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Abstract. In this study, we re-evaluated historical demography of the Eurasian green woodpecker (Picus viridis) on the basis of
previously published multi-locus mitochondrial DNA (mtDNA) data and ecological niche modelling. We particularly aimed to test
glacial refugia hypothesis during climatic oscillations of the late Quaternary for the Eurasian green woodpecker. Our results indicate that
the Eurasian green woodpecker was sensitive to the effects of climate change. Prior to the Last Glacial Maximum (22000 years ago), the
population contraction started and the Eurasian green woodpecker restricted its range to southern Europe (including France), Anatolia,
and the Caucasus/Caspian region, and, afterwards, substantially expanded its range from this restricted area to its present range around
14500 years before present. Therefore, during the Last Glacial Maximum, we recognize a single large refugium for this species, located
in southern Europe (including France), Anatolia, and the Caucasus/Caspian region.
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Introduction

Phylogeography plays a key role in biogeographic
studies, since it helps in identifying processes
that might lead to genetic differentiation between
populations (Avise 2000). Historical events are
known to play a vital role in shaping patterns of
genetic differentiation and demography within species
(Templeton et al. 1995). Along these lines, numerous
phylogeographic studies indicate that the genetic
differentiation of many bird species was affected
by Pleistocene glacial cycles (Hewitt 1996, 1999).
However, relatively few phylogeographic studies
cover most of the distribution range of widespread
bird species (Pavlova et al. 2003, Brito 2005, Perktas
et al. 2011, Perktas & Quintero 2013). This is an
essential point for phylogeographic studies, since
sampling gaps are known to have significant effects
on conclusions of especially genetic differentiation
drawn from phylogeographic studies. Thus, one
should be very careful in drawing phylogeographic
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and historical demographic inferences from patterns
of genetic differentiation between and within species,
unless one is confident that they have sampled from
the complete range of taxa involved.

At present, comprehensive phylogeographic studies
mostly focus on genetic and demographic patterns of
different organisms and comprehension of refugia in
their distribution ranges. For example, demographic
history of different species in Europe has been
discussed with well-known refugia in southern
Europe (Iberia, Italy, and Balkans). The principal
theory for most temperate species in Europe has been
that populations shifted their distribution range to the
favorable areas of southern Europe (i.e. refugia) during
the Last Glacial Maximum (22000 years ago). Yet,
some areas in Europe have not been well discussed
(e.g. Anatolia) and/or have been recently begun to
discuss (e.g. extra-Mediterranean refugia, Schmitt &
Varga 2012). For instance, phylogeographic studies
from Anatolia have been increasing and this region
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appeared to be an important region both as a refugium
and as a substantial source of re-colonization for
European biota (Korkmaz et al. 2014, Perktas et al.
2015 and references therein). In addition to the typical
Mediterranean refugia, extra-Mediterranean refugia
essentially describe cryptic northern refugia located
at higher latitudes (e.g. south-central and southeastern
Europe). This pattern of refugia has been observed in
some vertebrate species, e.g. European pine marten
(Martes martes), Ruiz-Gonzalez et al. (2013).

In this study, we picked a widespread, genetically
well-sampled, and well-studied woodpecker species
in Europe, the Eurasian green woodpecker (Picus
viridis). These features make this species an ideal
organism to test the glacial refugia hypothesis using
both a phylogeographic approach and ecological
niche modelling. The Eurasian green woodpecker
used to be considered as including four subspecies
throughout its distribution range (Cramp 1985,
Dickinson 2003). Perktas et al. (2011) proposed that
three species should be recognized in Europe and the
Near East. The Iberian taxon has been recognized as a
different species, the Iberian green woodpecker (Picus
sharpei); three subspecies have been recognized
within the Eurasian green woodpecker (del Hoyo et
al. 2014). Although this taxonomic arrangement has
not been fully accepted in some recent publications
(e.g. de Juana & Garcia 2015), in this study we follow
Perktas et al. (2011) in recognizing the Eurasian green
woodpecker and the Iberian green woodpecker as
valid species; therefore, we do not include samples
from the Iberian green woodpecker. Most of the
global range of the Eurasian green woodpecker lies
in Europe, where it is widely distributed, but absent
from northern and eastern parts of Ireland, north of
Scandinavia, and Iberia. Its range in Russia and Near
East covers western Russia, mostly coastal areas in
Turkey, the Caucasus, and northern and western
Iran (Fig. 1). It is largely non-migratory, but it may
perform altitudinal movements. Limited dispersal
seems to be an important behavioral characteristic of
this species, since it is not found on Mediterranean
islands, which are not so far from mainland.
Quantitative data on population sizes and trends are
scarce in Europe and Russia, but it is known that
over half of European population is thought to occur
in France and Germany (Tucker & Heath 1994). An
essential habitat requirement of this species consists
of old deciduous trees (especially for nesting); this
species also prefers semi-open landscapes, with small
woodlands, hedgerows, and forest edges (Winkler et
al. 1995). Although the Eurasian green woodpecker

