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ABSTRACT

Aim Phylogeographical studies of Eastern Mediterranean species are rare. We
aim to fill a gap in the current understanding of the role of Eastern Mediter-
ranean glacial refugia, and their connections with other refugia across Europe.
To this end, we studied the genetic diversity distribution and genetic structure
of the modern population of Quercus cerris in relation to its Quaternary demo-
graphic history and to more ancient events.

Location Mediterranean Basin; Italian, Balkan, Anatolian peninsulas.

Methods A total of 192 populations were genotyped with six polymorphic
chloroplast microsatellites, and the genetic diversity and differentiation of the
populations were evaluated. The geographical structure of genetic variation was
analysed with a Bayesian clustering method using Baps 5.2. The demographic
history of Q. cerris was explored by an approximate Bayesian computation pro-
cedure using pIvABC 2.0. To reconstruct the past distribution of Q. cerris, we
also considered the chronology and geographical distribution of fossil records.

Results Thirty-five haplotypes were found, three of which (together) were
found in 71.82% of individuals. Bayesian analysis resulted in three genetically
and geographically distinct clusters: a Western group, a Central group, and an
Eastern group. The approximate Bayesian computation analysis, together with
fossil data, showed a possible bottleneck leading to the divergence of the East-
ern and Central populations in the Early Pleistocene (Gelasian). The split into
two groups of populations in the Italian and Balkan Peninsulas, respectively,
was probably caused by a marked population contraction during a glacial phase
of the Middle Pleistocene.

Main conclusions This study provides information on the potential role of
Eastern Europe and the Near East as refugia and as a source for ancient westward
range expansions in the Mediterranean region. Our study covers a remarkable
gap in European oak phylogeography, showing a putative eastern origin of Q.
cerris and the presence of large amounts of genetic diversity in this region.

Keywords
approximate Bayesian computation, BAPS, cpSSR, Mediterranean basin,
palaeobotany, phylogeography, Pleistocene, Quercus cerris

INTRODUCTION

impending climate change (Alberto et al., 2013). This is par-
ticularly relevant for our ability to forecast the response of

Understanding how past evolutionary processes shaped the
genetic diversity distribution of plant species is important to
enable predictions of ecosystem dynamics under today’s
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European forest ecosystems from temperate continental and
Mediterranean regions to predicted climate changes, such as
an increase in global mean precipitation, or increased dryness
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in some regions, such as the Mediterranean Basin (IPCC,
2007). In the Mediterranean Basin, biodiversity is influenced
by complex patterns associated with the heterogeneous his-
torical biogeography and landscape complexity (Blondel
et al., 2010). Despite the numerous recent investigations into
the richness of genetic diversity in Mediterranean plants over
substantial parts of their ranges, the genetic structure of
many species and the role of key palaeobiogeographical
regions, particularly in the eastern part of the Basin, are still
far from being understood (Médail & Diadema, 2009).

The current patterns of genetic diversity found in the Euro-
pean flora reflect a clear influence of Quaternary climate oscil-
lations. Studies accumulated during the past two decades in
Europe inferred these patterns assuming a contraction/expan-
sion model (Provan & Bennett, 2008). It is worth noting that,
in the southern European regions, the disappearance of both
genotypes and populations was minimized due to less severe
climate conditions during the glacial periods (Nieto Feliner,
2011). In the case of European temperate tree species, the
accepted hypothesis assumes the existence of main refugial
areas in the three southern peninsulas (Iberia, Italy and the
Balkans), from which the recolonization of the rest of Europe
took place (Bennett et al., 1991). This continues to be the pre-
vailing hypothesis, despite an increasing volume of evidence
suggesting that middle- to high-latitude refugia may have also
contributed to post-glacial recolonization (Gavin et al., 2014).

A novel approach based on the analysis of the spatial distri-
bution of analogous and non-analogous climate conditions
between the Last Glacial Maximum (LGM) and the present
age, quantified and mapped potential source and sink areas
for species recolonization in Europe. This method identified
south-eastern Europe as the region bearing the highest post-
glacial sink potential, in particular the Balkan Peninsula and
Turkey, which likely acted as both source and sink areas for
species range shifts since LGM (Ohlemiiller et al., 2012).
Despite the importance of Anatolia and the Balkan Peninsula
as refuge areas and recognized sources of genetic diversity for
the European flora, these regions have not been thoroughly
investigated yet. This knowledge gap needs to be filled because
in the Mediterranean area there is an east-west gradient in
genetic diversity for many plant and animal species, in addi-
tion to a complex demographic history related to latitudinal
displacements (Conord et al., 2012). The east-west gradient
in genetic diversity may be the result of processes acting at
different time-scales, including the legacy of a Neogene
Palaeotropical flora that extended along the edge of the Teth-
yan Ocean (Chen et al., 2014), the contraction of formerly
continuous ranges in relation to Quaternary oscillations, and
the successive westward or eastward waves of colonization fos-
tered by east—west climate gradients (Nieto Feliner, 2014).

