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Abstract

This study investigated the genetic and morphological variability of critical populations of Quercus petraea s.1. in southern
Europe considering taxonomic and biogeographical issues. Ten EST-SSR markers were applied on sixteen populations of
0. petraea s.l., including Q. petraea subsp. petraea, Q. petraea subsp. austrotyrrhenica, Q. dalechampii auct non Ten,
and Q. banatus, to assess genetic variation within and among populations using specific indices. Genetic structure was
analysed using Bayesian clustering. Eight populations of potentially interfertile white oaks such as Q. pubescens (5) and
Q. robur (3) were included in the overall dataset (24 populations) for comparison. Multivariate analysis procedures were
applied to analyse genetic relationships among populations. The morphological variability of oak individuals was assessed
only on the Q. petraea s.1. populations based on traits observed in leaves, twigs, and acorns. The patterns of covariation
between morphological traits, taxonomic identity, and the geographical distribution of sessile oak populations were also
investigated. The analysis on the overall dataset revealed four main genetic clusters for Q. petraea s.l.: one of possible
ancestral origin, one occurring mainly in the Balkans, one spread across southern Italy, and one distributed primarly in
western and central Europe. From a morphometric perspective, only a few leaf morphological traits exhibited variation
trends correlated with the genetic structure pattern. Considerable overlap was found among populations within the Q.
petraea collective group from both the genetic and morphological side. The variability observed was insufficient to dis-
tinguish species other than Q. petraea (Matt.) Liebl. (i.e. Q. dalechampii auct. non Ten., Q. banatus Kucera). However,
all Q. petraea s.1. populations were found to be clearly distinguishable from the Q. robur subsp. robur and Q. pubescens
subsp. pubescens populations included in the dataset as outgroups.
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Introduction

The forest heritage of central and southern Europe is largely
characterised by oak woodlands belonging to various phy-
tosociological classes, orders, and alliances (e.g. Quercetea
pubescentis, Quercetea ilicis, Quercetea robori-petraeae,
Quercetalia calliprini, Quercion frainetto, etc.) which con-
stitute a significant portion of the syntaxonomic framework
of European forests (Mucina et al. 2016). Europe is home
to numerous oak species (genus Quercus L.), including

Communicated by Marta Pardos.

Extended author information available on the last page of the article

Published online: 19 August 2026

both evergreen and deciduous species. These are distrib-
uted within two subgenera, the subgen. Cerris, compris-
ing a group of deciduous oaks from the central and eastern
Mediterranean (e.g. Q. cerris L., Q. ithaburensis Decne, Q.
trojana Webb, etc.) together with some evergreen sclero-
phyllous species (e.g. Q. ilex L., Q. suber L., Q. coccifera
L.), and subgen. Quercus, which mainly comprises decidu-
ous species (the so-called “white oaks™) (Denk et al. 2017).
In Europe, the subgen. Quercus is the most species-rich
and has the widest geographical distribution. However,
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taxonomists still disagree on the exact number of taxa that
should be included in the European white oak group at the
species level. This is primarily due to the lack of consen-
sus on the taxonomic assessment of a significant number
of “critical” taxa, most of which belong to the collective
groups of Quercus pubescens and Q. petraca. Among the
European white oaks, Quercus petraea (Matt.) Liebl (com-
monly known as sessile oak) together with Q. robur L., is
the only other European oak species whose current centre
of distribution is central Europe (Fig. 1) where it exhibits a
wide ecological amplitude enabling it to colonize dry sandy
or moraine soils as well as podsolized oligotrophic and
acidic soils alongside Q. robur.

It can also be found on steep slopes with thin neutral
arenaceous soils alongside Q. pubescens and Q. cerris, or
on deep, eutrophic soils, where it plays a dominant role in
various types of mesic forest (Mucina et al. 2016). In south-
ern Europe, Q. petraea s.1. has a much more restricted and
fragmented distribution, though it exhibits an even wider
ecological amplitude. In peninsular Italy for example, Q.
petraea gives rise to mixed communities with Fagus sylvat-
ica in the montane belt or with Quercus ilex and Q. suber in

the much drier, warmer conditions of the Meso-Mediterra-
nean bioclimate. It is also associated with all other deciduous
oaks and broadleaf trees in the colline and submontane belts
(Blasi et al. 2004; Di Pietro et al. 2010; Viciani et al. 2016).
From a chorological perspective, Q. petraea s.l. is widely
distributed throughout central Europe from the northern
slopes of the Alps to the British Isles, southern Scandinavia
and western Ukraine. In southern Europe and southwestern
Asia, the species still has a wide longitudinal range (from
western Spain to western Iran), although there are large gaps
between populations. It occurs in the northern part of the
Iberian Peninsula (Amaral Franco 1990), throughout the
whole of Italian Peninsula, up to northern Sicily (Gianguzzi
et al. 2016; Bartolucci et al. 2018) and in the Balkan Penin-
sula, up to the southern border of continental Greece (Hor-
vat et al. 1974; Dimopoulos et al. 2013). Given the average
mesophilic characteristics of Q. petraea at its ecological
optimum, its current fragmented range in southern Europe
is attributed to its poor ability to cope with the long summer
droughts that are characteristic of the Mediterranean climate
(Rivas-Martinez et al. 2004). However, despite being highly
fragmented, Q. petraea populations in southern Europe

Fig. 1 Distribution range of Quercus petraea (after Caudullo et al. 2024 modified). Dashed area: continuous range. Dots: isolated populations
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are important for reasons that extend beyond their current
abundance. Until a few years ago, it was widely accepted
that during the periods of glacial maximum, forest cover in
central Europe was greatly reduced and replaced by perigla-
cial steppe-like grasslands and tundra communities (Frenzel
1992; van Andel and Tzedakis 1996; Magri 2010; Tzedakis
et al. 2013). Deciduous oaks and other thermophilus woody
species were restricted to glacial refugia in the Iberian, Ital-
ian, and Balkan peninsulas (Bennet et al. 1991; Brewer et
al. 2002; Petit et al. 2002b). At the end of each glacial cycle,
these species migrated northwards again to recolonise cen-
tral and northern Europe. This theory was partially ques-
tioned by Willis and van Andel (2004), who, advanced the
hypothesis that, based on macrofossil charcoal wood from
central and eastern Europe, restricted populations of conif-
erous and deciduous trees managed to survive much further
north and east during the last full-glacial than previously
assumed. Similar arguments are presented in a recent study
by Hosek et al. (2024) who argued that temperate tree spe-
cies, such as Quercus, Tilia, Corylus, and Fraxinus survived
the last glacial maximum in sites north of the Alps located
near geothermal springs. While the hot spring refugia the-
ory and the persistence of cryptic refugia for boreal forest
species far north during the glacial period are both plau-
sible (see Parducci et al. 2012; Robin et al. 2016), it is also
likely that genetic drift and bottlenecks have significantly
impacted these surviving northern outposts of temperate
forest. Phylogenetic and phylogeographic studies of plastid
DNA have shown that most of the current European hap-
lotype diversity in white oaks is concentrated in the south
of the continent (Petit et al. 2002a; Semerikova et al. 2023;
Di Pietro et al. 2024; Fortini et al. 2024). However, white
oak populations in central Europe exhibit comparatively
high diversity of haplotype lineages, which is the result of
the convergence of postglacial migration routes (covered
at unexpectedly high speed) and reproduction within large,
continuous populations over many generations (Petit et al.
2002a, b; Kremer 2016). Therefore, the southern European
sessile oak forests should be regarded as harbouring the old-
est genetic heritage to survive the glaciations. This heritage
has been shaped not only by paleo-ecological vicissitudes,
but also by intense and millennia-long human management
and exploitation, as well as the negative effects of climate
change (Milad et al. 2011; Conte et al. 2019; Toth et al.
2021). This combination of ecological and anthropogenic
pressures, may have played a significant role in increas-
ing the phenotypic variability of Q. petraea s.l., fuelling
a heated debate on the possible presence of multiple spe-
cies (e.g. Q. aurea Wirzb., Q. dalechampii auct. non Ten.,
0. polycarpa Schur, Q. banatus Kucera) and subspecies in
both southern and eastern Europe (Pignatti 1982; Steva-
novic 2012; Kaplan et al. 2022) (Fig. 2).

While a significant body of literature exists on the genetic
diversity and extent of hybridization of Q. pefraea in cen-
tral Europe (Zanetto et al. 1994; Zanetto and Kremer 1995;
Cottrel et al. 2002; Neophytou et al. 2010; Dostalek et al.
2011; Lang et al. 2020), much less is known about southern
Europe where information is fragmented and based on local-
scale research (Bruschi et al. 2003; Antonecchia et al. 2015;
Lupini et al. 2019; Popovi¢ et al. 2022). Studies examining
the genetic and morphological variability of European white
oak populations have also been geographically limited and
offered only a partial picture of the overall variation (Vis-
cosi et al. 2009; Antonecchia et al. 2015; Di Pietro et al.
2016; Pietro et al. 2020a, b, 2021; Semerikova et al. 2023;
Neophytou et al. 2024).

This research project examines the genetic and morpho-
logical variability of certain taxonomically critical popula-
tions within the Q. petraea collective group that are found in
southern Europe and are currently associated under a differ-
ent binomial than Quercus petraea (Matt.) Liebl, namely Q.
dalechampii auct. non Ten., Q. banatus Kucera, Q. petraea
subsp. austrotyrrhenica Brullo, Guarino & Siracusa. The
genetic diversity of these populations was evaluated by
comparing them with populations currently classified as Q.
petraea subsp. petraea, as well as with additional popula-
tions of sympatric white oaks (i.e. 0. robur subsp. robur and
Q. pubescens subsp. pubescens) across central and southern
Europe. This was done to verify whether pattern of genetic
diversity identified in taxonomically critical Q. petraea
s.l. populations corresponded to patterns of morphological
diversity and to establish whether trends in genetic and mor-
phological variation could provide diagnostic information
from a phylogeographic and taxonomic perspective.

Materials and methods
Study area and plant material

The study was carried out across southern Europe involv-
ing eight countries (Austria, Croatia, the Czech Repub-
lic, France, Italy, Romania, Serbia, and Spain). A total of
444 individuals belonging to 24 natural populations of
six white oak taxa were collected. Sixteen populations of
Quercus petraea s.l. (including: Q. banatus P. Kuéera, Q.
dalechampii auct. non Ten., Q. petraea (Matt.) Liebl. subsp.
petraea, and Q. petraea subsp. austrotyrrhenica Brullo,
Guarino & Siracusa) were sampled in natural forest com-
munities where these taxa were dominant in the absence of
other possible taxa belonging to the Q. petraea collective
group. Additionally, five populations of Q. pubescens Willd.
subsp. pubescens and three populations of Q. robur L.
subsp. robur coming from surrounding areas were included
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Fig. 2 Pictures a—i show some critical taxa within the complex of
Quercus petraea s.l. a—¢ Q. banatus Kuéera from Orovitza (Banat
Region — Romania), a: Forest community on thin shallow and stony
soils, b: leaf and fruit, c: bark; d—f Q. dalechampii auct. non Ten. from
Mt. Tara (SW-Serbia), d: Forest edge at the border of a traditional
mown meadow, e: leaf and fruit, f: bark; g: isolated individual of Q.

in the sampling design to compare and delve deeper into
differences within the Q. petraea group. As the aim of this
research was not to carry out a complete morphological-
molecular revision of Quercus petraea in Europe, but rather
to shed light on some long-debated critical taxa present
within the collective group, only a relative low number of
“diagnostic” populations were considered. A biogeographi-
cal/taxonomical criterion was used to select the collection
sites. Specifically, Q. banatus and Q. petraea subsp. austro-
tyrrhenica specimens were collected in the locus classicus
of these taxa, i.e. Oravita, in the Banat region of Romania
(Kucera 2018) and the Madonie Mountains in Sicily (Brullo
et al. 1999), respectively (Table 1).