is recognized as a single species consisting of three
subspecies, one of these subspecies, P. v. innominatus,
which occurs in western Iran (Zagros Mountains), has
been recognized as morphologically and genetically
distinct from other subspecies (Perktas et al. 2011).
It has been discussed that both morphologic and
genetic differences are not sufficient to recognize
this subspecies as a different species (del Hoyo et
al. 2014), hence the Eurasian green woodpecker
comprised of three subspecies in recently published
checklists. However, we again follow the taxonomic
discussion in Perktas et al. (2011). This subspecies
has an allopatric distribution in Zagros Mountains
in Iran, has high F_ values and is morphologically
different from its European counterparts. Due to all
of these features, this subspecies deserves a specific
status (for more details, see discussion in Perktas et
al. 2011). Hence, we also do not include any specimen
or observation records from Zagros Mountains in this
study.

Previous genetic studies investigated genetic variation
and phylogeographic patterns in this species complex
based on mitochondrial and nuclear genes (Pons et
al. 2010, Perktas et al. 2011). Both studies showed
post-glacial re-colonization events (expansion)
associated with multiple refugia from east of Iberia,
Italy, Balkans, Anatolia, and Caucasus region.
Because of the published phylogeographic results
and the taxonomic conclusions for this species, the
Eurasian green woodpecker deserves a detailed
demographic study to test glacial refugia hypothesis
during climatic oscillations of the late Quaternary.
Therefore, our objective in this study is to re-evaluate
previously published multi-locus mitochondrial DNA
(mtDNA) data (Pons et al. 2010, Perktas et al. 2011)
through Bayesian-based demographic analysis and
to reconstruct an ecological niche model in order
to better understand species-specific demographic
history of this species.

Material and Methods

Phylogeography

Samples and gene regions — this study aims to provide
more detailed demographic analysis of the Eurasian
green woodpecker based on previously published
multi-locus data. It includes mitochondrial DNA
(mtDNA) haplotypes of the cytochrome b (cyt-b)
and the NADH dehydrogenase 2 (ND2) genes.
Sample locations and haplotypes, together with their
frequencies, were given in Pons et al. (2010) for the
cyt-b gene, and in Perktas et al. (2011) for the ND2
gene. The total sample size of the Eurasian green
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Fig. 1. Distribution of the Eurasian green woodpecker (Picus viridis) in Europe, Anatolia, and Caucasus. Genetic structure of populations
is indicated by pie charts (A, the cyt-b gene; B, the ND2 gene); the area of each pie chart is proportional to the sampling size for each
population. Both figures include haplotype networks. In figure B, scatter dot plot shows nucleotide (pi) and haplotype diversity (hd) based

on the ND2 gene for each sampling areas.

woodpecker for the phylogenetic analysis was 123 for
mtDNA loci. Sample locations for mitochondrial loci
were shown in Fig. 1.

Genetic variation and phylogenetics — standard
measures of genetic variation, such as number of
haplotypes, haplotype diversity, and nucleotide
diversity, were estimated in Pons et al. (2010)
and Perktas et al. (2011) for mtDNA loci. Thus,
they were not estimated once again in this paper.
Haplotype networks were constructed using

PopART (Population Analysis with Reticulate
Trees) version 1.7.2 (www.popart.otago.ac.nz)
with median joining network criteria implemented
in NETWORK (Bandelt et al. 1999). The median
joining network combines the minimum-spanning
trees within a single haplotype network and yields
the best gene genealogy. Therefore, it provides a good
methodological approach to investigate phylogenetic
relationships between mtDNA haplotypes and also to
describe genetic population structure of the Eurasian
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green woodpecker. On the basis of the results of
haplotype network of mtDNA loci, we concluded that
there was no phylogeographic structure among the
Eurasian green woodpecker populations. In addition,
Pons et al. (2010) used nuclear BRM intron in their
phylogenetic analyses. They did not find significant
variation within distribution range of the Eurasian
green woodpecker. Thus, all sequences from all
populations were combined to explore the historical
demography of the Eurasian green woodpecker. This
approach made the results of phylogeography more
comparable with those of ecological niche modelling
(e.g. Perktas et al. 2015).