In addition to the generally accepted LGM southern refu-
gia hypothesis, Magri et al. (2006), examining genetic and
palaeocological data of European beech (Fagus sylvatica),
proposed that older temporal scales and repeated ice ages in
the Quaternary should also be considered when discussing
factors affecting modern phylogeographical structure in tree
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species. For example, Gonzélez-Martinez et al. (2010) found
patterns of genetic diversity and genetic structure in Taxus
baccata that reflect processes at different spatial and temporal
scales, including ancient ones. In addition, genetic resequenc-
ing studies on European tree species detected severe bottle-
necks predating the LGM in pine, spruce and aspen (Heuertz
et al., 2006; Pyhdjérvi et al., 2007; Ingvarsson, 2008). Finally,
the southern European regions did not represent homoge-
neous and continuous refugial areas during the ice ages. On
the contrary, those areas were characterized by a set of differ-
ent ecological and climatic conditions that embraced many
glacial refugia, resulting in the so-called ‘refugia-within-refu-
gia’ scenario (Gomez & Lunt, 2007). Increasing evidence
from multiple species within the southern European regions
supports this hypothesis (e.g. Lopez de Heredia et al., 2007).

All these studies suggest that it is important to consider
not only post-LGM episodes but also the demographic his-
tory of species in the Quaternary and/or the Neogene, and
ask for more detailed spatial analysis within known southern
refugia, in order to explain the current genetic diversity of
Europe’s forest species.

This research investigates the modern genetic structure of
Quercus cerris and its Quaternary demographic history, con-
sidering east-west patterns of genetic diversity in the
Mediterranean region and the role of ancient events. More-
over, our case study aims to provide new and relevant
insight into the role of Eastern Mediterranean refugia on the
current populations, as well as on their connection to refugia
across Europe. Q. cerris has a central-eastern Mediterranean
distribution, centred on the Italian and Balkan peninsulas,
from the western Alps to the Black Sea, Anatolia and Leba-
non (Gellini & Grossoni, 1997). It co-occurs with other oaks,
some of which are suggested to hybridize with Q. cerris (e.g.
Q. suber Camus, 1938-39). Our study combines palaecobotan-
ical information with data on the current distribution of Q.
cerris genetic variation, using large-scale chloroplast SSR
analyses. Recent advances in population demographic analy-
sis provide a flexible methodology to infer past demographic
history (Bertorelle et al., 2010). In our study, palacoecologi-
cal data and demographic inference using approximate Baye-
sian computation (ABC) were combined to obtain insights
into the origin, migration routes, and persistence of this
important species in glacial refugia. These findings increase
the biogeographical knowledge of poorly studied regions in
the Balkans and Anatolia. Moreover, we provide indications
for core diversification areas, contact zones, and gene flow
patterns between these regions and the rest of Europe.

MATERIALS AND METHODS

Plant material, DNA extraction and cpSSR
genotyping
Leaf samples of Q. cerris were collected from 192 populations

(1,175 individuals) throughout the whole natural species range
(see Table S1 in Appendix S3 in Supporting Information,
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Figure 1 Geographical distribution of Quercus cerris cpDNA haplotypes. Haplotypes are defined by numbers (on the right). In green Q.

cerris distribution range.

Fig. 1). Fresh leaves were stored at —80 °C prior to DNA
extraction. Total DNA was extracted using Invitek Invisorb
Spin Plant Mini Kit (following the manufacturers’ instruc-
tions), from approximately 100 mg of fresh leaves, ground in
a Retsch MM200 grinding mill. Six polymorphic chloro-
plast microsatellite (cpSSR) markers were used: ccmp6
(Weising & Gardner, 1999), cmcsl, cmcs6, cmcs7, cmes8 and
cmes9 (Sebastiani et al., 2004). Polymerase chain reaction
details and sequencing are described in Appendix S1. To test
whether differences in SSR allele lengths were due to simple
changes in the number of repeats or to mutations in the
flanking regions (i.e. size homoplasy) the amplified cpSSR
fragments of at least two individuals for each haplotype were
directly sequenced from both ends using an automatic sequen-
cer MegaBACE (GE Healthcare), (methods are given in
Appendix S1).