Three out of the four Serbian collection sites (i.e. Mount
Suvobor, Mount Tara, and Mount Kopaonik) were located
on serpentine substrates and were selected as they were
reported in Flora of Serbia and other scientific contributions
as mainly hosting populations of Q. dalechampii auct. non

@ Springer

petraea on trachytic volcanic outcrops in a mixed forest with Fagus
sylvatica at very low altitude in the Tolfa mountains — central Italy; h:
Q. petraea subsp. austrotyrrhenica Brullo, Guarino & Siracusa with
a shrubby understorey dominated by llex aquifolium in the Madonie
mountains—Sicily; Q. petraea subsp. austrotyrrhenica leaf and fruit
(photo: a—g R. Di Pietro; h-i L. Gianguzzi)

Ten (Cvjeticanin 1999; Stevanovic 2012). Of the two popu-
lations collected at the northern Italian site of the Euganean
Hills (IT19), one was always reported by local authors as
belonging to Q. dalechampii auct. non Ten. (provisionally
as Q. petraea L. subsp. polycarpa (Schur) So6 in a recent
contribution), while the other (IT20) belongs to Q. petraea
subsp. petraea (see Masin and Tietto 2005; Proietti et al.
2021; Masin et al. 2025). All the other collection sites are
known to host only natural populations of Q. petraea subsp.
petraea. The geographic coordinates and the lithological
characteristics of the collection sites are reported in Table 1
while the climatic parameters were produced in Climat-
eChart.net (Zepner et al. 2021) and are shown in Fig. S1.
Sampling was performed on adult trees at the end of
summer when acorns were also present to maximise spe-
cies identification. To avoid capturing family structures, the
individuals collected were chosen to be at least 30 m apart.
The oak specimens collected were identified provisionally
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Table 1 Populations of Quercus species analysed in this study at ten nuclear microsatellite markers. The identity number (ID pop.) includes the
ISO code of the country where the sample was collected. Taxa marked with an asterisk (¥) are those belonging to the Q. petraea s.1. group. The
name Q. dalechampii refers to Q. dalechampii auct. non Ten. Geographic coordinates refer to the WGS84 system

ID Country Locality Geology Taxon No.of  Latitude Longitude  Alti-
pop. samples tude
(m
a.s.l)
AT02 Austria Pfaffenberg Mesozoic dolomite Q. petraea subsp. 20 48.2611 16.3056 386
petraea*
CZ31 The Czech Brno-Kohoutovice Metamorphic rocks Q. petraea subsp. 20 49.2842 16.7974 548
Rep. petraea*
ES43  Spain Las Machorras Cretaceous Limestone Q. petraea subsp. 20 43.1189 —3.5808 823
petraea*
FRO8 France Donzére Ovest Ligne Mesozoic limestone Q. petraea subsp. 10 44.4475 47067 96
L.G.V. petraea*
HRO6 Croatia Mt. Psunj Metamorphic rocks Q. petraea subsp. 20 45.3223 17.3459 402
petraea*
IT20  Italy Euganean Hills Trachy-Rhyolite Q. petraea subsp. 20 453173 11.6878 441
petraea*
IT46  Italy Mt. Cimini (Vitorchiano)  Ignimbriti Q. petraea subsp. 20 424316 12.1871 737
petraea*
IT47  Ttaly Tolfa Trachytes Q. petraea subsp. 20 42.1470 11.9407 392
petraea*
RS36 Serbia Vrdnik Lacustrine sediments Q. petraea subsp. 20 45.1296 19.8062 280
petraea*
IT16  Italy Pomieri, Geraci Siculo Quartzitic sandstone Q. petraea subsp. 20 37.8583 14.0581 1324
austrotyrrhenica*®
IT17  Italy San Luca (Aspromonte) Gneiss Q. petraea subsp. 20 38.1286 15.9796 1397
austrotyrrhenica*®
RO33 Romania Oravita Gneiss/mudstones/marls Q. banatus* 20 45.0434 21.7449 506
IT19 Italy Euganean Hills Trachy-Rhyolite 0. dalechampii* 20 453431 11.7617 41
RS37  Serbia Mt. Tara Serpentine Q. dalechampii* 10 43.9032 19.4838 1197
RS38  Serbia Mt. Suvobor Serpentine Q. dalechampii* 20 44.1168 20.1588 740
RS67 Serbia Mt. Kopaonik Serpentine Q. dalechampii* 14 43.2653 20.7437 1080
CZ30 The Czech Pavlov Hills Limestone Q. pubescens subsp. 20 48.8477 16.6932 221
Rep. pubescens
IT22  Italy Ome Marly-Limestone Q. pubescens subsp. 20 454314 10.6282 81
pubescens
IT89  Italy Fosso Cardone/ Limestone/Conglomerates Q. pubescens subsp. 20 40.1181 16.2214 561
Catarozzolo pubescens
RS35 Serbia Grgurevci Serpentine Q. pubescens subsp. 20 45.1417 19.6640 420
pubescens
RS193 Serbia Mt. Tara Serpentine Q. pubescens subsp. 10 43.9032 19.4838 1197
pubescens
CZ32 The Czech Lednice (distr. Bfeclav) Quatern. Alluvial deposits Q. robur subsp. 20 48.7526 16.8152 188
Rep. robur
ES41  Spain Leioa Quatern. Alluvial deposits Q. robur subsp. 20 43.3253 —2.9708 34
robur
IT14 Italy Insugherata Nat. Reserve  Quatern. sands and tuffs Q. robur subsp. 20 42.0073 12.3901 117

robur

in the field, at the time of sampling, based on the infor-
mation gathered from taxonomic, floristic and phytosocio-
logical scientific papers published on those areas, as well
as the collectors’ expert knowledge. It was ascertained
a priori that only one taxon belonging to the collective
group of Q. petraea s.l. was reported in the sites of col-
lections in the taxonomic and phytosociological literature.
A second identification stage was also carried out in the

laboratory using diagnostic keys from floras published at
the European, national, and local levels (Amaral Franco
1990; Schwartz 1993; Brullo et al. 1999; Stevanovi¢ 2012;
Pignatti et al. 2017-2019). However, it should be noted
that all the taxa currently included in the Q. petraea collec-
tive group are identified based on non-univocal diagnostic
morphological traits which overlap widely between differ-
ent taxa.
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The plant material collected from each tree (including
twigs, leaves, buds, flowers, and fruits) was preserved as
herbarium voucher specimens in the Herbarium Universi-
tatis Aeserniae (IS) [Table S1; Thiers 2025 (continuously
updated)]. The nomenclature of the investigated taxa fol-
lows IPNI (2025). Regarding the name Q. dalechampii Ten.
(accepted as separate species in POWO 2025), Di Pietro et
al. (2012) highlighted the confusion surrounding its applica-
tion and proposed a lectotype (herbarium NAP) referring to
a specimen belonging to the Q. pubescens collective group
characterized by hairy leaves and twigs. Tenore’s species
was misidentified and mis-applied by most of central and
eastern European botanists who identified an oak species
characterized by glabrous leaves and twigs under Q. dale-
champii Ten. This species belongs to the Q. petraea col-
lective group (see discussion paragraph). Accordingly,
throughout the text, we report “Quercus dalechampii auct.
non Ten.” according to the recommendation 50D.1 of the
Shenzhen Code (Turland et al. 2018). This indicates that, in
this paper, the name “Q. dalechampii auct. non Ten.” refers
to a taxon belonging to the Q. petraea collective group. The
maps in the manuscript were created using QGIS software
version 3.20 (QGIS.org 2025).

Nuclear microsatellite marker analyses
DNA extraction, amplification, and sequencing

The microsatellite [simple sequence repeat (SSR)] marker
analyses were performed on the entire dataset of 24 popula-
tions. Twenty trees for each population, except for popu-
lation RS193 (10 trees), FRO8 (10 trees), RS37 (10 trees),
and RS67 (14 trees), were investigated. Genomic DNA
was extracted from dried leaves (about 20 mg per indi-
vidual), with two different DNA extraction kits, the Qiagen
DNeasy™ Plant Kit (Qiagen, Hilden, Germany) and the
EchoLUTION Plant DNA Kit BioEcho (Cologne, Ger-
many), following the manufacturer’s instructions. The sam-
ples were genotyped at 12 Expressed Sequence Tag-Simple
Sequence Repeats (EST-SSRs), which were selected based
on the level of polymorphism and according to other studies
on European white oaks (Lepais et al. 2009; Guichoux et al.
2011a, b; Neophytou et al. 2010; Curtu et al. 2015; Antonec-
chia et al. 2015; Di Pietro et al. 2021). All the microsatel-
lite markers used were originally developed and rigorously
tested on Q. petraea and Q. robur populations by Durand et
al. (2010). The set of EST-SSR markers includes: PIE239,
PIE227, PIE223, PIE215, PIE020, PIE152, PIE243, PIE242,
PIE267, PIE102, PIE258, PIE271 (Table S2). Three differ-
ent multiplex reactions were used to combine the primer
pairs for nuclear EST-SSRs: Mul (PIE239, PIE227,
PIE223, PIE215), Mu2 (PIE020, PIE152, PIE243, PIE242),
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Mu3 (PIE267, PIE102, PIE258, PIE271). Uniform PCR
procedures were followed for all taxa and the 12 markers.
A touchdown PCR program was selected and performed in
a Biometra Thermocycler TOptical Gradient 96 (Biometra,
Goettingen, Germany). The PCR protocol started with dena-
turation at 95 °C for 15 min, followed by 10 cycles of 1 min
denaturation at 94 °C, annealing at 60 °C (—1 °C per cycle)
for 1 min, and extension at 72 °C for 1 min. The second step
consisted of 25 cycles of 1 min denaturation at 94 °C, 1 min
annealing at 50 °C and 1 min extension at 72 °C, followed
by a final extension step at 72 °C for 20 min. To determine
the EST-SSR sizes, capillary electrophoresis was run on an
ABI3130XL genetic analyser (Applied Biosystems, USA).
The GeneScan 500 ROX internal size standard was used.
To analyse fragment sizes and for genotyping, GeneMap-
per v4.0 (Applied Biosystems) was used. Peaks automati-
cally detected by the software were checked for consistency
and, if necessary, corrected manually. Allele calling and
binning, the process that converts raw allele lengths into
allele classes with a size expressed by an integer (Idury and
Cardon 1997), was performed by visual assignment. To rule
out systematic genotyping errors, analyses were repeated
for dubious results through re-extraction, re-amplification,
and re-genotyping across all loci to estimate the technical
error rate associated with allele scoring and binning. As two
markers, PIE239 and PIE258, did not amplify properly and
the binning showed a significant overlap in bin boundaries,
the genetic analyses were performed on the remaining 10
microsatellite loci (Table S3).

Genetic diversity and differentiation

The number of alleles (K;) and polymorphic information
content (PIC) per locus were calculated using Cervus v.
3.0.7 (Marshall et al. 1998). The list of observed alleles and
the mean number of alleles per locus were obtained with
GenAlEx v. 6.5 (Peakall and Smouse 2012). Null allele
occurrence was assessed using MicroChecker v. 2.3.4 (Van
Oosterhout et al. 2004) and their frequencies were estimated
using the expectation—maximization algorithm (Dempster
et al. 1977) implemented in FREENA (Chapuis and Estoup
2006). The number of private alleles (N;,) was calculated
using GenAIEx v. 6.5. Allelic richness (A,, after rarefaction
to 18 allele copies), observed (H,) and expected (H,) hetero-
zygosity, along with Wright’s indices (Wright 1969), includ-
ing the fixation index (Fg) for each population and pairwise
Fgr, were calculated using SPAGeDI v.1.5.d (Hardy and
Vekemans 2002). The significance of the F-statistic was
tested with 1000 permutations. Pairwise Fq values between
populations were estimated following Weir and Cockerham
(1984) and subsequently visualized with the R package
hierfstat (Goudet 2005).
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Genetic structure analysis

The genetic structure of the 24 Quercus populations (sixteen
of Q. petraea s.1., five of Q. pubescens subsp. pubescens,
and three of Q. robur subsp. robur) was assessed using the
Bayesian clustering algorithm implemented in the STRUC-
TURE 2.3.4 software package (Pritchard et al. 2000). Since
a strong signal from Q. pubescens subsp. pubescens and Q.
robur subsp. robur could obscure subtle genetic structure
within the Q. petraea collective group, a separate STRUC-
TURE analysis was performed on the 16 Q. petraea s.l.
populations to detect finer-scale differentiation and high-
light possible variation in the genetic structure when this
taxonomic group was analyzed in isolation from other oaks.
The admixture model with correlated allele frequencies and
no prior information on the geographical location of the
samples or their taxonomical classification was selected.
Twenty replications were run for each value of K, consider-
ing values, from K=1 to K=10, with a burn-in length of
50,000 iterations and a run length of 100,000 iterations. The
optimal number of clusters (K) was determined using Struc-
tureSelector (Li and Liu 2018), following the Puechmaille
(2016) method, which accounts for uneven sampling. Bar
plots of the STRUCTURE assignment results at the dif-
ferent K values were created in R (version 4.3.3; R Core
Team 2025), using the tidyverse (Wickham et al. 2019) and
ggplot2 (Wickham 2016) packages. The membership coef-
ficient (Q) represents the proportion of assignment of the
sample to a genetic cluster, while the qi defines the propor-
tion of membership of a population to the cluster i. Samples
with Q>0.90 were considered pure members of a single
cluster. For graphical purposes, the populations in some
figures [Principal Coordinate Analysis (PCoA), Principal
Component Analysis (PCA), and Discriminant Analysis of
Principal Components (DAPC) related to EST-SSR data]
were coloured using the results of the STRUCTURE analy-
sis performed on the full dataset of 24 Quercus populations.
Specifically, each population was assigned the colour of the
cluster to which it showed the highest membership coeffi-
cient (considering the clusters identified at the optimal K).