Historical demography — to infer the demographic
history of the Eurasian green woodpecker, we used
the extended Bayesian skyline plot analysis (Heled
& Drummond 2008) implemented in BEAST version
1.7.5 (Drummond et al. 2012). This analysis uses
coalescent approach to estimate Bayesian inference of
the effective population size changes through the time
based on the information of multiple mtDNA loci.
Before the extended Bayesian skyline plot runs, the
best-fit substitution models were identified for each
locus in MEGA version 6.06 (Tamura et al. 2013).
These were the Tamura & Nei (1993) with a discrete
Gamma distribution (TN93 + G, AIC_ = 3462.72) for
the ND2 gene, Hasegawa, Kishino and Yano with
a discrete Gamma distribution (HKY + G, AIC, =
1466.53) for the cyt-b gene. Because we focused on
the different mtDNA data sets of the Eurasian green
woodpecker, we first performed independent separate
runs for each dataset (the cyt-b gene and the ND2
gene) using extended Bayesian skyline plot (Heled
& Drummond 2008) implemented in BEAST version
1.7.5. Because of the fact that results of separate
extended Bayesian skyline plots were congruent with
each other, we used both mtDNA loci (the cyt-b and the
ND?2) in one extended Bayesian skyline plot analysis.
Multiple independent extended Bayesian skyline plot
runs were performed using the following parameters:
linear models, 100 million steps, parameters sampled
every 10000 steps, and a burn in of 10 %. We used
strict clock model with default mutation rate under
uniform prior distribution, and allowed the analysis
to estimate the rates, relative to the cyt-b gene, for the
ND?2 gene. Then, we calculated the expansion time
using a wide range of mutation rates of mtDNA, i.e.
1.65 % substitutions/site/million years as the mutation
rate of the mtDNA cyt-b gene of Piciformes (Weir &
Schluter 2008), and the range of 1-4 % (Brito 2005).
Effective sample size values of the parameters were
over 200 for each run.

Isolation-by-distance — a matrix of genetic distances
between all pairs of populations was estimated from
standard fixation index (F_) for two mtDNA loci (the
cyt-b and the ND2) by DnaSP version 5.10 (Librado
& Rozas 2009). Because each gene region was
evaluated independently in different studies (the cyt-b
gene in Pons et al. 2010, the ND2 gene in Perktas
et al. 2011), two different matrixes of geographic
distances (km) between all pairs of populations from
each study were estimated using Geographic Distance
Matrix Generator (version 1.2.3). A Mantel test with
10000 random permutations was performed between
matrices of genetic (F ) and geographic (log) distances
(Slatkin 1993, Rousset 1997).

Coalescent simulations — approximate Bayesian
computation implemented in DIYABC version 2.0
beta (Cornuet et al. 2008) was used to infer most likely
coalescent scenarios on the demographic history
of the Eurasian green woodpecker. In approximate
Bayesian computation methods, different population
scenarios were modeled by simulating datasets fitting
each defined scenario. Then, statistical tests were
used to define which scenario best fits the observed
dataset. For this study, two different scenarios were
tested using the ND2 gene, which was geographically
the most complete data set in the species distribution
range. First scenario simulated decreasing ancestral
population effective size (N ) before the Last Glacial
Maximum (22000 years ago) to the refuge area, then
after the Last Glacial Maximum N started to increase.
On the other hand, second scenario simulated stable
effective population size through the time. So, norefuge
area was taken into account in determining the second
scenario. In both scenarios, the prior distributions for
all historical parameters and mutation rate were set
as uniform. Mutation rate was set between 5.00E-
09 and 2.00E-08, which corresponded to 1 % and
4 % sequence divergence per Myr. The substitution
model was Hasegawa-Kishino-Yano. Six different
summary statistics were taken into account: number
of haplotypes, number of segregating sites, mean of
pairwise differences, variance of pairwise differences,
Tajima’s D, and private segregating sites. Two million
simulated datasets were generated (1 million for
each scenario). Then, posterior probability of each
scenario was estimated using logistic regression on
the simulated datasets.