To rule out the possibility that oak species other than Q.
cerris had been sampled in Anatolia, at least two individuals
for each haplotype found in this region were sequenced for
the trnH-psbA region. This region represents a rapidly evolv-
ing intergenic spacer currently considered the most informa-
tive for fast species-level identification in oaks (Simeone
et al., 2013). Details are provided in Appendix S1.
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Genetic diversity and population structure

Gene diversity (h), number of haplotypes and number of
population-specific (i.e. private or endemic) haplotypes were
determined for each population using GENALEx 6.5 (Peakall
& Smouse, 2006, 2012). A haplotype frequency map was
constructed using MAPINFO PrRO 12.5 (MaplInfo Corporation,
New York, NY, USA). Population genetic differentiation was
evaluated by analysis of molecular variance (AMOVA)
(Excoffier et al., 1992) using GENALEx 6.5, Gsr for unor-
dered (Pons & Petit, 1996) and Rgr for ordered (Slatkin,
1995) alleles using spagepr 1.4 g (Hardy & Vekemans,
2002). Permutation (1,000) of individuals among popula-
tions was used to test for deviation of Gsr or Rgr from zero.
The impact of mutations on among-population differentia-
tion [test for Rer > Rgr (permuted)] was assessed using spa-
GEDI by 1,000 permutations of pairwise haplotype distances
among pairs of haplotypes to evaluate whether distribution
of haplotypes showed phylogeographical structure, according
to Pons & Petit (1996). Moreover, G’sy (Hedrick, 2005), a
standardized Ggr estimate, was calculated using haplotype
frequencies obtained by GENALEx 6.5. The overall geographi-
cal structure of genetic variation was analysed with a group
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clustering Bayesian method as implemented in BaAPs 5.2
(Corander & Marttinen, 2006), see details in Appendix S1.

Demographic history inferred by ABC

To trace the demographic history of Q. cerris, an ABC pro-
cedure (Beaumont et al, 2002) implemented in prvasc 2.0
(Cornuet et al., 2014) was performed, using the three clus-
ters identified by Bayesian analysis of population structure
(BaPS) (see Results, Fig. 2): Western Group (WG; green dots

in Fig. 2), Central Group (CG; blue dots) and Eastern
Group (EG; red dots). pivaBc implementation of ABC does
not consider gene flow (only admixture); however, our case
study showed high genetic differentiation and low haplotype
sharing among the geographical groups used for demo-
graphic inference (see Results) and, thus, no serious bias is
expected. Two sets of preliminary simulations were used to
produce final competing scenarios (see Appendix S1), then
five relatively simple demographic scenarios (Fig. 3) were
examined. Details of each competing scenario, mutation rate,

35°N
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Figure 2 Results of the spatial Bayesian cluster analysis, BAPs, showing genetically homogeneous population groups in Quercus cerris.
Western Group (WG) = green; Central Group (CG) = blue; Eastern Group (EG) = red. In green Q. cerris distribution range.

Scenario 1 Scenario 2

WG CG EG EG cG WG WG CG

Scenario 3

Scenario 4 Scenario 5
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EG WG CcG EG WG G EG

Figure 3 Demographic models compared in approximate Bayesian computation. WG = Western group; CG = Central group;
EG = Eastern group; t# = divergence time-scaled by generation time; N# = effective population size; ra = admixture rate; db = duration

of bottleneck.

682

Journal of Biogeography 43, 679-690
© 2015 John Wiley & Sons Ltd



summary statistics, and model checking are given in
Appendix S1. In all scenarios, t# refers to time-scale (scaled
by generation time) and N# refers to effective population
size of the corresponding populations (i.e. WG, CG, EG,
ancestral population ‘b’, and intermediate populations ‘a’, ‘¢
and ‘d’) during each time period (i.e. 0—t; and #;—t,)
(Fig. 3). Finally, because genetic diversity was the lowest in
WG, all scenarios assumed that this group split from CG or

EG at t; or t,.