Genetic relationships among taxa and populations

A rooted tree was constructed using the UPGMA method
(unweighted pair group method with arithmetic mean)
based on Nei’s minimum genetic distance (Nei 1973), as
implemented in the Populations software v. 1.2.32 (Langella
1999) to identify genetic relationships among the 24 Quer-
cus populations, both from a taxonomic and geographical
perspective. Bootstrapping was carried out with 1000 rep-
licates over loci, using the grouped population option. The
resulting UPGMA tree was visualized in MEGA V11.0.13

(Tamura et al. 2021). A Principal Coordinate Analysis
(PCoA) was performed on pairwise genetic distances cal-
culated as the number of allelic differences between indi-
viduals, using the diss.dist function in the R package poppr
(Kamvar et al. 2014). Additionally, a Principal Component
Analysis (PCA) was carried out on individual tree-level
data from all the 24 Quercus populations and from the 16
Q. petraea s.. populations. A Discriminant Analysis of
Principal Components (DAPC) was also conducted on indi-
vidual tree-level data from the 16 Q. petraea s.l. popula-
tions, serving as cross-checks for the clustering patterns.
Specifically, PCA displayed the biggest total variance, while
DAPC minimized the genetic variance within populations
and maximised that among populations, enabling the weak
population genetic structure to be graphically displayed
(Jombeart et al. 2010; Gioia et al. 2019; Budde et al. 2023).
Both PCA and DAPC were performed using the R software
with the dudi.pca function implemented in the R package
ade4 (Dray and Dufour 2007) and the dapc function in the R
package adegenet (Jombart and Ahmed 2011; Jombart and
Collins 2015), respectively.

Morphometric analyses of leaves, twigs, and fruits

The morphological traits of the leaves, twigs, and acorns
exclusively of the 16 Quercus petraea s.1. populations were
analysed (Tables S4-S7). For the morphological leaf trait
analysis, nine leaves were selected and analysed for each
of the 294 trees, for a total of 2642 leaves considered (four
leaves from IT47 were damaged). The leaves were scanned
using an Epson GT-15,000 scanner (300 dpi resolution) with
the abaxial surface facing upwards. Fourteen leaf traits were
assessed on the scanned leaves, following Kremer et al.
(2002). The basal shape of the leaf lamina (BS) was deter-
mined using Kremer’s index (Kremer et al. 2002). Addition-
ally, the number of lobes was counted only in the half of
the leaf (NLH). ImageJ (Rasband 1997-2007) was used to
measure the dimensional parameters, which included: area
(Area), perimeter (Per), lamina length (LL), petiole length
(PL), lamina and petiole length (LL+PL), lobe width (LW),
corresponding sinus width (SW), and height of the widest
point from the base of the leaf (WP). Due to the frequent
dependence of leaf size-related traits on environmental or
seasonal variations, some “derived traits” were also con-
sidered following Kremer et al. (2002) and Rellstab et
al. (2016). These “derived traits” include lobe depth ratio
(LDR), petiole ratio (Pr), lamina shape or obversity (Ob),
lobe width ratio (LWR), and number of lobes in the left half
of the leaf (NLH). Boxplots were generated for each mor-
phometric variable to visualize the distribution of values
among populations. A Principal Component Analysis (PCA)
was performed on the correlation matrix of the traits not
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dependent on leaf size (LDR, Pr, Ob, LWR, NLH), using a
subset containing the averaged leaf trait values per tree (294
trees). These analyses were performed using the R packages
(ggplot2, tibble, tidyr, dplyr, multcompView, ggsignif, grid,
coorplot, car openxlsx, psych), in R version 4.3.3 (Hothorn
et al. 2008; Wickham 2016; Fox and Weisberg 2019; Ahl-
mann-Eltze and Patil 2021; Miiller and Wickham 2024;
Wickham et al. 2023, 2024; Wei and Simko 2024; Revelle
2024). Linear Discriminant analysis (LDA) was carried out,
using PAST 5.3 (Hammer et al. 2001), on four groups, rep-
resented by the four Quercus petraea s.1. taxa (Q. banatus,
Q. dalechampii, Q. petraea subsp. petraea, and Q. petraea
subsp. austrotyrrhenica). Group assignment (minimal
Mahalanobis distance to the group mean) was cross vali-
dated using the jackknifing procedure. In the morphomet-
ric analyses (boxplots, PCA, and LDA), the Q. petraea s.l.
populations were analyzed by grouping them according to
both taxonomic groups and genetic clusters. In the first case
(taxonomic groups), the populations were distributed within
four groups based on their original taxonomic classification
(i.e. nine populations of Q. petraea subsp. petraea, four of
0. dalechampii, two of Q. petraea subsp. autrotyrrhenica,
and one of Q. banatus). In the second case (genetic groups),
the populations were distributed based on the genetic struc-
ture analysis performed on the overall data set including 24
populations.

The pubescence of the twigs and leaves was assessed
for all available samples, totalling 279 trees (in the HRO06,
IT17, IT47, and RS37 populations some twigs were dam-
aged). Both the abundance and the type of trichomes were
analysed following a grading system applied on a standard
area of 1 mm?, according to Fortini et al. (2009). Abun-
dance of trichomes was evaluated on twigs (TT), petiole
(TP), main vein (TV), and leaf blade (TB). Furthermore, the
presence of the four trichomes types, represented by stellate
(StH), fasciculate (FH), solitary, and bifurcate trichomes,
was examined on the leaf blade of the herbarium vouchers.
The abundance of lenticels on the twigs was also considered
using a scale ranging from 0 (absent) to 2 (abundant), as
described by Fortini et al. (2013). Pubescence traits were
analysed using PAST 5.3 (Hammer et al. 2001) employing
a UPGMA clustering based on the Gower’s (1971) distance
method considering either the eight trichomes exclusively
or the combination of leaf (“derived traits”) and trichome
variables (LDR, LWR, NLH, Ob, Pr, TT, TP, TV, TB, TB,
StH, TB FH, TB Solitary, TB bifurcate). The pubescence
traits and lenticels' abundance were analysed using descrip-
tive methods.

Since acorns were not available for all the sampled trees,
the morphological traits of the fruits were only measured
on 129 trees, following the protocol proposed by For-
tini et al. (2015). The following traits were considered:
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four dimensional traits [cupule length (CL), cupule width
(CW), acorn length (AL), and acorn width (AW)], three
transformed traits (CW/CL, CL/AL, and AL/AW), and five
ordinal traits [regularity of cupule edge (RCE), cupule scale
shape (SS), type of cupule edge (TCE), presence of a dark
spot on the gibbosity of the cupule, and cupule internal hair-
iness (CIH)]. Due to the varying number of acorns available
for each population, the morphological traits of the fruits
were reported as the result of descriptive analyses only.

Results

Results from the nuclear microsatellite marker
analyses

A total of 444 samples were genotyped at 10 EST-SSR
markers. The informativeness of the individual markers is
summarized in Table S8. Null alleles were not detected. Pri-
vate alleles (N,) were recorded in 14 out of the 24 popu-
lations. The frequency of private alleles in the populations
ranged from 0.025 to 0.100 (see Table S9). Genetic diver-
sity measures computed over the populations showed that
allelic richness (A,) ranged from 5.11 in IT20 to 6.63 in
RS193. The highest allelic richness values were observed
in Q. pubescens subsp. pubescens populations (mean A, =
6.19). Observed heterozygosity (H,) ranged from 0.523 in
ES41 to 0.800 in RO33 and expected heterozygosity (H,)
ranged from 0.704 in IT20 to 0.781 in RO33. Positive fixa-
tion index (Fig) values were recorded for 17 populations;
however, only in five of these, Fig values were statistically
significant (see Table 2). No significant trends in genetic
variation linked to the geographical gradients were detected.

As expected, pairwise population differentiation (Fgr)
revealed high genetic differentiation among populations
belonging to different taxonomic groups. For example,
there were notable differences between the three oak mac-
rospecies Q. petraea s.l., Q. pubescens subsp. pubescens,
and Q. robur subsp. robur. The extent of genetic differen-
tiation between pairs of populations is shown in the heat-
map in Fig. S2 (see also Table S10). Focusing only on
the 16 Q. petraea s.l. populations, the highest significant
Fgr value was recorded between 1T46 and RS38 popula-
tions (Fgr=0.123832, p-value<0.001), while the lowest
(Fgr=0.0108213, p-value=0.024) was recorded between
HRO6 and RO33 populations.

According to the estimators implemented in StructureSe-
lector (Li and Liu 2018) and following Puechmaille (2016),
the most likely number of genetic clusters for the full data-
set of 24 Quercus populations was six (K=6) (see Fig. S3a).
These six clusters are represented by different colours in
Fig. 3, where, in addition, results for K=3, 4, and 5 are also
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Table 2 Genetic diversity indices in the 24 Quercus populations analysed. Taxa marked with an asterisk (*) belong to the Q. petraea group

ID pop. No.of  Taxon Missing N, A, H, H. F p value
samples genotypes (K=18) (Fyo)
%
AT02 20 Q. petraea subsp. petraea* 0.0 (0.0%) 1 5.71 0.745 0.719 -0.037 0.288
CZ31 20 Q. petraea subsp. petraea* 0.2(1.0%) O 5.95 0.786 0.756 -0.041 0.241
ES43 20 Q. petraea subsp. petraea™® 03(1.5%) 6 5.14 0.625 0.704  0.115 0.007**
FRO8 10 Q. petraea subsp. petraea* 0.1 (1.0%) 2 6.07 0.699 0.779  0.108 0.037 *
HRO06 20 Q. petraea subsp. petraea* 0.52.5%) 2 6.02 0.760 0.767  0.009 0.803
IT20 20 Q. petraea subsp. petraea™ 0.0(0.0%) 0 5.11 0.675 0.704  0.041 0.306
IT46 20 Q. petraea subsp. petraea* 03(1.5%) 1 5.36 0.690 0.721  0.044 0.254
1T47 20 Q. petraea subsp. petraea* 0.2(1.0%) 2 6.04 0.734 0.755  0.029 0.411
RS36 20 Q. petraea subsp. petraea* 0.0 (0.0%) O 6.01 0.765 0.767  0.002 0.974
Mean (S.D.) - (Q. petraea 5.71(0.40) 0.720 0.741 0.030
subsp. petraea*®) (0.05) (0.03) (0.06)
IT16 20 Q. petraea subsp. 03(1.5%) 0 5.46 0.669 0.765  0.128 0.000
austrotyrrhenica* HAE
IT17 20 Q. petraea subsp. 0.5(2.5%) 0 5.12 0.681 0.714  0.048 0.230
austrotyrrhenica*
Mean (S.D.) - (Q. petraea 5.29(0.24) 0.675 0.739  0.088
subsp. austrotyrrhenica*®) (0.01) (0.04) (0.06)
RO33 20 Q. banatus* 0.0 (0.0%) 2 5.94 0.800 0.781 —0.024 0.477
IT19 20 Q. dalechampii* 0.1 (0.5%) 3 5.62 0.658 0.716  0.083 0.015*
RS37 10 Q. dalechampii* 0.0(0.0%) 0 6.10 0.720 0.755  0.048 0.339
RS38 20 Q. dalechampii* 0.0 (0.0%) 1 5.49 0.745 0.739 —-0.009 0.836
RS67 14 Q. dalechampii* 0.0(0.0%) 1 5.18 0.750 0.731 —0.027 0.587
Mean (S.D.) - (Q. 5.60(0.38) 0.718 0.735  0.024
dalechampii*) (0.04) (0.02) (0.05)
CZ30 20 Q. pubescens subsp. pubescens 0.0 (0.0%) 0 6.59 0.745 0.760  0.020 0.537
1T22 20 Q. pubescens subsp. pubescens 0.1 (0.5%) 0 6.04 0.673 0.739  0.091 0.009**
IT89 20 Q. pubescens subsp. pubescens 0.6 (3.0%) 0 5.37 0.664 0.719  0.078 0.059
RS35 20 Q. pubescens subsp. pubescens 0.1 (0.5%) 7 6.30 0.779 0.763 —0.023 0.484
RS193 10 Q. pubescens subsp. pubescens 0.0 (0.0%) 1 6.63 0.730 0.774  0.060 0.189
Mean (S.D.) - (Q. pubescens 6.19 (0.51) 0.718 0.751 0.045
subsp. pubescens) (0.05) (0.02) (0.05)
CZ32 20 Q. robur subsp. robur 0.1(0.5%) 2 5.62 0.734 0.733 —0.002 0.968
ES41 20 Q. robur subsp. robur 3.1 1 5.47 0.523 0.718  0.279 0.000
(15.5%)
IT14 20 Q. robur subsp. robur 0.0 (0.0%) O 5.72 0.705 0.723  0.025 0.455
Mean (S.D.) - (Q. robur) 5.60 0.654 0.725 0.101
(0.13) (0.11)  (0.01) (0.16)