Ecological Niche Modelling

Modelling — species occurrence data were compiled
from the following sources: GBIF (www.gbif.org),
KusBank (www.kusbank.org), and ORNIS (www.
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ornisnet.org). The occurrence records showed
more intense sampling (e.g. France, Sweden) in the
northwest of and much less (e.g. Poland, Romania) or
no sampling (e.g. Russia, Ukraine) in the east of the
Western Palearctic. To correct for sampling bias and
to reduce spatial autocorrelation (Boria et al. 2014,
Fourcade et al. 2014), the occurrence records were
removed by reducing multiple records to a single
record within 50 km distance, resulting 454 records
used for ecological niche modelling. This reduced
the spatial aggregation of the occurrence records, but
could not correct the lack of occurrence records in
the east of the Western Palearctic (see Fig. 5). Thus, a
Gaussian kernel density of spatially filtered occurrence
records was also created by a sampling bias distance
of two decimal degrees, producing a bias grid used for
ecological niche modelling (Fig. S1; see below; Elith
etal. 2010, Fourcade et al. 2014).

Present (1950-2000) and Last Glacial Maximum (22000
years ago) bioclimatic data were downloaded from
the WorldClim database (Hijmans et al. 2005, www.
worldclim.org) at a resolution of 2.5 arc-min (4.63 km
at the equator). Last Glacial Maximum bioclimatic
data are based on three general circulation model
(GCM) simulations: CCSM4, MIROC-ESM, and
MPI-ESM-P (for detailed information for downscaled
paleoclimate data, see CMIP5 — Coupled Model
Intercomparison Project Phase 5; cmip-pcmdi.llnl.
gov/cmip5). Bioclimatic data include 19 bioclimatic
variables derived from monthly temperature and
precipitation values (for detailed descriptions of
these bioclimatic variables, see www.worldclim.org/
bioclim). Since the geographic distribution of the
Eurasian green woodpecker covers a large range in
the Western Palearctic, these bioclimatic variables
were masked to include only — 12° to 62° E and 29°
to 72° N (representing our hypothesized M area, as in
Soberon & Peterson 2005). To reduce multicollinearity
among bioclimatic variables (Dormann et al. 2013),
some highly intercorrelated (r > 0.9 or <—0.9) variables
were removed, leaving Bio 2-4, 8-11, and 15-19 (see
www.worldclim.org/bioclim) as input variables used
for ecological niche modelling. Correlation structure
among these bioclimatic variables appeared to be
stable and consistent across time periods (Mantel test:
r>0.857, P <0.0001), suggesting that the model may
be transferable to Last Glacial Maximum bioclimatic
conditions (Jiménez-Valverde et al. 2009).

The maximum entropy machine learning algorithm
in the software MaxEnt version 3.3.3k (Phillips et
al. 2006, Phillips & Dudik 2008, Elith et al. 2011;
www.cs.princeton.edu/~schapire/maxent) was used

10 O otb 00 @oao
@ ND2 0o

[eNe)
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Fig. 2. Isolation-by-distance of populations of the Eurasian green
woodpecker (Picus viridis) based on two loci (the cyt-b and the ND2
genes).
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Fig. 3. The extended Bayesian skyline plot for the Eurasian green
woodpecker (Picus viridis). The bar under the coalescent time axis
shows the period of the Last Glacial Maximum based on different
mutation rates used in this study.

to predict the geographic distribution of the Eurasian
green woodpecker under present (1950-2000) and
reconstructed past (Last Glacial Maximum, 22000
years ago) bioclimatic conditions. MaxEnt, which is
among the most effective methods of ecological niche
modelling (Elith et al. 2006), was run with the default
settings, except for the cases noted below. To optimize
the model performance (Shcheglovitova & Anderson
2013), 40 models were tested, using all combinations
of five sets of feature types (1. linear, 2. linear and
quadratic, 3. hinge, 4. linear, quadratic, and hinge,
and 5. linear, quadratic, hinge, product, and threshold,
as in Brown 2014) and eight values of regularization
multiplier (0.05, 0.25, 0.50, 0.75, 1, 2, 5, and 10, as
in Richmond et al. 2010, Giir 2013). The best model
was chosen in the following order of preference: (1)
model with the lowest omission rate, (2) model with
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Scenario 2