Fossil data

Fossil data were obtained through a bibliographic search.
Different fossil types have been considered to reconstruct
the past distribution of Q. cerris. Based on pollen data, the
presence of Q. cerris may only be detected in areas where
the distributions of Q. cerris and Q. suber do not overlap,
as the morphology and ornamentation of the pollen grains
of the two species are indistinguishable (van Benthem et al.,
1984). Bark has some distinctive anatomical characters (Sen
et al., 2011), but it is seldomly found as a fossil. Wood of
Quercus section Cerris is very similar to that of the white
oak group, although it can be distinguished by some fea-
tures (Akkemik & Yaman, 2012). Several species of Quercus
Section Cerris, including Q. cerris, Q. ithaburensis subsp.
macrolepis, Q. brantii, Q. libani and Q. trojana, currently
grow in Asia Minor and cannot be distinguished by fossil
wood (Emery-Barbier & Thiébault, 2005). Fossil leaves and
cupules are the best evidence for the local presence of Q.
cerris in an area, although identification of leaf specimens
without acorns may be controversial because of reported
high variation in leaf morphology (Uslu & Bakis, 2014).
Going back in time, the attribution of fossil leaves to Q.
cerris may be problematic and so it is also often limited to
Quercus Section Cerris.

RESULTS

Haplotype sequencing

Allele sequencing for each cpSSR revealed no sequence differ-
ences in the microsatellite flanking regions, except for cmcs9
(see details in Appendix S2).

Genetic diversity and population structure

The cpSSR loci ccmp6, cmesl, cmes6, cmces7, cmes8 and
cmces9 (after correction for variation in the flanking regions,
see Appendix S2) were polymorphic in Q. cerris, and dis-
played 4, 2, 11, 5, 6 and 6 allele size variants respectively.
They combined into 35 haplotypes (see Table S2 in
Appendix S3 and Fig. 1), resulting in a total haplotypic
diversity of h = 0.795 and a mean gene diversity over popu-
lations of h = 0.109. Most populations (80.2%) were fixed
for one haplotype, and only 38 populations out of 192
(19.8%) showed two or three haplotypes (35 and 3

Journal of Biogeography 43, 679-690
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respectively). A total of 16 private haplotypes were identified,
68.7% of which were detected in Turkey. Analysis of
sequence variation at the #rnH-psbA marker assigned all
Turkish haplotypes to Q. cerris, although genetic distance
from sister species Q. trojana and Q. ithaburensis was very
low (data not shown). Genetic differentiation, as evaluated
by Gsr and Rsy, was very high, 0.8807 and 0.8034, respec-
tively, and significantly different from zero (P < 0.05). A
phylogeographical structure was not observed (i.e. Rgr was
not significantly larger than the permuted value).

BAPS resulted in three genetically distinct clusters with a
well-defined geographical pattern, and which, from here on,
are referred to as Western group (WG, green dots in Fig. 2),
Central group (CG, blue dots) and Eastern group (EG, red
dots). Each cluster distinguished a well-defined part of the
natural range of Q. cerris. In particular, EG was located only
in Turkey and Lebanon, with the exception of one popula-
tion in North Greece. WG extended from Italy to the north-
ern countries of the Balkan Peninsula, and CG included all
remaining Balkan populations and the westernmost popula-
tion from Turkey. Eastern group had the highest genetic
diversity (h = 0.922; SE 0.010) compared to CG (h = 0.788;
SE 0.012) and WG (h = 0.459; SE 0.017). Gst among groups
was 0.4364 and Rgr = 0.3881, both significantly different
from zero (P < 0.05). The standardized Ggy (G’sy) (Hedrick,
2005), which avoids biases due to high intra-population
genetic variation, was 0.955 and pairwise-G’gr ranged from
0.901 (WG versus CG) to 1.000 (WG versus EG), revealing
extremely high population differentiation among the three
BaPs-defined groups. Furthermore, AMOVA analysis showed
that a high proportion of the total genetic variation (33%
P <0.001) was explained by differences among the three
groups.

Demographic history inferred by ABC

In ABC models, the highest posterior probability was found
for scenario 1 (Fig. 3; 0.7316, 95% ClIs, confidence intervals:
0.7141-0.7491), for which posterior probability was signifi-
cantly higher than that for scenario 2 (0.0036), scenario 3
(0.0197), scenario 4 (0.0237), and scenario 5 (0.2213) (see
Table S3 in Appendix S3). This result suggested that the
divergence of EG from a hypothetical ancestral population
occurred before the divergence of WG and CG, as also
indicated by genetic differentiation estimates (see above).
The median values of effective population sizes for this sce-
nario were 10,500, 180,000, 249,000, 39,600 for N1 (WG),
N2 (CG), N3 (EG), Na (the branch conducting to WG
between t; and f,), and 44,700 for Nb (ancestral popula-
tion) respectively (Table 1). The posterior parameters
showed that the effective population size of the ancestral
population was 5.5 times lower than that of EG, suggesting
an expansion event at time #,. At time #;, a bottleneck and
an expansion event gave rise to WG and CG respectively.
The median values of the divergence times, #; and t,, were
8,700 (95% ClIs: 1,360-25,400) and 55,800 (95% ClIs:
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Table 1 Parameter estimates for the best demographic scenario based on approximate Bayesian computation.