N,, private alleles; A,, allelic richness (rarefied to 18 gene copies); H,, observed heterozygosity; H, expected heterozygosity; Fig, fixation index;

*p<0.05; **p<0.01; ***p<0.001

presented. Examining the bar plot for K=6, it reveals that
clusters 1 (light blue) and 3 (violet) are exclusively com-
posed of Q. pubescens subsp. pubescens and Q. robur subsp.
robur populations, respectively. In contrast, populations
belonging to the Q. petraea group exhibit a variable propor-
tion of membership in the remaining four clusters: cluster 2
(orange), cluster 4 (green), cluster 5 (magenta), and cluster
6 (pink). Structure analysis provided different information
based on the various K values up to the optimal K=6. At
K =3, populations clustered into three main groups, corre-
sponding to the three macrospecies: Q. pubescens subsp.
pubescens, Q. robur subsp. robur, and Q. petraea s.1. (the

qi values for each of the 24 populations to the three clusters
are referred in Table S11). At K=4, the Q. pubescens subsp.
pubescens and Q. robur subsp. robur clusters remained sta-
ble. Within the Q. petraea s.1. group, a distinct gene pool
(shown in green) emerged, primarily characterizing popu-
lations from southern Italy and the Balkans. At K=5, Q.
petraea s.1. populations in the northern part of the sampling
area revealed a new gene pool (magenta), that was distinct
from the populations in southern Italy and the Balkans.
Meanwhile, the orange cluster identified at K=4 remained
in three populations only: Tolfa (IT47) and Cimini moun-
tains (IT46) in central Italy and Mount Kopaonik (RS67)
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by white vertical lines. Population labels consist of a three-letter abbrevia-
tion of the taxon name (ban: Quercus banatus, dal: Q. dalechampii, pau:
Q. petraea subsp. austrotyrrhenica, pet: Q. petraea subsp. petraea, pub:
Q. pubescens subsp. pubescens, rob: Q. robur subsp. robur). This is fol-
lowed by a four-character code identifying the population
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in southwestern Serbia. Further differentiation occurred at
K=6, with a sixth cluster (pink) emerging and separating
some of the Balkan populations from the two southern Ital-
ian populations (IT16 and IT17) with which they had been
associated at K=4 and K=5.

Table S12 summarizes the proportion of membership (qi)
for each of the 24 Quercus populations in the six clusters
and Fig. 4 displays this information graphically.

This pattern of genetic structure was largely confirmed
when the genetic structure analysis was repeated on the
16 Q. petraea s.l. populations only (i.e. excluding the Q.
pubescens and Q. robur populations). However, accord-
ing to the estimators implemented in StructureSelector
(Li and Liu 2018) and following Puechmaille (2016), the
most likely number of genetic clusters, for the subset of
16 Q. petraea populations, was five (K=5) (see Fig. S3b).
This indicates the presence of an additional (fifth) genetic
cluster compared to that obtained for Q. petraea s.l. when
the subset of 24 populations also including Q. pubescens
subsp. pubescens and Q. robur subsp. robur was analyzed.
These five genetic clusters are shown in different colours in
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Cluster 6

pet_FRO8
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Fig. 4 Distribution map of the 24 Quercus populations analysed at 10
microsatellite loci, displaying the results of the Bayesian cluster analy-
sis for K=6. Each pie chart represents one population. The colours
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Fig. S4, together with the barplots for K=3 and K=4. The
K=3 and K=4 groupings matched those emerged from the
analysis on the entire set of 24 Quercus populations. The
optimal K=5 revealed an additional gene pool (light blue;
Fig. S5) regarding the Q. petraea s.1. populations located in
the north-western side of the sampled area. The proportion
of membership (qi) of each of the 16 Q. petraea s.1. popula-
tions to the five clusters is summarized in Table S13. How-
ever, as this analysis substantially confirmed the genetic
structure observed in the full dataset of 24 Quercus popu-
lations, only the clustering obtained from this 24 popula-
tions genetic structure analysis was considered throughout
the text.

The UPGMA tree which was based on the Nei’s mini-
mum genetic distance among the 24 Quercus populations
(see Fig. 5), mirrored the clusters that were detected by the
genetic structure analysis. With strong support from boot-
strapping (BS=100%), the Q. robur subsp. robur popula-
tions formed a distinct group (C), as did the Q. pubescens
subsp. pubescens populations (group B; BS=83%). Boot-
strap values within the Q. petraea group (A) are lower
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inside the pie charts represent the proportion of membership (qi) val-
ues assigned to the six genetic clusters inferred by STRUCTURE. The
name of the populations follows the same coding as in Fig. 3
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Fig. 5 UPGMA tree based on Nei’s
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(BS<10%), highlighting three possible sub-clusters: al,
populations from the northern part of the study area (from
northern Spain in the west to Romania in the east and from
central Italy in the south to the Czech Republic in the north;
a2, populations from southern Italy (IT16 and IT17) and
western Serbia (RS36 and RS38); a3, populations from cen-
tral Italy (IT46 and IT47) and central Serbia (RS67).

The grouping pattern observed in the cluster analysis
matched the PCoA scatterplot performed on pairwise genetic
distances which were calculated as the number of allelic
differences between individuals (Fig. 6). In the PCoAl vs.
PCoA2 plot, the genetic distances between all the samples
of the 24 populations revealed a clear separation along the
first axis (explaining 8.9% of the overall genetic variation),
separating the individuals of the three Q. robur subsp. robur
populations from those of the other taxa populations. This
axis also revealed subtle divergence between 1T46, 1T47,
and RS67 and the remaining Q. petraea collective group
populations. The distribution of the populations along the
second axis (7.8% of the overall genetic variation) showed
the differentiation between the Q. petraea collective group
populations and the Q. pubescens subsp. pubescens popula-
tions (PCoA1 vs. PCoA3 scatterplot is provided in Fig. S6).

The population genetic structure revealed by the Bayesian
clustering and the UPGMA tree was also supported by the
PCA scatterplot (Fig. S7), which showed a clear separation
between the three main taxonomic groups (Q. petraea s.l.,
Q. pubescens subsp. pubescens, and Q. robur subsp. robur)
and a less clear separation between the four subgroups
belonging to Q. petraea s.l. It emerges that the population
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the Q. petraea subsp. austrotyrrhenica population (IT16)
was found to have an affinity with the Q. pubescens group
populations, as already observed in the PCoA scatterplot.
The PCA conducted only on the trees belonging to the 16
Q. petraea s.1. populations (Fig. S8) reveals a comparable
separation among the four subgroups. The DAPC analysis,
performed exclusively on individuals belonging to the Q.
petraea collective group, clearly differentiates populations
IT46, 1T47, and RS67 from other Q. petraea s.1. populations
(see Fig. S9).

Results from the morphometric analyses

The summary results obtained for the complete set of mor-
phological leaf trait measurements from the 16 Q. petraea
s.l. populations are shown in Table S14.

The boxplots for the leaf morphological traits show that
the populations of Q. petraea subsp. petraea from central
Italy (IT46 and 1T47) and that of Q. dalechampii from Mt.
Kopaonik (RS67), belonging to the genetic cluster 2 (Figs. 3
and 4), exhibit the highest mean values and greatest varia-
tion for all leaf size traits (Area, Per, LL, PL, LL+PL, LW,
WP). Conversely, the lowest values for these traits were
observed in the populations of Q. petraea subsp. petraea
from France (FROS8) and Q. petraea subsp. austrotyrrhenica
from Sicily (IT16), which belong to genetic cluster 4. Popu-
lations in the northern part of the sampling area and in the
Balkans (clusters 5 and 6) did not show significant differ-
ences between them: instead, they displayed intermediate
mean values and moderate variation (see Figs. S10-S11).
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Fig. 6 Two-dimensional Principal Coordinate Analysis (PCoA) scat-
terplot of the 444 samples belonging to the 24 Quercus populations
analysed at 10 microsatellite loci. Axis 1 and axis 2 explain 8.9% and
7.8% of the total variance, respectively. The populations are coloured

In the PCA performed on the correlation matrix of the
average values per tree (294 trees) for five morphological
leaf traits (LDR, LWR, Ob, Pr, and NLH), the first three
principal components accounted for 42.22%, 18.26%,
and 17.3% of the total variance, respectively (Fig. 7 and
Figs. S12-14). The PC1-PC2 scatterplot did not reveal
distinct groupings, suggesting limited morphological dif-
ferentiation across populations. However, a subtle pattern
emerged that aligned roughly with the gene pools identified
through the genetic structure analysis (see the “Results from
the nuclear microsatellite marker analyses” paragraph).
Populations IT46, IT47, and RS67 (cluster 2) were mostly
located on the left side (quadrants II and IIT). Those belong-
ing to cluster 4 from southern Italy (IT16 and IT17) were
mostly spread across the right side (quadrants I and IV).
Those from the northern part of the sampling area and the
Balkans (cluster 5 and 6) occurred across all the quadrants
in the central part of the scatterplot. Among the variables,
Ob and NLH were most influential in separating popula-
tions 1T46, IT47, and RS67 from those in the northern part

according to the colour assigned to the cluster in which they exhibit
the highest percentage of membership (see Table S12). The population
names follow the same coding system as in Fig. 3

of the sampling area. Conversely, Pr, LWR, and LDR were
more effective in distinguishing populations from southern
Italy and the Balkan Peninsula. Similar patterns of popula-
tions separation were evident in the PC1-PC3 scatterplot
(Figs. S12, S14).

Discriminant analysis failed to clearly separate Q.
petraea subsp. petraea from Q. dalechampii and Q. bana-
tus. The individuals belonging to these three presumed taxa
appear to blend together in the centre of the graph, form-
ing no distinct grouping. Only the individuals of Q. petraea
subsp. austrotyrrhenica showed partial asymmetric disper-
sion, evident on the right-hand side of the graph (Fig. 8 and
Figs. S15-S17). The jackknifed confusion matrix showed
an overall “correct” classification rate of 49.32%, with 8 out
of 20 Q. banatus individuals, 28 out of 64 Q. dalechampii
individuals, 84 out of 160 Q. petraea subsp. petraea indi-
viduals, and 25 out of 40 Q. petraea subsp. austrotyrrhenica
individuals correctly classified (Table S15).

Analysis of twig and leaf pubescence, considering
both trichome abundance and type, did not reveal a clear
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LWR: lobe width ratio; NLH: number of lobes in the left half of the Q. petraea subsp. austrotyrrhenica: green; Q. petraea subsp. petraea:
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differentiation among the 16 Quercus petraea s.l. popula-
tions. However, the UPGMA tree based on the Gower’s
(1971) distance for the 279 Q. petraea s.l. trees, using
eight trichomes variables, showed that some trees from the
FROS8 and IT47 populations, and one tree from RS37 popu-
lation formed a distinct group (Fig. S18). Similar results
were obtained in the UPGMA tree based on the Gower dis-
tance (Gower 1971) of the 279 trees of Q. petraea s.1. built
using the combined leaf and trichome variables (Fig. S19).
Detailed analysis of the trichome types revealed that fas-
ciculate trichomes were prevalent in these trees and that
they were more abundant than in other populations. The
abundance of lenticels was quite low for these trees com-
pared to the others (Fig. S20a, b). Descriptive analyses
were conducted to identify differences between popula-
tions based on acorn traits. These analyses revealed that
most fruits in the analysed populations exhibited a pyri-
form scale shape, often with a red or brown spot on the
gibbosity of the cupule. While these observations lack
statistical support due to the unavailability of fruit from
all trees and populations, the available data suggest that
triangular scale shapes were exclusively observed in cer-
tain individuals within the IT16, IT17, FRO8, and RS37
populations. Furthermore, FRO8 and RS37 were the only
two populations with exclusively black spots on the gib-
bosity of the cupule (Fig. S21a, b).

Discussion

The genetic and morphological characteristics of 16 Quer-
cus petraea s.1. populations were studied to identify diversity
trends that could help to clarify biogeographical and taxo-
nomic questions concerning the Q. petraea collective group.
Incorporating populations of two potentially hybridising
European white oak species, Q. pubescens subsp. pubescens
and Q. robur subsp. robur, enabled us to assess the degree
of purity of the Q. petraea collective group populations
and highlight their phylogeographic relationships. While
only 23.87% of the samples from the full set of 24 Quercus
populations could be considered genetically “pure”, with
membership coefficients (Q values)>0.90 (see Table S16),
very few individuals had a gene pool that differed from the
collective taxonomic group to which they were originally
assigned and even fewer showed similar memberships to
multiple species clusters (putative hybrids). Most popula-
tions were genetically homogeneous, with a high proportion
of membership to a single cluster (Table S12). Therefore,
although our sampling revealed signs of hybridization/intro-
gression, a phenomenon that is in any case widely docu-
mented in the Quercus genus (Rushton 1993; Curtu et al.
2007), it can be considered robust and well-targeted.