Scenario 1 present

Fig. 4. Alternative biogeographic scenarios for the Eurasian
green woodpecker (Picus viridis). t indicates the time scale and N
indicates the effective population size. The prior distributions for
the time scale and the effective population size are given in the
brackets.

the highest AUC (see below), and (3) model with the
simplest set of feature types (Brown 2014) and included
all feature types (linear, quadratic, hinge, product, and
threshold) and a regularization multiplier of 0.05. To test
whether the model performance is robust to variation
in the selection of the occurrence records for training
and testing, a ten-fold cross-validation was performed
in which a different 90 % of the occurrence records
were used to train the model and 10 % were used to
test it for each of 10 runs (Giir 2013). To up-weight
the occurrence records with fewer neighbors in the
geographic landscape, the bias grid (Fig. S1; see above)
was implemented in the “bias file” option (Elith et al.
2010). To remove the degree of clamping (negative
effects caused by novel bioclimatic conditions) from the
predictions under Last Glacial Maximum bioclimatic
conditions, fade by clamping was performed (Habel et al.
2011), because the MESS (multivariate environmental
similarity surface, Elith et al. 2010) maps showed that
the model was required to extrapolate into novel Last
Glacial Maximum bioclimatic conditions. However,
novel bioclimatic conditions encountered during

A-PRESENT

3

Fig. 5. (A) Present and (B, C, D, E) Last Glacial Maximum
predictions of the geographic distribution of the Eurasian green
woodpecker (Picus viridis). The visible area in maps is — 12° to 62°
E and 29° to 72° N, representing our hypothesized M area. The red
circles indicate the occurrence records and warmer colors (more
red) indicate areas of relatively high suitability. The white shading
shows the ice extent during the LGM (Svendsen et al. 2004). Note
that Last Glacial Maximum coastlines differ from present coastlines,
because the sea level was lower in the Last Glacial Maximum than
in the present.
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Fig. 6. Creation of present and Last Glacial Maximum dispersal networks for the Eurasian green woodpecker (Picus viridis). (A) Present
and (B) Last Glacial Maximum friction layers. (C) Present and (D) Last Glacial Maximum dispersal networks. The red circles indicate the
occurrence records and warmer colors (more blue in A and B, more black in C and D) indicate areas of low dispersal cost. The white
shading shows the ice extent during the LGM (Svendsen et al. 2004). Note that Last Glacial Maximum coastlines differ from present
coastlines, because the sea level was lower in the Last Glacial Maximum than in the present.

projecting were observed mainly in areas covered by
ice during the Last Glacial Maximum (Fig. S2). Thus,
extrapolation should not be a critical issue.

The area under the receiver operating characteristic
(ROC) curve (AUC) was used to evaluate the model
performance (Fielding & Bell 1997). An AUC > 0.5
indicates that the model performs better than a random
prediction, i.e. AUC > 0.9 = very good; 0.9 > AUC >
0.8 =good; and AUC < 0.8 =poor (Gassoé et al. 2012).
Landscape connectivity — first, the occurrence records
used for ecological niche modelling were further
removed by reducing multiple records to a single
record within 200 km distance, resulting 73 records
(see Fig. 6), to reduce time necessary for analysis and
three predictions (i.e. logistic values) under Last Glacial
Maximum bioclimatic conditions (i.e. three GCM
simulations) were averaged to generate a final summary
prediction. Then, to create dispersal networks for
once again spatially filtered occurrence records in the
present and the Last Glacial Maximum, the predictions
under present and Last Glacial Maximum bioclimatic
conditions were inverted for use as friction layers, i.e.
areas of high suitability were converted to areas of low
dispersal cost. The least-cost corridors (LCC) were
calculated in three classes (the lowest 1 % LCPs, lowest
2 % LCPs, and lowest 5 % LCPs) by percentage of “the
least-cost path (LCP) values” method. The weighed

values were applied to each class of LCCs (values of
5,2, and 1 to low, mid, and high classes, respectively),
because all LCCs were summed to create dispersal
networks (Chan et al. 2011, Brown 2014).