Quantiles

Parameter Mean Median Mode 2.5% 5% 95% 97.5%

N1 1.22 x 10* 1.05 x 10* 9.10 x 10° 2.55 x 10° 3.36 x 10° 2.71 x 10* 3.17 x 10*
N2 1.79 x 10° 1.80 x 10° 1.77 x 10° 7.53 x 10* 8.89 x 10* 2.65 x 10° 2.75 x 10°
N3 239 x 10° 249 x 10° 3.00 x 10° 1.28 x 10° 1.49 x 10° 2.96 x 10° 2.98 x 10°
n 1.05 x 10* 8.70 x 10° 3.44 x 10° 1.36 x 10° 1.86 x 10° 2.54 x 10* 2.76 x 10*
Na 4.40 x 10* 3.96 x 10* 227 x 10* 7.82 x 10° 1.03 x 10* 9.09 x 10* 9.51 x 10*
t 5.67 x 10* 5.58 x 10* 5.54 x 10* 1.70 x 10* 2.09 x 10* 9.41 x 10* 9.70 x 10*
Nb 4.64 x 10* 447 x 10* 2.86 x 10* 234 x 10° 443 x 10° 9.39 x 10* 9.67 x 10*
pmic 225 x 1077 1.78 x 107° 111 x 107° 5.43 x 107¢ 6.80 x 107° 5.70 x 107° 7.26 x 107°
pmic 2.10 x 107" 2.13 x 107" 3.00 x 107" 1.10 x 107" 117 x 107" 2.93 x 107" 2.99 x 107"
snimic 1.16 x 107° 259 x 1077 1.00 x 1078 1.14 x 1078 1.36 x 1078 5.77 x 107° 733 x 107°

N1 = WG effective population size; N2 = CG effective population size; N3 = EG effective population size; Na = WG intermediate effective popu-
lation size; Nb = effective population size of the ancestral population; times are considered from present (0) backwards in time; ¢; = divergence
of CG from WG; t, = divergence of WG from EG; pmic = mean mutation rate of microsatellites; pmic = mean parameter of geometric distribu-
tion (GSM, Generalized Stepwise Mutation Model); snimic = individual locus SNI (Single Nucleotide Insertion/deletion) rate.

17,000-94,100) generations ago respectively (Table 1).
Assuming 30 years as generation time, divergence times
scaled to 0.261 Ma (95% CIs: 0.0408-0.762) and 1.674 Ma
(95% ClIs: 0.510-2.823) for #; and t, respectively. Consider-
ing a longer generation time of 50 years, these values
increased to 0.435 Ma (95% CIs: 0.068-1.270) and
2.790 Ma (95% ClIs: 0.850-4.705). All observed summary
statistics were not significantly different from the simulated
values (see Table S6 in Appendix S3), based on parameter
values drawn from the posterior distributions for scenario
1, suggesting, together with the principal components analy-
sis comparison implemented in pivaBc (see Fig. Sl in
Appendix S3), a high goodness-of-fit of observed data to
scenario 1. Type I error rate was 41.0%, and the average
type II error rate was 10%.

Fossil data

Fossil leaves and fruits of Quercus Sect. Cerris were found in
several mid-Miocene to Pliocene deposits in Germany,
Poland, Slovakia, Alsace, Georgia, Moldavia, Greece and
Abkashia (cf. Song et al., 2000 for a review; Teodoridis et al.,
2009; Worobiec et al., 2012; Velitzelos et al., 2014). They
cannot be attributed to Q. cerris yet, as they belong to vari-
ous fossil taxa in the Section, including Q. cerresaecarpa Kol.,
Q. sapperi (Menzel) Mai ex Hummel, Q. microcerrisaecarpa
Kol. (fossil fruits), Q. gigas Goepp. emend. Walther &
Zastawniak, and Q. czeczottiae Hummel and Q. pseudocas-
tanea Goepp. (fossil leaves).