Phylogeographic structure of Quercus petraea s..
populations

The Quercus petraea subsp. petraea population from the
Cantabrian region of north-west Spain (ES43) showed the
highest number of private alleles (six) (Table S19). This is
not surprising as this population is isolated in the dataset
and is geographically distant from its nearest neighbour
(West-Provence in South-Eastern France), as well as from
all the other populations.

According to the floristic literature (Masin and Tietto
2005) in the Euganean Hills (a group of hills of volcanic
origin in north-eastern Italy, formed by volcanic cones or
lava flows, rising 30 to 600 m above the Po-Venetian Plain).
are home to two morphotypes of Q. petraea: Q. petraea s.
str. and Q. dalechampii auct. non Ten. Accordingly, our field
collections included both morphotypes which were classi-
fied as follows: Q. petraea subsp. petraea (1T20) and Q.
dalechampii auct. non Ten. (IT19). However, a study of the
morphological traits of these two populations based on geo-
metric morphometric analyses (Proietti et al. 2021) found
no morphological differences that would justify separating
them at the species level. Genetic and new morphologi-
cal analyses carried out in this study support this finding.
Nevertheless, the presence of private alleles only in popu-
lation IT19, which is hypothesised in the literature to be a
thermophilic variant of Quercus petraea s. str., and popula-
tion IT20 (Quercus petraea s. str.), which exhibits the low-
est values of allelic richness in the entire dataset, suggests
that genetic diversification is underway between these two
Quercus petraea variants from the Euganean Hills. The
Euganean Hills are in fact a well-known conservation site
for thermophilic flora in northern Italy, as documented by
palaeoecological and topoclimatic evidence (Kaltenrieder
et al. 2009, 2010; Samartin et al. 2016; Gubler et al. 2018).

In line with the genetic findings of this study, the inves-
tigated Q. petraea s.1. populations exhibited relatively uni-
form levels of genetic diversity, which is consistent with
the outcomes of other studies on the same taxonomic group
(Streiff et al. 1998; JurkSiené et al. 2020; Eusemann and
Liesebach 2021). Both allelic richness and heterozygos-
ity values fell within a rather narrow range of variability
when the different populations investigated were compared
(Table 2). Borovics and Matyas (2013) highlighted a
decline in allelic numbers and heterozygosity in Hungarian
Q. petraea populations located in warmer and drier areas.
Consequently, a loss of genetic diversity could be expected
for the sessile oak populations of Sicily and southern Italy,
which are geographically isolated within the Mediterra-
nean Basin and characterized by a substantial decrease in
summer raifall. However, these two populations exhibited
heterozygosity and allelic richness values like those of the
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other populations investigated. Their location at relatively
high altitudes (the sub-montane and lower montane belt)
probably compensates for the decrease in summer precipi-
tation through other physical factors (e.g. lower average
temperatures, higher air humidity, and greater cloud cover).
This ensured that the populations’ demographics did not
become too restricted over time, thereby preventing loss of
genetic diversity due to genetic drift.

Analysis of genetic structure revealed striking similari-
ties between the two Q. petraea subsp. petraea populations
from central Italy (IT46 and IT47) and the Q. dalechampii
auct. non Ten. population from central Serbia (RS67). These
populations are characterized by the same exclusive gene
pool. This is an unexpected result from a phylogeographi-
cal perspective that is difficult to explain with the current
data, so several hypotheses could be put forward. One is
that of possible common ancestry, as also seems to indicate
the progression of the structure bar-plots from K=3 to K=6
(Fig. 3; and from K=3 to K=5 in Fig. S4). In fact, these
populations grow in areas with unusual environmental char-
acteristics. The Tolfa and the Cimini mountains are well-
known conservation sites for the Italian forest vegetation.
Located within the extensive volcanic region on the Tyr-
rhenian side of central Italy, these mountains are home to
Italy’s three largest volcanic lakes (Bolsena, Bracciano, and
Vico) which have mitigated the negative effects of the Pleis-
tocene climatic upheavals. This has enabled mesophilous
forest areas to survive not only during the coldest periods
of the Quaternary but also the driest (Follieri et al. 1989;
Magri et al. 2015). Several beech heterotopic relict forests
are found at altitudes ranging between 160 and 500 m a.s.l.
in this area (Anzalone 1961; Di Pietro et al. 2010) whereas
almost all the beech forests on the Italian Peninsula are
found above 1000 m. Therefore, it is possible that a kind of
“ancestral” Q. petraea gene pool has been preserved in the
Tolfa and Cimini mountains, while being progressively lost
in all surrounding areas.

The RS67 population inhabits the south-western slopes of
the Kopaonik Mountains in Serbia, where they merge with
the deep and long canyon valley of the Ibar River. Together
with the other gorges and canyons of the central Balkans
this area is characterized by a high richness and diversity of
vascular plant species. These include many species belong-
ing to Mediterranean and sub-Mediterranean chorological
elements, as well as a significant number of Tertiary relicts
(Misi¢ 1984; Karadzi¢ 2018; Kovacevi¢ 2025; Ili¢ et al.
2022; Sekuli¢ et al. 2021, 2023). The refugial characteris-
tics of these habitats can be attributed to favourable con-
ditions, such as the temperate humid ravine climate which
gives rise to a great diversity of microhabitats. Furthermore,
relatively weak and localized glaciation during Pleistocene
climate fluctuations (Bognar et al. 1991; Kovacevi¢ 2025;

@ Springer

Milivojevi¢ et al. 2008) provided suitable environmental
conditions for various taxa or genetic lines to survive long-
term. Due to geographic isolation and limited gene flow
from neighbouring populations, these taxa or genetic lines
were able to maintain their genetic specificity over a long
period of time.

The genetic separation of the Tolfa-Cimini-Kopaonik
group is also evident in the cluster analysis (Fig. 5). Here,
these populations are nested within the “a3” subcluster,
although the bootstrap support (30%) is insufficient to
hypothesize a separation of this subcluster at the taxonomic
level.

The Tolfa-Cimini-Kopaonik subcluster highlights this
Apennine-Balkan connection, which is confirmed by the
occurrence of other clusters when the results of the genetic
structure analysis for K=35 are observed. However, this is not
new from a forest phylogeographic perspective, as it has also
been evidenced in forest types other than oak forests (Piotti
et al. 2017; Cosgiin et al. 2025). Previous studies based on
cpDNA markers (Fortini et al. 2024; Di Pietro et al. 2024)
have also highlighted this trans-Adriatic link for white oaks,
reflecting a well-known phylogeographical connection that
has been found for several other genera too (Kuzmanovi¢ et
al. 2017; Jankovi¢ et al. 2019; Radosavljevi¢ et al. 2022).
The Balkans and the Apennine Peninsula were connected
for extended periods during the cold phases of the Quater-
nary period, when the Adriatic Sea dried up considerably,
enabling plant species to cross it in both directions. A great
deal of genetic, floristic, biogeographical, and phytosocio-
logical research attests to the close Apennine-Balkan rela-
tionship involving all the vegetation types and altitudinal
belts (Rivas-Martinez et al. 2004). Even within the Quercus
genus, the distribution ranges of species such as Q. cerris,
0. frainetto, Q. trojana, Q. ithaburensis subsp. macrolepis,
along with their associated communities, provide sufficient
evidence of this relationship (Horvat et al. 1974; Simeone
et al. 2018; Di Pietro et al. 2020c). Interestingly, however,
for K=6, the optimal K according to Puechmaille (2016),
the Apennine-Balkan cluster differentiates further, demon-
strating increased autonomy of the Balkan populations of
Q. petraea s.l. This result is more in line with the actual
biogeographical framework of south-east Europe. While
the importance of the Apennine-Balkan territorial con-
nections remains, the distribution map of genetic clusters
(Fig. 4) should be also viewed as the consequence of ter-
ritorial disjunctions that separated the two peninsulas for
very long periods throughout the Quaternary, likely leading
to partially divergent genetic evolution. Moreover, it was
somewhat expected that a certain degree of Balkan genetic
autonomy will be evident in a phylogeographical perspec-
tive, even in oak forests context. Within the Apennine-
Balkan province, the Balkans occupy a significantly larger
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area than the Apennines, compared to which they are much
more bioclimatically and environmentally diverse (Spaniel
and Resetnik 2022). Furthermore, the Balkans represent the
geologically oldest unit and during the Tertiary and Pleiso-
cene they have maintained a close mainland connection
with adjacent biogeographic provinces, whereas the Apen-
nine Peninsula has almost always been surrounded by the
sea (Meulenkamp and Sissingh 2003).

The presence of a third genetic cluster, which we have
defined as “northern”, spanning the entire northern part of
the study area from northern Spain to Croatia via north-
ern Italy, Austria, and the Czech Republic, was somewhat
unexpected. This is the first time that studies of the nuclear
DNA of white oaks in Europe, particularly Q. petraea, have
revealed a distinction between dominant gene pools in
northern and central Europe and those in southern Europe.
The geographical demarcation line separating these two
genetic groups appears to run through the Po River Valley in
Italy and continuing into Eastern Europe via the Sava River
valley and on the Danube lowland. In our study, the north-
ern gene pool still prevails in the Austrian and the Czech
Republic populations while the south-eastern gene pool pre-
vails in the Romanian population. It would be interesting to
discover how the Hungarian populations of Q. petraea fit
into this context, i.e. whether they are genetically closer to
those in the Czech Republic and Austria, or in the Balkans.
The same applies to the sessile oak populations of the south-
ern Carpathians. Interestingly, when only the 16 Q. petraea
s.l. populations were considered, this “northern gene pool”
was further subdivided with a new gene pool occurring
particularly in the populations of northern Spain, southern
France, and Austria (see Figs. S4, S5). This suggests that
this genetic cluster may have originated (or been preserved)
in the Iberian Peninsula during the cold periods of the Qua-
ternary before migrating eastwards during the postglacial
period. This broad west-east migratory route was however
one of the possible options already proposed by Petit et al.
(2002a, b) and supported by other authors (Hewitt 1999;
Olalde et al. 2002). However, it was certainly not the only
hypothesis; others proposed shorter-range migratory options
linked to the presence of refuge sites in the Balkan area,
leading to northwards and westwards stages of postglacial
recolonization (Dumolin-Lapégue et al. 1997).

The main clusters identified by the genetic structure
analysis were consistent with the groups recognized in the
UPGMA dendrogram. However, the low genetic distances
represented by bootstrap values and short branches did not
provide strong statistical support for many terminal clades
or internal nodes. This highlights and confirms the low
degree of genetic differentiation within the so called “col-
lective groups” of European white oaks (especially within
the Q. pubescens and Q. petraea complexes) (Franji¢ et al.

2006; Enescu et al. 2013; Di Pietro et al. 2020, 2021). Simi-
larly, at the plastid level, it was found that the entire group
of western Eurasian white oaks have preserved a poorly
differentiated DNA, characterized by unfixed genetic diver-
sity and a high number of haplotypes, mostly separated by
single mutations (Fortini et al. 2024).

What evidence is there for diversification at the
species level within the Q. petraea s.l. populations
being considered?

One of the recurring taxonomic problems with European
white oaks is determining whether additional taxa (species
or subspecies) belonging to the Q. petraea collective group
exist alongside Q. petraeca (Matt.) Liebl. subsp. petraea.
Several of these taxa are often considered to be synonyms
with each other and include Q. dalechampii Ten., Q. poly-
carpa Schur, Q. petraea subsp. polycarpa (Schur) So6, Q.
banatus Kucera, Q. aurea Wierzb. They have already been
reported in the floras and checklists of several European
countries, including the Czech Republic, Hungary, Italy,
Slovakia, Romania, Slovenia, Ukraine, and almost all the
Balkan countries. These taxa are generally described as
being more thermophilic and xerophilic than the typical
Q. petraea and, according to local or regional floras, they
should exhibit identifiable diagnostic morphological traits.
However, the aforementioned floras do not always agree
on a consistent set of morphological traits to be considered
diagnostic and sometimes deviate significantly from the
original description of the species.

