,000 years). What

these cases also have in common is a clearly subdivided pop-

ulation, with secondary centres of distribution – refugia asso-

ciated with more recent glaciation. In addition to one (or

more) groups of ‘young’ populations in the northern part of

the range, in most species there were also populations char-

acterized by deeply divergent genetic lines. These populations

are located mainly on the southern periphery of the range.

Like the southern populations of J. communis they did not

participate in the re-colonization of the northern regions.

Thus, in summary, in most of these cases, the ‘rear edge’

hypothesis is only partly consistent with the observed distri-

bution of genetic variation.

CONCLUSIONS

In summary, chloroplast DNA diversity in J. communis

revealed a pattern similar to that previously observed in

other boreal species with large Eurasian ranges: several deeply

divergent groups of populations located in southern regions

and a very large group covering most of Europe and Siberia.

The latter was recently colonized after the last glacial from

cryptic refugia in its midst, with no or limited contribution

from the southern refugia, notably in the Alps. In general, it

is important to keep in mind that the patterns that are

observed today are not just the result from the action of a

single glacial maximum, but the combined effect of several

cycles of retraction and expansion of species (see Tsuda

et al., 2016). In Eurasia, the documented persistence of

microrefugia within the areas affected by glaciations certainly

makes the story more complex than in the classical southern

refugia paradigm that dominated the early days of phylogeo-

graphical studies. At the same time, the rapid development

of whole genome tools, ancient DNA studies and a new gen-

eration of fossil maps should allow us to start to get a better

apportionment of the contributions of the different refugia
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as well as of the time frame under which the different waves

of recolonization took place.
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