No Pliocene or Pleistocene fossils are available from Tur-
key that can demonstrate the local presence of Q. cerris,
but fossil leaves from an Early Pleistocene deposit in Arme-
nia (Ollivier et al., 2010) suggest that the distribution of
the Anatolian populations of Q. cerris could have been
more extensive in the past than at present. Moreover, a
long pollen record from the Black Sea, documenting the
history of vegetation in Anatolia from 6 Ma to present (Site
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380; Biltekin et al, 2015), shows that approximately 6 to
3.37 Ma deciduous oaks were very abundant within a for-
est-dominated vegetation with meso-megathermic taxa (e.g.
Taxodiaceae) (Fig. 4). Between 3.37 Ma and ca. 1.76 Ma,
there was a clear reduction in oaks (including Q. cerris),
culminating with their near-disappearance around 2.62 Ma,
in correspondence with the earliest glacial cooling in the
Northern Hemisphere. After 1.76 Ma deciduous oaks are
found again in significant amounts; their frequencies fluctu-
ate following the climatic cycles, although since 1.22 Ma,
there has been a supremacy of steppe vegetation over meso-
philous forests during both glacial and interglacial periods
(Biltekin et al., 2015).

Starting from the Pliocene, in Greece and south-east
Albania extinct taxa with Quercus foliage co-occur with spe-
cies markedly similar to modern western Eurasian species
of Quercus section Cerris (Q. cerris and Q. castaneifolia)
(Velitzelos et al., 2014). In Bulgaria, macrofossils of Q. cer-
ris have been reported from Pliocene deposits (Bozukov &
Tsenov, 2012). In various sites of the Balkan Peninsula,
pollen records of Middle (Fletcher et al, 2013) to Late
Pleistocene and Holocene age (Panagiotopoulos et al., 2014;
Tonkov et al., 2014) support the local persistence of Q. cer-
ris through the Pleistocene glacial-interglacial cycles, as also
documented for undifferentiated deciduous oaks (Tzedakis
et al., 2006).

In Italy, macrofossils of Miocene and Pliocene age (Kovar-
Eder et al., 2006) are barely compatible with modern Q. cer-
ris (E. Martinetto, personal communication), while leaves
attributed to Q. cerris are reported from Early and Middle
Pleistocene deposits (Martinetto & Sami, 2001; Martinetto
et al., 2014). In addition, pollen data from various sites of
Early Pleistocene age support the presence of Q. cerris since
at least 2 Ma (Fusco, 2007; Magri et al., 2010; Sadori et al.,
2010).

In summary, fossil and pollen record evidence suggest the
long-term continued presence of Q. cerris in the Anatolian,

Journal of Biogeography 43, 679-690
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Balkan, and Italian peninsulas. Q. cerris populations in these
regions probably increased in both number and size during
the Pleistocene interglacial phases and diminished — without

Journal of Biogeography 43, 679-690
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ever disappearing — during the glacial periods, similarly to
other deciduous oaks (Fig. 4) (Tzedakis et al., 2006; Magri &

Palombo, 2013; Biltekin et al., 2015).
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DISCUSSION

Chloroplast DNA (CpDNA) phylogeography and
introgression with Q. suber

Quercus cerris showed a high degree of chloroplast variation,
similar to that detected in other European oak species (Petit
et al., 2002), although not equally distributed throughout its
range, with much higher levels of genetic diversity found in
the easternmost populations. A recent meta-analysis on a
high number of plant and animal species demonstrated the
overall increase in genetic diversity eastward in the Mediter-
ranean basin (Conord et al., 2012). The role of longitude in
shaping genetic diversity is particularly interesting because in
many species longitudinal variation affects transitions
between discrete sets of genotypes, while latitudinal patterns
typically involve refugial diversity (Rokas et al., 2003). This
is clearly evidenced in the distribution of Q. cerris’ private
haplotypes, which have been detected mainly (about 69%) in
the Anatolian peninsula. Haplotype sharing, involving QC10
and QC27, between the Italian and the Balkan regions was
also observed. In particular, the presence of haplotype QC27
in the Balkans suggests possible contacts between Balkan and
Italian populations of Q. cerris through land bridges across
the Adriatic Sea. Geological studies provide evidence that the
Apulian Platform connected twice, during the Early Oligo-
cene and then again during the latest Miocene, to the Balkan
mainland by a trans-Adriatic land bridge, approximately
where the Tremiti islands are today (Patacca et al., 2008). In
white oaks (Section Quercus), the presence of the same hap-
lotype in the Balkan and Italian Peninsulas supports this idea
(Fineschi et al., 2002). The clear genetic relationship between
southern Italian and Balkan populations of Fagus sylvatica L.
(Vettori et al., 2004), was also attributed to an amphi-Adria-
tic connection.