One aim of this study was to clarify this critical taxo-
nomic issue by collecting and analysing some of these
“taxonomically critical” populations that local and national
taxonomic literature attributes to taxa other than Q. petraea
subsp. petraea. While the four different gene pools identified
in the Q. petraea s.1. samples supported a phylogeographi-
cal differentiation among the populations investigated, they
did not confirm the taxonomic value of the aforementioned
critical species. The taxonomic composition of the four
groups identified by the structure analysis strictly concern-
ing the Q. petraea collective group is sufficient for this pur-
pose. Cluster 2 consisted of populations of Q. petraea from
central Italy together with a population of Q. dalechampii
auct. non Ten. from Serbia; cluster 4 consisted of popula-
tions of Q. petraea subsp. austrotyrrhenica from southern
Italy and a population of Q. petraea subsp. petraea from
France; cluster 5 consisted of populations of Q. dalechampii
auct. non Ten. and Q. petraea subsp. petraea from central
Europe; and cluster 6 consisted of populations of Q. bana-
tus, Q. dalechampii auct. non Ten., and Q. petraea subsp.
petraea from the Balkan Peninsula. Our results revealed
that the analysed Q. dalechampii auct. non Ten. populations
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(from both the Balkans and northern Italy) did not differ sig-
nificantly from the Q. petraea s. str. populations from other
areas. However, it should be noted that all the populations of
the Q. petraea complex included in this study, were found
to be genetically distinct from the Q. robur subsp. robur
and Q. pubescens subsp. pubescens populations included
in the comparison dataset, regardless of origin and taxo-
nomic classification. While the morphological differences
between Q. petraea s.1. and Q. robur subsp. robur are well
identifiable and obvious, the same cannot be said with equal
certainty when comparing Q. petraea s.l. and Q. pubes-
cens subsp. pubescens, which are much more similar both
genetically and morphologically (Fortini et al. 2015; Leroy
etal. 2017; Sija¢i¢-Nikolié¢ et al. 2023). Nevertheless, in our
case at least, the high bootstrap value in the cluster analy-
ses and the almost complete lack of interspecific overlap
in the PCoA scatterplot (Fig. 6) leaves no doubts as to the
genetic separation between these two species. This clear and
statistically significant genetic separation between the Q.
petraea, Q. pubescens, and Q. robur populations highlights
once again that the genus Quercus acts as an aggregate of
circumscribed taxa rather than as a single, undivided syn-
gameon (Hipp et al. 2020), at least at the level of macrospe-
cies (i.e. well-established and universally accepted species
within white oak taxonomical frameworks). This provides
further evidence that, despite interspecific gene flow, the
genetic integrity of oak species tends to be largely preserved
even between closely related sympatric species (Lepais et
al. 2013; Gailing and Curtu 2014; Reutiman et al. 2020;
Sijagié-Nikoli¢ et al. 2023).

While the analysis of morphological traits yielded some
interesting results, it failed to meet expectations regarding
the possibility of associating the patterns of morphologi-
cal and genetic variability with the varied taxonomic and
nomenclatural frameworks proposed in floras and check-
lists. This is consistent with a recent geometric morpho-
metric study of leaf morphology, in which a low degree of
differentiation was found when analysing several European
populations of Q. petraea collected across wide longitudi-
nal and latitudinal gradients (Fortini et al. 2025). According
to the Middle-European concept, most of the names cur-
rently included in the central and eastern European group
of Q. petraea (e.g. Q. aurea Wirbz., Q. polycarpa Shur, Q.
banatus Kucera) are in fact synonyms of Q. dalechampii
auct. non Ten. This concept refers to Schwarz’s (1936-39)
interpretation of Q. dalechampii Ten., namely an oak spe-
cies with glabrous leaves and twigs and therefore belonging
to the collective group of Q. petraea. Schwarz also used this
interpretation in his treatment of the Quercus genus in Flora
Europaea (Schwarz 1993), and it was followed by several
authors in various countries, including Savalescu (1952),
Jordanov (1936-79), Matyas (1970), Pignatti (1982),
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Didukh et al. (2004) etc. However, Schwarz interpretation
contrasted with that proposed by Camus (1936-54), who
associated Q. dalechampii Ten. (in the form of Q. lanugi-
nosa subsp. dalechampii) to the collective group of pubes-
cent oaks. This was also followed by other authors (Hayek
1970; Brullo et al. 1999; Bock and Tison 2012; Pignatti et
al. 2017-2019). Following Di Pietro et al.’s (2012) lecto-
typification of Q. dalechampii Ten., which established that
this species belongs to the Q. pubescens collective group,
several authors have attempted to find an alternative name
for the sessile oak populations of central and eastern Europe
that were previously assigned to Q. dalechampii Ten. How-
ever, there is currently no agreement among taxonomists
on the hierarchical rank to be assigned to this taxon (see
Bartolucci et al. 2018; Kaplan et al. 2022). There is also
disagreement on whether it should be considered a species
(Govaerts and Frodin 1998; Matula 2008; Stevanovi¢ 2012;
Nikoli¢ 2015-ongoing), a subspecies (Raab-Straube and
von Raus 2013; Dimopoulos et al. 2013) or if this taxon
deserves a taxonomic rank at all, or if it should simply be
considered a synonym of Q. petraea s. str. (Menitsky 1968;
Jalas and Suominen 1976; Christensen 1997). In addition to
the genetic results of this study not providing evidence for
treating Q. dalechampii auct. non Ten. as a separate taxon,
the morphological analyses also do not seem to provide a
decisive support for this treatment. The only morphologi-
cal traits that seem to correspond to the genetic clusters are
the leaf dimensional ones. The largest values of these traits
are associated with the Q. petraea s.l. communities that we
have defined as “ancestral”, namely those found in the vol-
canic area of central Italy and Mount Kopaonik in Serbia.
We are aware that using leaf and acorn size variables for
classification hypotheses can be problematic due to signifi-
cant variations that could occur from one year to the next,
particularly due to the inconsistency of seasonal parameters
linked to the macro- and meso-climate. Nevertheless, from
a taxonomic perspective, this dimensional parameter does
not distinguish between a population currently assigned to
Q. petraea subsp. petraea (central Italy) and those assigned
to Q. dalechampii auct. non Ten. (Mount Kopaonik). Con-
versely, the morphological traits that are diagnostic of Q.
dalechampii auct. non Ten. (e.g. the depth of the leaf lobe
sinus which is identified here as LDR) appear to be more
closely associated with a group of Q. petraea subsp. austro-
tyrrhenica specimens (Fig. 7 and Figs. S10, S11). However,
this morphological trait was found to be uniformly distrib-
uted among the different populations of Q. petraea subsp.
petraea, Q. dalechampii, and Q. banatus and distributed
about randomly among individuals within the same popula-
tion. The same uniform distribution among different popu-
lations is observable for the gibbosity of the acorn cupule
trait. In short, these “diagnostic” traits, as well as most of
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the morphological traits considered in this study, do not
exhibit sufficient discriminatory power to distinguish clus-
ters of sessile oak that can be attributed to Q. dalechampii
auct. non Ten., or its synonyms (e.g. Q. banatus), nor can
they distinguish other taxa that may be included in the Q.
petraea collective group (e.g. Q. polycarpa). These findings
suggest that variability observed in the morphological traits
of Q. dalechampii auct. non Ten. individuals fall within the
overall variability range of Q. petraea. Consequently, it has
been proved inappropriate to use the name Q. dalechampii
(sensu eastern European authors), to refer to the populations
in this geographical area (the Balkan Peninsula and northern
Italy), since no robust morphological characteristics have
been identified to distinguish this taxon from Q. petraea.
We did not collect populations of the putative Q. dalecham-
pii in Austria and the Czech Republic but only populations
identified as Q. petraea subsp. petraea by the expert knowl-
edge of collectors and the taxonomic and phytosociologi-
cal literature. While reports of Q. dalechampii are very rare
for Austria (Schwarz 1936-39), several contributions to
the literature on the Czech Republic explicitly refer to the
presence of multiple species of the Q. petraea group in this
country (Magic 1975, 2006; Koblizek 1993; Pozgaj 1999,
2001; Matula 2008). However, these contributions also
report the presence of many hybrid individuals within the
Q. petraea s.1. populations. For this reason, as has already
been highlighted for the Q. pubescens complex (Di Pietro et
al. 2016; Pietro et al. 2020b), it is possible that with random-
ized sampling based on a large sample size per population,
the morphological differences between the different puta-
tive species of the Q. petraea complex within a forest com-
munity could manifest as a continuous pattern. Indeed, the
most recent large-scale synthesis on the flora and vegetation
of the Czech Republic (Chytry 2013; Kaplan et al. 2022)
remains much more cautious about taxonomic attributions
within the Q. petraea species complex. To avoid taxonomic
inconsistencies (at least about the name Q. dalechampii)
and in line with the ICN rules, the name Q. dalechampii
Ten. should only be applied to oak populations belonging to
the Q. pubescens collective group and excluded from those
belonging to the Q. petraea group (Di Pietro et al. 2012).
Accordingly, Kucera (2018; 2019) proposed substituting the
name Q. dalechampii Ten, with Q. banatus Kucera for the
Balkan populations of this species. However, the genetic and
morphological variability observed in the unique Q. bana-
tus population (RO33) does not seem to support its classifi-
cation at the species level, as it is not significantly different
from the pattern of variation observed within the Q. petraea
collective group. While this statement may be considered
premature, as we have only considered one population of
Q. banatus (from Banat region of western Romania), it is
also true, that our population of Q. banatus from Oravita

cannot be considered the same as any others that may occur
in south-east Europe. This population was in fact, collected
in the locus classicus of the species (“woods surrounding
Oravita” is the locality indicated in the label of the lectotype
of the species), and therefore it is the only population that
meets the basic nomenclature requirements to be associated
with the name Q. banatus.

All the results discussed so far seem to support a sim-
pler taxonomic and nomenclatural arrangement of the Euro-
pean white oaks. This could indicate genetic discontinuity
at the macro-species level, with little or no diversification
within the single collective groups (e.g., O. petraea, Q.
pubescens...). However, it is possible that some genetic or
morphological discontinuity could be found at a regional
scale following extremely detailed genetic and morphomet-
ric investigations involving a very large sample size at a
strictly local level. If so, the question will be how to classify
such “local” systematic evidence within taxonomic-nomen-
clature frameworks that normally operate at a national or
supranational level.

All things considered, the most plausible taxonomic-
nomenclatural interpretation of our results, with regard to
the populations under investigation, would be to recognize
only one taxon at the species level: Q. petraea (Matt.) Liebl.
All other oak names associated with one or the other popu-
lation, would be classified as synonyms and included in the
intraspecific variability of Q. petraea. While this approach
is consistent with previous studies on the Q. pubescens col-
lective group in Italy (Fortini et al. 2015; Di Pietro et al.
2016; Pietro et al. 2020a, b, 2021), it is partially inconsis-
tent with recent studies on white oaks in the Caucasus and
Crimea. These studies hypothesised further taxonomic split-
ting within the “roburoid” group of European white oaks
based on morphological and molecular data (see Semer-
ikova et al. 2023, 2024).

The populations of Sicily (IT16) and Calabria (IT17),
which are currently considered a subspecies of Q. petraea
endemic to southern Italy (i.e. Q. petraea subsp. austrot-
yrrhenica) show a high degree of genetic similarity. This
was highlighted by the structure analysis and confirmed by
cluster analysis and PCoA (Figs. 3, 4, 5 and 6), as well as
by the morphometric analysis to some extent. Neverthe-
less, it does not appear that there are sufficient genetic or
morphological differences to distinguish a separate subspe-
cies from the nominal Q. petraea subspecies. For popula-
tion IT16 from Sicily, however, the presence of putative
hybrids with Q. pubescens was hypothesised and observ-
able in Table S12 (qi=0.194 for cluster 1, qi=0.619 for
cluster 4), which was supported morphologically by the
presence of fasciculate trichomes on the abaxial leaf sur-
face and triangular acorn scales in some trees. Combining
both the genetic and the morphometric results revealed
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that populations with a significant contribution from the
Q. pubescens subsp. pubescens gene pool, exhibited lower
average values for size-dependent leaf morphological traits
and reduced leaf obversity compared to populations with a
typical Q. petraea gene pool. The box plots clearly show
that both IT16 and FRO8 (southern France) exhibit very low
values for the dependent leaf size traits as well as high LDR
(lobe depth ratio) and LWR (lobe width ratio) which indi-
cates pronounced leaf lobes. These morphological charac-
teristics are more commonly associated with Q. pubescens
subsp. pubescens than with Q. petraea s.1. The higher pres-
ence of putative hybrids in the Q. petraea populations in
Sicily (very close to the southernmost limit of Q. petraea in
Europe) and, to a slightly lesser extent, in southern France
can be explained by the fact that Q. petraea forests, in both
regions, are relict enclaves within landscapes predominatly
characterized by Q. pubescens forests (see Braun-Blanquet
1952; Brullo et al. 2001, 2009). As these are peripheral
populations, it is crucial to constantly monitor the erosion
of their spatial dimension, as this phenomenon is directly
connected to the impoverishment of the gene pool and the
triggering of progressive genetic drift (Nei et al. 1975; Asins
and Carbonell 1987; Millar and Westfal 1992; Schoen and
Brown 1993). However, increased events of hybridization
between Q. petraea and Q. pubescens populations in the
future, could be viewed as a natural adaptation process of
the Mediterranean deciduous oak forest to climate change.
The ability of mesophilous species, such as Q. petraea, to
adapt to climate change could be enhanced by the introgres-
sion from more drought-tolerant species, such as Q. pube-
scens (Pitz et al. 2024). According to Friichtenicht et al.
(2018) the genus Quercus could even benefit from global
warming, potentially expanding its European range from
11% to 28—-40% by 2100, at the expense of more microther-
mic tree species. While Q. petraea will probably not play a
leading role in the Mediterranean where a strong contrac-
tion is expected, an expansion in Northern Europe is con-
ceivable (Ulker and Tavsanoglu 2026).