Except that the predictions under present and Last
Glacial Maximum bioclimatic conditions were
obtained by the software MaxEnt, all analyses
were conducted using the software SDMtoolbox
version 1.1b (Brown 2014, www.sdmtoolbox.org)
implemented in the software ArcGIS version 10.1
(www.arcgis.com).

Results

Phylogeography

In this study, we focused on previously published
multilocus mtDNA dataset of the Eurasian green
woodpecker. Intotal, we detected six unique haplotypes
for the cyt-b gene and 24 unique haplotypes for the
ND2 gene. Seventeen variable sites occurred in the
cyt-b gene, six of which were parsimony informative.
Eight of transitions were A/G, eight were C/T, and
only one transversion was detected, which was A/T.
The ND2 gene contained more variable sites than the
cyt-b gene. 35 variable sites were found, 11 of which
were parsimony informative. 13 of transitions were
A/G, 21 were C/T, and only one transversion was
detected, which was C/A.
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Table 1. Relative posterior probabilities with 95 % credibility intervals for each scenario.

Scenario 1
2000 0.9991 (0.9978, 1.0000)
4000 0.9988 (0.9976, 1.0000)
6000 0.9985 (0.9974, 0.9997)
8000 0.9985 (0.9972, 0.9997)
10000 0.9985 (0.9973, 0.9997)
12000 0.9985 (0.9974, 0.9996)
14000 0.9985 (0.9974, 0.9995)
16000 0.9984 (0.9974, 0.9994)
18000 0.9984 (0.9974, 0.9994)
20000 0.9984 (0.9974, 0.9993)

Scenario 2
0.0009 (0.0000, 0.0022)
0.0012 (0.0000, 0.0024)
0.0015 (0.0003, 0.0026)
0.0015 (0.0003, 0.0028)
0.0015 (0.0003, 0.0027)
0.0015 (0.0004, 0.0026)
0.0015 (0.0005, 0.0026)
0.0016 (0.0006, 0.0026)
0.0016 (0.0006, 0.0026)
0.0016 (0.0007, 0.0026)

Haplotypes were not geographically structured in
neither the cyt-b gene nor the ND2 gene (Fig. 1).
The ND2 gene had higher genetic diversity than the
cyt-b gene. Estimated mutation rate of the ND2 gene
was almost 4.5 times faster than the cyt-b gene (for
details see discussion). According to the variation
within the ND2 gene, genetic diversity of southern
populations was higher than northern populations.
Interestingly, however, a population from United
Kingdom had relatively higher nucleotide diversity
(see Table 1 in Perktas et al. 2011). Four populations in
Europe (Austria, Balkans, Italy and United Kingdom)
contained the most common haplotype of the ND2
gene. However, northern Europe (Sweden), Caucasus,
and Turkey did not contain this haplotype. Geographic
origin of the most common haplotype of the ND2 gene
was south and almost mid-latitudes of Europe.
Haplotype network based on the cyt-b gene had
low frequency haplotypes differed from the most
common haplotype by one, two or three base pairs. A
similar network pattern was found for the ND2 gene.
However, the only difference between both haplotype
networks was the number of divergent haplotypes in
the ND2 gene. These haplotypes differed from the
most common haplotype by up to six base pairs, and
located in Italy, Turkey, Caucasus, and Russia; they
made genetic diversity higher in southern part of
distribution range of the Eurasian green woodpecker
in Europe, Anatolia and Caucasus (Fig. 1).

Despite mostly low-level genetic variation between
populations of the Eurasian green woodpecker in
Europe, Anatolia and Caucasus (maximum divergence
was 0.007 for the cyt-b gene and 0.0077 for the ND2
gene), genetic distances were positively correlated
with geographic distances for both mtDNA genes
(Fig. 2), which indicate an evidence of isolation-by-
distance (the cyt-b gene, r = 0.568, P < 0.0001; the
ND2 gene, r = 0.374, P = 0.001). All of these results
led us to justify combining all sequences of two
different mtDNA genes from all populations while
assessing historical demography of the Eurasian
green woodpecker. Extended Bayesian skyline plot
showed a good resolution of effective population size
fluctuations over the history of the Eurasian green
woodpecker. Therefore, the result of the extended
Bayesian skyline plot detected a clear population
expansion after the Last Glacial Maximum (Fig. 3).
Finally, statistical phylogeography (i.e. coalescent
simulations) supported the result of the extended
Bayesian skyline plot and suggested that the best
explanation of population expansion was scenario 1
(Fig. 4), which indicated a population expansion after
the Last Glacial Maximum. The posterior probability
was 0.9984 for this scenario (Table 1). Based on the
approximate posterior distribution of parameters under
scenario 1, population expansion began about 14500
years before present and the effective population size
increased from 215000 to 375000 (Table 2).