The Q. cerris distribution overlaps that of Q. suber in the
Italian Peninsula and, interestingly, we found that they share
some haplotypes in this region (haplotypes QC10 and QC27
in Q. cerris correspond to haplotypes QS2 and QS1 in Q.
suber, described in Magri et al., 2007), as shown in the hap-
lotype network in Fig. S2 in Appendix S3. Sharing of haplo-
types may result from species introgression (Petit, 2004), as
reported for other oak species (Dodd & Afzal-Rafii, 2004;
Eaton et al., 2015). Repeated asymmetrical reproductive
events between species with weak reproductive barriers can
lead to morphologically (and genetically) unambiguous indi-
viduals of a species with plastid signatures of another (Petit
& Excoffier, 2009). It has been suggested that this process is
triggered (or favoured) by environmental changes, distur-
bance of local communities and historical range fluctuations
(Excoffier et al., 2009; Lagache et al., 2013). As the pollen of
Q. cerris and Q. suber is morphologically identical (van Ben-
them et al., 1984), it is not possible to define the age of their
coexistence from pollen records. However, the ABC analysis
suggested that WG (including the Italian Peninsula), where
the shared haplotypes QC10 and QC27 are found, split from
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CG (i.e. most of the Balkan Peninsula) at relatively recent
times, even when considering generation time uncertainty
and the wide 95% ClIs obtained for time divergence estimates
(see below). Thus, haplotype sharing between Q. suber and
Q. cerris in Pleistocene glacial refugia, as suggested by other
oak species (see below), seems a reasonable hypothesis.

At the intra-generic level, a wide sharing of identical hap-
lotypes has been repeatedly documented across sympatric
oak taxa (Okaura et al., 2007; Simeone et al., 2009, 2013).
With few exceptions, a stronger correlation between plastid
differentiation and geographical distribution rather than tax-
onomic identity has been detected, which is compatible with
the well-known, extensive hybridization ability of oaks and
its persistence in shared glacial refugia (Petit et al., 2002).
However, the possibility of shared ancestral polymorphism
across related oak species cannot be fully ruled out (Denk &
Grimm, 2010). Interestingly, interspecific genetic exchange
similar to that suggested for Q. cerris and Q. suber in our
study has been found between Q. suber and Q. ilex sympatric
populations in the Western Mediterranean (Belahbib et al.,
2001; Lopez de Heredia et al., 2007). Additional studies in
Q. cerris, Q. suber and Q. ilex using nuclear markers would
be necessary to better evaluate the impact of introgression
and hybridization on demographic history of Mediterranean
oak species and to obtain deeper understanding of oak speci-
ation in the Mediterranean region.

In agreement with the cpDNA haplotype distribution dis-
cussed above, Baps analysis and genetic differentiation
indices reflected strong spatial genetic structure in Q. cerris,
involving three distinct genetic clusters along a westward
longitudinal gradient. The highest genetic differentiation was
observed in Turkey, where 68.7% of private haplotypes were
identified. This region has a complex geological history that
influenced the biogeography of many plant and animal taxa.
The Anatolian Peninsula contains many barriers to gene
flow, such as mountain chains and the Central Anatolian
Lake System, whose formation can be traced back to the
Neogene (Bilgin, 2011; and references therein). The presence
of these geo-morphological barriers may explain the very
high level of genetic differentiation and haplotype endemism
in this region. Furthermore, these eastern populations may
not only represent a current hotspot of genetic diversity, but
also the origin of populations now occurring in Europe (see
also the discussion of ABC results below). A similar west-
ward pattern was observed in the gallwasp Andricus quercus-
tozae (Rokas et al., 2003), an obligate parasite whose sexual
generation develops in galls induced on oaks of the section
Cerris, and whose distribution is strictly dependent on the
hosts. Together with other gallwasps, A. quercustozae
diverged in Asia Minor and expanded westwards prior to the
Pleistocene glaciations.