Conclusions

Analysing the genetic and morphological variability of
the Quercus petraea collective group across a wide area
of central and southern Europe revealed some trends of
diversity among taxa and geographical regions. Corre-
spondence between genetic and morphological traits was
observed (at least partially) in only a few populations,
whereas a significant overlap was evident throughout the
entire dataset. Neither genetic nor morphological evidence
supported a differentiation of Q. dalechampii auct. non Ten.
or Q. banatus from those currently assigned to Q. petraea
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s. str. Interestingly, but in our opinion the evidence is still
too weak, there is also some indication that the popula-
tions of Sicily and Calabria (S. Italy) could be considered
as an autonomous subspecies (Q. petraea subsp. austrotyr-
rhenica). In contrast, all the Q. petraea s.1. populations were
clearly distinct from Q. pubescens subsp. pubescens and Q.
robur subsp. robur populations which were included in the
dataset as outgroups for comparison.

From a phylogeographical perspective, genetic varia-
tion among populations revealed hints of biogeographical
structure comprising four major groups. One group was
thought to retain signs of an ancestral gene pool; one group
was mainly found in the Balkans; one group was spread in
southern Italy; and one group was mainly found in western
and central Europe. This interpretation is consistent with
the paleogeographical and paleoecological reconstructions
of environmental changes that characterized the European
continent during the Pleistocene ice ages and the subsequent
Holocene.

Some relict populations of sessile oak in southern Italy,
Sicily, and southern France were found to have undergone
episodes of hybridization or introgression with Q. pubes-
cens, a process that could play a key role in preserving in
situ tree biodiversity in the context of current of global
warming. Conserving the largest possible collection of
alleles for dominant oak species will be crucial for develop-
ing consistent conservation strategies for entire oak forest
ecosystems in the near future.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s10342-0
26-01938-x.

Acknowledgements We express our gratitude to Alexandra Dolynska
for her contribution to the genetic analyses at the laboratory of the
“Department of Forest Genetics and Forest Tree Breeding” of the Uni-
versity of Gottingen (Gottingen, Germany). Benoit Vincent would like
to thank botanist René Roux, who helped him to gather material and
showed peculiar interest in the study. Sincere thanks are given to the
Editor and two anonymous reviewers who read and commented on
earlier versions of the manuscript, providing valuable suggestions that
helped improve the final version of the manuscript.

Author contributions Conceptualization: RDP, PF, EP; Data curation:
DI, RDP, PF, EP, ANH, PDM; Formal analysis: EP, RDP, PF, PDM,
ANH, OG; Funding acquisition: RDP, PF, PDM, EP, LF, NK, DL, IS;
Investigation: RDP, PF, EP; Methodology: RDP, PF, OG, KBB, EP;
Project administration: RDP, PF; Resources: All the authors; Software:
EP, PDM, KBB, ANH, OG; Supervision: RDP, PF; Validation: RDP,
PF, EP; Visualization: EP, PF, PDM, RDP; Writing — original draft:
RDP, EP, PF; Writing — review and editing: All the authors.

Funding Open access funding provided by Universita degli Studi di
Roma La Sapienza within the CRUI-CARE Agreement. The research
was supported by: (a) PRIN 2022, Project code: 2022B3HA72 - Xe-
rothermic deciduous oaks, a still-unsolved genetic, taxonomic and
coenological issue of a valuable forest resource in Mediterranean
countries. From the safeguard of landscape identity to the planning


https://doi.org/10.1007/s10342-026-01938-x
https://doi.org/10.1007/s10342-026-01938-x

European Journal of Forest Research (2026) 145:107

Page 21 0of 26 107

of Urban forests (PI. R. Di Pietro, UO Paola Fortini); (b) the Na-
tional Recovery and Resilience Plan (NRRP), Mission 4 Compo-
nent 2: Investment 1.4 - Call for tender No. 3138 of 16 December
2021, rectified by Decree n.3175 of 18 December 2021 of Italian
Ministry of University and Research; Award Number: Project code
CN_00000033, Concession Decree No. 1034 of 17 June 2022 adopt-
ed by the Italian Ministry of University and Research, Project funded
by the European Union — “NextGenerationEU NBFC”. (bl) R. Di
Pietro: CUP B83C22002950007, Project title “National Biodiversity
Future Center; (b2) P. Fortini and P. Di Marzio Project: Strengthen-
ing of research structures and creation of “National RandS samples
on some Key Enabling Technologies”. CUP H73C22000300001. (c)
Ministry of Science, Technological Development and Innovation of
the Republic of Serbia (Grants no. 451-03-137/2025-03/ 200178 to
DL, and 451-03-136/2025-03/ 200178 to NK and IS); (d) Research
contract between the IUAV University of Venice and the Colli Eu-
ganei Park Authority with title: “The thermophilic oak forests of the
Euganean Hills in their aspects of vegetation, flora and habitat Na-
tura2000”.

Data availability No datasets were generated or analysed during the
current study.

Declarations
Conflict of interest The authors declare no conflict of interest.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

Ahlmann-Eltze C, Patil I (2021) ggsignif: R package for displaying
significance brackets for ‘ggplot2’. https://doi.org/10.31234/osf.
io/7awm6

Amaral Franco J (1990) Quercus L. In: Castroviejo S, Lainz M, Lopez
G, Montserrat P, Mufioz F, Paiva J, Villar L (eds) Flora Ibérica.
II. Plantas Vasculares de la Peninsula Ibérica e Islas Baleares.
RIBM-CSIC, Madrid, pp 16-36

Antonecchia G, Fortini P, Lepais O, Gerber S, Legér P, Scippa GS,
Viscosi V (2015) Genetic structure of a natural oak community
in central Italy: evidence of gene flow between three sympatric
white oak species (Quercus, Fagaceae). Ann Res 58:205-216

Anzalone B (1961) Osservazioni fitosociologiche su alcune faggete
depresse del Lazio. Ann Bot 27:120-133

Asins MJ, Carbonell EA (1987) Concepts involved in measuring
genetic variability and its importance in conservation of plant
genetic resources. Evol Trends Plants 1:51-62

Bartolucci F, Peruzzi L et al (2018) An updated checklist of the vascu-
lar flora native to Italy. Plant Biosyst 152:179-303

Bennett KD, Tzedakis PC, Willis KJ (1991) Quaternary refugia of
north European trees. J Biogeogr 18:103—115

Blasi C, Di Pietro R, Filesi L (2004) Syntaxonomical revision of
Quercetalia pubescenti-petraeae in the Italian Peninsula. Fitosoc
41(1):87-164

Bock B, Tison JM (2012) Révisions nomenclaturales et taxonomiques
(note n° 2). Bull Soc Bot Centre-Ouest ns 43:209-220

Bognar A, Faivre S, Paveli¢ J (1991) Glaciation traces on the North
Velebit. Hrv Geogr Glasnik 53:27-38

Borovics A, Matyas C (2013) Decline of genetic diversity of sessile
oak at the retracting (xeric) limits. Ann Sci 70:835-844

Braun-Blanquet J (1952) Les groupements végétaux de la France
méditerranéenne. CNRS, Montpellier

Brewer S, Cheddadi R, De Beaulieu JL, Reille M (2002) The spread
of deciduous Quercus throughout Europe since the last glacial
period. Ecol Manag 156:27-48

Brullo S, Guarino R, Siracusa G (1999) Revisione tassonomica delle
querce caducifoglie della Sicilia. Webbia 54:1-72

Brullo S, Scelsi F, Spampinato G (2001) La vegetazione
dell’ Aspromonte. Studio fitosociologico. Laruffa Editore, Reggio
Calabria

Brullo S, Gianguzzi L, La Mantia A, Siracusa G (2009) La classe
Quercetea ilicis in Sicilia. Boll Accad Gioenia Sci Nat Catania
41:1-80

Bruschi P, Vendramin GG, Bussotti F, Grossoni P (2003) Morphologi-
cal and molecular diversity among Italian populations of Quercus
petraea (Fagaceae). Ann Bot 91:707-716

Budde KB, Rellstab C, Heuertz M, Gugerli F, Hanika T, Verdu M,
Pausas JG, Gonzalez-Martinez SC (2023) Divergent selection in
a Mediterranean pine on local spatial scales. J Ecol 112:278-290

Camus A (1936-1954) Les Chénes: Monographie du genre Quercus,
vol 1-3. P Lechevalier, Paris

Caudullo G, Welk E, San-Miguel-Ayanz J (2024) Chorological data
for the main European woody species. Mendeley Data, p V18

Chapuis MP, Estoup A (2006) Microsatellite null alleles and estimation
of population differentiation. Mol Biol Evol 24:621-631

Christensen KI (1997) Pinaceae, Cupressaceae, Taxaceae, Ephedra-
ceae, Salicaceae, Juglandaceae, Betulaceae, Fagaceae, Ulmaceae,
Moraceae. In: Strid A, Tan K (eds) Flora Hellenica, vol 1. Koeltz
Scientific Books, Konigstein, pp 1-17

Chytry M (2013) Vegetace Ceské republiky 4. Lesni a kiovinna veg-
etace. Academia, Praha

Conte AL, Di Pietro R, Iamonico D, Di Marzio P, Cillis G, Lucia D,
Fortini P (2019) Oak decline in the Mediterranean basin: a study
case from the southern Apennines (Italy). Plant Sociol 56:69-80

Cosgun S, Gauthier J, Beffa G, Bonanomi G, Carraro G, Cherubini
P, Tinner W (2025) Exploring the connection between climatic
conditions and genetic properties of Abies alba Mill., including
warm and summer-dry Mediterranean environments. Sci Total
Environ 964:178559

Cottrell JE, Munro RC, Tabbener HE, Gillies ACM, Forrest GI, Deans
JD, Lowe AJ (2002) Distribution of chloroplast DNA variation
in British oaks (Quercus robur and Q petraea): the influence of
postglacial colonisation and human management. Ecol Manag
156:181-195

Curtu AL, Gailing O, Finkeldey R (2007) Evidence for hybridisation
and introgression within a species-rich oak (Quercus spp.) com-
munity. BMC Evol Biol 7:218

Curtu AL, Craciunesc I, Enescu CM, Vidalis A, Sofletea N (2015)
Fine-scale spatial genetic structure in a multi-oak-species (Quer-
cus spp.) forest. iForest 8:324-332

Cvjeticanin R (1999) Taksonomija i cenoekologija balkanskog hrasta
kitnjaka (Quercus dalechampii Ten.) na serpentinama centralne i
zapadne Srbije. Belgrade University: 310 pp

Dempster AP, Laird NM, Rubin DB (1977) Maximum likelihood from
incomplete data via the EM algorithm. J R Stat Soc B 39:1-38

Denk T, Grimm GW, Manos PS, Deng M, Hipp AL (2017) An
updated infrageneric classification of the oaks. In: Gil-Pelegrin

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.31234/osf.io/7awm6
https://doi.org/10.31234/osf.io/7awm6

107 Page 22 of 26

European Journal of Forest Research (2026) 145:107

E, Peguero-Pina JJ, Sancho-Knapik D (eds) Oaks Physiological
Ecology. Springer, Cham, pp 13-38

Di Pietro R, Azzella M, Facioni L (2010) The woodland vegetation of
Tolfa-Ceriti mountains. Hacquetia 9: 91-150 https://doi.org/10.2
478/v10028-010-0002-2

Di Pietro R, Viscosi V, Peruzzi L, Fortini P (2012) A review of the appli-
cation of the name Quercus dalechampii. Taxon 61:1311-1316

Di Pietro R, Di Marzio P, Medagli P, Misano G, Silletti GN, Wagen-
sommer RP, Fortini P (2016) Evidence from multivariate mor-
phometric study of the Quercus pubescens complex in southeast
Italy. Bot Serb 40:83-90