Table 2. Properties of the approximate posterior distribution of parameters under the scenario 1.

Parameter Mean Median Mode q (0.025) q(0.075)

N1 4.08E + 05 3.75E + 05 2.70E + 05 1.44E + 05 8.25E + 05
tl 1.41E + 04 1.45E + 04 1.70E + 04 5.54E + 03 2.06E + 04
Na 2.77E + 04 2.15E + 04 7.30E + 03 1.19E + 03 8.67E + 04
2 8.08E + 04 8.28E + 04 1.02E + 05 2.53E+ 04 1.28E + 05
Nb 6.96E + 05 7.20E + 05 9.03E + 05 2.76E + 05 9.88E + 05
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Ecological Niche Modelling

The model performed better than a random prediction
(AUC for training data (mean + standard deviation
(SD), range) = 0.928 £ 0.001, 0.926-0.930; AUC for
test data (mean + SD, range) = 0.842 + 0.013, 0.822-
0.861, based on the 10-fold cross-validation runs). The
small SDs for the mean AUCs suggested that the model
performance was robust to variation in the selection of
the occurrence records for training and testing.

Under present bioclimatic conditions, areas of
relatively high suitability were predicted across
most of the known distribution of the Eurasian green
woodpecker. However, the model underpredicted the
distribution in the east of the Western Palearctic (e.g.
Russia, Ukraine) and overpredicted the distribution in
Iberia (Fig. 5). The former is most likely to be an effect
of sampling bias (e.g. no sampling in the east of the
Western Palearctic), although correction for sampling
bias was applied (Fig. 5, Fig. S1), and/or of that the
distribution is poorly described in that region. The
latter is most likely to be an effect of biotic interaction,
because a sister species (Iberian green woodpecker) is
distributed in Iberia, i.e. two species show parapatric
distributions suggestive of competitive interaction.
Under the Last Glacial Maximum bioclimatic
conditions, areas of relatively high suitability were
predicted across southern Europe (including France),
Anatolia, and the Caucasus/Caspian region. Three
predictions under three GCM simulations were largely
similar in this respect (Fig. 5).

During present bioclimatic conditions, a relatively high
degree of population connectivity was observed across
most of the Western Palearctic, with the higher degree
of connectivity from the northern Anatolia through the
Balkans and central Europe to England and Scandinavia.
During the Last Glacial Maximum bioclimatic conditions,
a relatively high degree of population connectivity was
observed across southern Europe (including France),
Anatolia, and the Caucasus/Caspian region, with the
higher degree of connectivity from the northwestern
Anatolia through the Balkans to Italy (Fig. 6).

All these results suggested that the Eurasian green
woodpecker survived the Last Glacial Maximum
in a single large glacial refugium, encompassing
southern Europe (including France), Anatolia, and
the Caucasus/Caspian region, and, afterwards,
substantially expanded its range from this LGM
refugium to its present range (Fig. 5, 6).

Discussion
In this study, we aimed to evaluate historical
demography of the Eurasian green woodpecker

using phylogeography (for review see Avise 2000)
and ecological niche modelling (Guisan & Thuiller
2005), and tested glacial refugia hypothesis (e.g.
Brito 2005). Unlike previous studies of the Eurasian
green woodpecker (Pons et al. 2010, Perktas et al.
2011), this study integrated two different approaches
to infer robust demographic history of this species.
Thus, our study exemplified the utility of integrating
phylogeography and ecological niche modelling.

The glacial refugia hypothesis has stated that temperate
zone species in Europe, particularly climate-sensitive
species, harbored in a low-latitude refugium or
refugia during the Last Glacial Maximum. In Europe,
southern peninsulas (i.e. Iberia, Italia, Balkans, and
Anatolia) served as refugial areas for many bird
species (Merild et al. 1997, Bensch & Hasselquist
1999, Griswold & Baker 2002, Brito 2005, Perktas
et al. 2011, Perktas & Quintero 2013). Our results
from phylogeography, together with ecological
niche modelling, revealed additional new insights
into the historical demography of the Eurasian green
woodpecker. However, these results are not far apart
from a phylogeographic pattern congruent with the
glacial refugia hypothesis.