Demographic history
A hierarchical population split model (scenario 1) was found

to be the most likely explanation for the observed data using
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ABC, suggesting successive historical divergences of Q. cerris
populations. However, this result has to be interpreted with
caution given different sources of uncertainty in ABC infer-
ence, such as generation time, assumed models and wide
confidential intervals (Tsuda et al., 2015). Indeed, estimation
of generation time is still controversial in forest tree species,
because of their longevity, overlapping generations, variable
age of first flowering, and forest replacement dynamics (Petit
& Hampe, 2006). On the basis of field observations (P. Gros-
soni, personal communication), we considered a conservative
generation time of 30-50 years for Q. cerris. Using these gen-
eration times, scenario 1 suggests that WG (Italy and north-
ern Balkan Peninsula) diverged at #; from CG (mainly the
Balkan Peninsula) 0.261 Ma (generation time of 30 years) to
0.435 Ma (generation time of 50 years). Although t; was
inferred with wide 95% CIs, lower limits are still 0.0408 Ma
(generation time of 30 years) or 0.068 Ma (generation time
of 50 years), and the divergence time clearly predates the
LGM regardless of the generation time assumed. Therefore,
the impact of the LGM on the demographic history of Q.
cerris would have been limited even when the species’ Euro-
pean distribution was reduced to glacial refugia in the Italian
and Balkan Peninsulas, as previously reported in other Euro-
pean oaks (Petit et al., 2002).

The Italian and Balkan populations (WG and CG)
diverged from the Eastern populations (EG, mainly consist-
ing of Turkish and Lebanese populations) at f,, which was
estimated 1.674-2.790 Ma assuming a generation time of 30
or 50 years respectively. The divergence point at f, also had
wide 95% ClIs ranging from 0.510 Ma at lower limit (genera-
tion time of 30 years) to 4.705 Ma at upper limit (generation
time of 50 years). Thus, despite divergence time uncertainty,
these results still suggest that the ancient divergence of WG
and CG from EG probably predated the Quaternary. These
findings, together with the higher richness of private haplo-
types and higher haplotypic diversity suggest a possible ori-
gin of Q. cerris in the Anatolian Peninsula and/or close to
the Middle East region.

The fossil data, although limited due to species identifica-
tion issues, are consistent with the demographic history of
Q. cerris suggested by the genetic data. In particular, the pos-
sible bottleneck that led to the divergence of the Eastern and
Central populations (see Results) is also reflected in the pol-
len record of Site 380 in the Black Sea region, which suggests
that around 2.620 Ma a considerable reduction in deciduous
oak populations (including Q. cerris) occurred in Anatolia
and the eastern Balkan Peninsula, followed by a very slow
recovery (Fig. 4). Vigorous oak populations are found only
after 2 Ma. This historical bottleneck, which corresponds to
the most important oak distribution reduction in the region
during the last 6 Ma, is in excellent accordance with the
hierarchical population split model that suggested divergence
times between 2.790 and 1.674 Ma (t,). After that time, cor-
responding to the Gelasian, Q. cerris is well documented by
fossils in both the Italian and Balkan Peninsulas, where it
persisted up to the Present. Since c. 0.900 Ma, increased
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amplitude and duration of the glacial-interglacial cycles pro-
voked range reductions of different magnitude, depending
on the severity of climate conditions (Tzedakis et al., 2006;
Magri & Palombo, 2013). The long pollen record from Tena-
ghi Philippon in Greece (Tzedakis et al., 2006) indicates that
the most extreme tree population contractions in the region,
in decreasing order, occurred during the glacial maxima of
marine isotope stages (MIS) 12, 16, 6, 2, 10 and 8 (Fig. 4).
These stages were also the time periods when bottlenecks
and genetic divergence were most likely to occur. Three of
these glacial maxima, including MIS 12 (ca. 430 ka), MIS 10
(ca. 340 ka) and MIS 8 (ca. 260 ka), chronologically corre-
spond to the divergence time #; suggested by scenario 1,
within the range 0.435-0.261 Ma (Fig. 4), and support a
Middle Pleistocene age for the split of a former continuous
population of Q. cerris into two populations in the Italian
and Balkan Peninsulas respectively.

After the genetic divergence of the Western and Central
populations, later forest expansions may have led to the dif-
fusion of haplotype QCI10 into Slovenia and neighbouring
countries. Extensive land exposure in the northern Adriatic,
caused by low sea level during the glacial periods, may have
acted as a land bridge for early-interglacial population migra-
tions. The amphi-Adriatic distribution of haplotype QC27,
supported by similar evidence in other taxa (see above),
highlights the possibility that land bridges were also formed
at much lower latitudes, in the southern Adriatic Sea. If so,
the demographic history of Q. cerris populations would sug-
gest a southern Adriatic land bridge with a more recent age
than the divergence of the Western and Central populations.

The current lack of knowledge on genetic diversity and
population structure of European species with an eastern dis-
tribution has resulted in underestimation of the role of east-
ern refugia for European plant biodiversity. Our extensive
research of the modern genetic structure of Q. cerris covered
a remarkable gap in European oak phylogeography, showing
a putative eastern origin of the species and the presence of
large amounts of genetic diversity in this region.
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