The genetic diversity statistics (i.e. Tajima’s D and
Fu’s F) from two previous studies (Pons et al. 2010,
Perktas et al. 2011) suggested that the Eurasian green
woodpecker experienced a population expansion. In
addition, our extended Bayesian skyline plot analysis
showed that there is a clear recent expansion event
after the Last Glacial Maximum, which is concordant
with previous results. Due to a higher mutation rate in
the ND?2 gene, extended Bayesian skyline plot analysis
for this gene showed a clear expansion pattern for the
Eurasian green woodpecker. As stated for grackles
and allies (Johnson & Lanyon 1999), the ND2 gene
was evolving significantly faster than the cyt-b gene
in the Eurasian green woodpecker. Taken together,
these results supported recent historical colonization
of Europe dating back to just after the Last Glacial
Maximum. Therefore, they are concordant with
phylogeographic studies of the three-toed woodpecker
(Picoides tridactylus, Zink et al. 2002) and the
great spotted woodpecker (Dendrocopos major,
Perktas & Quintero 2013). These two woodpecker
species experienced a rapid population expansion,
which precluded genetic differentiation within each
species. The lack of geographic differentiation in
large continental regions suggested that woodpeckers
possess the potential for rapid population and range
expansion given suitable conditions. However, both
haplotype networks showed that a more or less
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continuous structure with low frequency haplotypes
with various mutational changes might indicate
a shallow gene tree. This pattern was thus in
accordance with Avise’s phylogeographic category
IV (Avise 2000), which refer to shallow gene trees
and sympatric linages refer to expansion events from
small or modest number of founders (e.g. Merilé et al.
1997). Therefore, this result might not provide enough
evidence of multiple glacial refugia. In addition, the
most common haplotype of both mtDNA markers, i.e.
the one at the center in both haplotype networks, was
only found in mid- or southern latitudes in Europe.
This kind of haplotype network is usually accepted as
a “star phylogeny”, which is another assumption of
the category IV. In star phylogeny, central haplotype
is usually accepted as an ancestral haplotype and
recent derivatives are connected by short branches
(Freeland et al. 2011). Hence, locations that had
higher percentage of occurrence of the most common
haplotypes were indicative of ancestral area or
refugium for the Eurasian green woodpecker. Also, a
positive and significant isolation-by-distance pattern
for this species provided an evidence of colonization
event from a single refugium (Zigouris et al. 2013,
Manthey et al. 2014, Perktas et al. 2015). Taking all
these results together, the most likely hypothesis is the
presence of a single large glacial refugium in mid- or
southern latitudes in Europe for this species.

Inferences from phylogeography and historical
demography analyses were consistent with those
of ecological niche modelling. Ecological niche
modelling results indicated a range expansion of the
Eurasian green woodpecker in Europe, reflecting
climatic oscillations in the Late Pleistocene,
particularly noticeable after the Last Glacial Maximum.
The importance of the Balkans and Italy as glacial
refugia for northern temperate bird species during the
Last Glacial Maximum has been well documented
(e.g. Brito 2005, Pellegrino et al. 2014, 2015), and is
supported here by ecological niche modelling of the
Eurasian green woodpecker. The unique insight that is
specific for this study is a single large glacial refugium
in southern Europe (including southern France and
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Supplementary online materials

Fig. S1. The bias grid used for ecological niche modelling to up-weight the occurrence records with fewer neighbors in the geographic
landscape, scaled from 0 (blue) to 10 (red) (for detailed information, see Elith et al. 2010). The red circles indicate the occurrence records
(URL: http://www.ivb.cz/folia/download/perktas_et_al._fig._s1.jpg).

Fig. S2. Comparison of climates across time periods, using bioclimatic variables used for ecological niche modelling and the MESS method
(for detailed information, see Elith et al. 2010). Brown indicates areas having one or more bioclimatic variables outside the range present
in the training data (URL: http://www.ivb.cz/folia/download/perktas_et_al._fig._s2.tif).
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