Di Pietro R, Conte AL, Di Marzio P, Gianguzzi L, Spampinato G,
Caldarella O, Fortini P (2020a) A multivariate morphometric
analysis of diagnostic traits in southern Italy and Sicily pubescent
oaks. Folia Geobot 55:163-183

Di Pietro R, Fortini P, Ciaschetti G, Rosati L, Viciani D, Terzi M
(2020c) A revision of the syntaxonomy of the Apennine-Balkan
Quercus cerris and Q. frainetto forests and correct application of
the name Melittio-Quercion frainetto. Plant Biosyst 154:887-909

Di Pietro R, Di Marzio P, Antonecchia G, Conte AL, Fortini P (2020b)
Preliminary characterization of the Quercus pubescens com-
plex in southern Italy using molecular markers. Acta Bot Croat
79:15-25

Di Pietro R, Conte AL, Di Marzio P, Fortini P, Farris E, Gianguzzi L,
Miiller M, Rosati L, Spampinato G, Gailing O (2021) Does the
genetic diversity among pubescent white oaks in southern Italy,
Sicily and Sardinia islands support the current taxonomic clas-
sification? Eur J Res 140:355-371

Di Pietro R, Quaranta L, Mattioni C, Simeone MC, Di Marzio P, Proi-
etti E, Fortini P (2024) Chloroplast haplotype diversity in the
white oak populations of the Italian Peninsula, Sicily, and Sar-
dinia. Forests 15:864

Didukh YP, Fitsailo TV, Burda RI (2004) Quercus dalechampii Ten.
In: Didukh YP (eds), Ekoflora Ukrayin. Tom II. Fitosotsiotsentr,
Kyiv, pp. 425-426

Dimopoulos P, Raus Th, Bergmeier E, Constantinidis Th, latrou G,
Kokkini S, Strid A & Tzanoudakis D (2013) Vascular plants of
Greece: An annotated checklist. Berlin: Botanic Garden and
Botanical Museum Berlin-Dahlem; Athens: Hellenic Botanical
Society. Englera 31: 1-372 https://doi.org/10.3372/en.31

Dostalek J, Frantik T, Lukasova M (2011) Genetic differences within
natural and planted stands of Quercus petraea. Open Life Sci
6:597-605

Dray S, Dufour AB (2007) The ade4 package: implementing the dual-
ity diagram for ecologists. J Stat Softw 30:1-20

Dumolin-Lapégue S, Demesure B, Le Corre V, Fineschi S, Petit RJ
(1997) Phylogeographic structure of white oaks throughout the
European continent. Genetics 146:1475-1487

Durand J, Bodénes C, Chancerel E, Frigerio JM, Vendramin G,
Sebastiani F, Buonamici A, Gailing O, Koelewijn HP, Villani
F, Mattioni C, Cherubini M, Goicoechea PG, Herran A, Ikaran
Z, Cabané C, Ueno S, Alberto F, Dumoulin PY, Guichoux E, de
Daruvar A, Kremer A, Plomion C (2010) A fast and cost-effective
approach to develop and map EST-SSR markers: oak as a case
study. BMC Genomics 11:570

Enescu CM, Curtu AL, Sofletea N (2013) Is Quercus virgiliana a dis-
tinct morphological and genetic entity among European white
oaks? Turk J Agric For 37:632-641

Eusemann P, Liesebach H (2021) Small-scale genetic structure and
mating patterns in an extensive sessile oak forest (Quercus
petraea (Matt.) Liebl). Ecol Evol 11:7796-7809

Follieri M, Magri D, Sadori L (1989) Pollen stratigraphical synthesis
from Valle di Castiglione (Roma). Quat Int 3—4:81-84

Fortini P, Viscosi V, Fineschi S, Vendramin GG (2009) Comparative
leaf surface morphology and molecular data of five oaks of sub-
genus Quercus Oerst. (Fagaceae). Plant Biosyst 143:543-554

@ Springer

Fortini P, Antonecchia G, Di Marzio P, Maiuro L, Viscosi V (2013)
Role of micromorphological leaf traits and molecular data in
taxonomy of three sympatric white oak species and their hybrids
(Quercus L). Plant Biosyt 149:546-558

Fortini P, Di Marzio P, Di Pietro R (2015) Differentiation and hybrid-
ization of Quercus frainetto, Q. petraea, and Q. pubescens
(Fagaceae): Insights from macro-morphological leaf traits and
molecular data. P1 Syst Evol 301:375-385

Fortini P, Di Pietro R, Proietti E, Cardoni S, Quaranta L, Simeone MC
(2024) Dissecting the continuum and unravelling the phylogeo-
graphic knot of plastid DNA in European white oaks (Quercus
sect. Quercus): ancient signatures and multiple diversity reser-
voirs. Eur J Res 143:107-127

Fortini P, Proietti E, Stojnic S, Di Marzio P, Aravanopoulos FA, Bena-
vides R, Loy A, Di Pietro R (2025) First results of a geometric
morphometric analysis of the leaf size and shape variation in
Quercus petraea across a wide European area. Forests 16:70

Fox J, Weisberg S (2019) An R companion to applied regression, 3rd
edn. Sage, Thousand Oaks, CA. URL. https://www.john-fox.ca/
Companion/

Franji¢ J, Liber B, Skvorc Z, Idzojtié M, Sostari¢ R, Stanié¢ Z (2006)
Morphological and molecular differentiation of the croatian pop-
ulations of Quercus pubescens Willd. (Fagaceae). Acta Soc Bot
Pol 75:123-130

Frenzel B (1992) Vegetation during the maximum cooling of the last
glaciation. In: Frenzel B, Pecsi B, Velichko AA (eds) Atlas of
palaeoclimates and palacoenvironments of the Northern Hemi-
sphere. INQUA/Hungarian Academy of Sciences, Budapest

Friichtenicht E, Neumann L, Klein N, Bonal D, Briiggemann W (2018)
Response of Quercus robur and two potential climate change
winners Quercus pubescens and Quercus ilex to two years sum-
mer drought in a semi-controlled competition study: I Tree water
status. Environ Exp Bot 152:107-117

Gailing O, Curtu AL (2014) Interspecific gene flow and maintenance
of species integrity in oaks. Ann Res 57:5-18

Gianguzzi L, Papini F, Cusimano D (2016) Phytosociological sur-
vey vegetation map of Sicily (Mediterranean region). J Maps
12:845-851

Gioia T, Logozzo G, Marzario S, Spagnoletti Zeuli P, Gepts P (2019)
Evolution of SSR diversity from wild types to U.S. advanced cul-
tivars in the Andean and Mesoamerican domestications of com-
mon bean (Phaseolus vulgaris). PLoS ONE 14:¢0211342

Goudet J (2005) Hierfstat, a package for R to compute and test hierar-
chical F-statistics. Mol Ecol Notes 5:184—-186

Govaerts R, Frodin DG (1998) World checklist and bibliography of
fagales (betulaceae, corylaceae, fagaceae and ticodendraceae).
Royal Botanic Gardens, Kew, Richmond, pp 201-394

Gower JC (1971) A general coefficient of similarity and some of its
properties. Biometrics 27:623-637

Gubler M, Henne PD, Schwoérer C, Boltshauser-Kaltenrieder P, Lotter
AF, Bronnimann S, Tinner W (2018) Microclimatic gradients pro-
vide evidence for a glacial refugium for temperate trees in a shel-
tered hilly landscape of Northern Italy. J Biogeogr 45:2564-2575

Guichoux E, Lagache L, Wagner S, Chaumeil P, Léger P, Lepais O, Lep-
oittevin C, Malausa T, Revardel E, Salin F, Petit RJ (2011a) Current
trends in microsatellite genotyping. Mol Ecol Resour 11:591-611

Guichoux E, Lagache L, Wagner S, Léger P, Petit RJ (2011b) Two
highly validated multiplexes (12-plex and 8-plex) for species
delimitation and parentage analysis in oaks (Quercus spp. Mol
Ecol Resour 11:578-585

Hammer @, Harper DAT, Ryan PD (2001) Past: paleontological statis-
tics software package for education and data analysis. Palaeontol
Electron 4:9

Hardy OJ, Vekemans X (2002) SPAGeDi: a versatile computer pro-
gram to analyse spatial genetic structure at the individual or popu-
lation levels. Mol Ecol Notes 2:618-620


https://doi.org/10.2478/v10028-010-0002-2
https://doi.org/10.2478/v10028-010-0002-2
https://doi.org/10.3372/en.31
https://www.john-fox.ca/Companion/
https://www.john-fox.ca/Companion/

European Journal of Forest Research (2026) 145:107

Page 23 0f 26 107

Hayek A (1970) Prodromus Florae Peninsulae Balcanicae. Im Verlag
Von Otto Koeltz, Koenigstein, Taunus

Hewitt GM (1999) Post-glacial re-colonization of European biota. Biol
J Linn Soc 68:87-112

Hipp AL, Manos PS, Hahn M, Avishai M, Bodénés C, Cavender-
Bares J, Crowl AA, Deng M, Denk T, Fitz-Gibbon S, Gailing O,
Socorro Gonzélez-Elizondo M, Gonzalez-Rodriguez A, Grimm
GW, Jiang XL, Kremer A, Lesur I, McVay JD, Plomion C, Rodri-
guez-Correa H, Schulze ED, Simeone MC, Sork VL, Valencia-
Avalos S (2020) Genomic landscape of the global oak phylogeny.
New Phytol 226:1198-1212

Horvat I, Glavac V, Ellenberg H (1974) Vegetation Sudosteuropas. G.
Fischer, Stuttgart, p 768

Hosek J, Pokorny P, Storch D, Kvacek J, Havig J, Novak J, Hajkova P,
Jamrichova E, Brengman L, Radoméisky T, Ktizek M, Magna T,
Rapprich V, Laufek F, Hamilton T, Pack A, Di Rocco T, Horacek
1(2024) Hot spring oases in the periglacial desert as the Last Gla-
cial Maximum refugia for temperate trees in Central Europe. Sci
Adv 10:eado6611

Hothorn T, Bretz F, Westfall P (2008) Simultaneous inference in gen-
eral parametric models. Biom J 50:346-363

Idury RM, Cardon LR (1997) A simple method for automated allele
binning in microsatellite markers. Genome Res 7:1104—-1109

1li¢ T, Kuzmanovi¢ N, Vukoji¢ S, Lakusi¢ D (2022) Phytogeographic
characteristics of montane coniferous forests of the Central Bal-
kan Peninsula (SE Europe). Plants 11:3194

IPNI (2025) International plant names index. URL: http://www.ipni.or
g (Accessed 19 Dec 2025)

Jalas J, Suominen J (1976) Atlas Florae Europeae, distribution of
vascular plants in Europe, vol 3. University Printing House, Hel-
sinki, pp 67-79

Jankovi¢ I, Satovic Z, Liber Z et al (2019) Genetic and morphological
data reveal new insights into the taxonomy of Campanula versi-
color s.1. (Campanulaceae). Taxon 68:340-369

Jombart T, Ahmed I (2011) Adegenet 1.3—1: new tools for the analysis
of genome-wide SNP data. Bioinformatics 27:3070-3071

Jombart T, Collins C (2015) A tutorial for discriminant analysis of
principal components (DAPC) using adegenet 2.0.0. URL: https:/
/adegenet.r-forge.r-project.org/files/tutorial-dapc.pdf

Jombart T, Devillard S, Balloux F (2010) Discriminant analysis of
principal components: a new method for the analysis of geneti-
cally structured populations. BMC Genet 11:94

Jordanov D (ed) (ed 1936-1979) Flora Reipublicae Popularis Bul-
garicae, vols. 1-7. Aedibus Acad. Sci. Bulgaricae, Serdicae (in
Bulgarian).

Jurksiené G, Baranov OY, Kagan DI, Kovalevi¢c-Razumova OA, Bali-
uckas V (2020) Genetic diversity and differentiation of pedun-
culate (Quercus robur) and sessile (Q. petraea) oaks. J Res
31:2445-2452

Kaltenrieder P, Belis CA, Hofstetter S, Ammann B, Ravazzi C, Tinner
W (2009) Environmental and climatic conditions at a potential
glacial refugial site of tree species near the Southern Alpine gla-
ciers. New insights from multiproxy sedimentary studies at Lago
della Costa (Euganean Hills, Northeastern Italy). Quat Sci Rev
28:2647-2652

Kaltenrieder P, Procacci G, Vanniére B, Tinne W (2010) Vegetation
and fire history of the Euganean Hills (Colli Euganei) as recorded
by Lateglacial and Holocene sedimentary series from Lago della
Costa (Northeastern Italy). Holocene 20:679-695

Kamvar ZN, Tabima JF, Griinwald NJ (2014) Poppr: an R package for
genetic analysis of populations with clonal, partially clonal, and/
or sexual reproduction. PeerJ 2:¢281

Kaplan Z, Danihelka J, Chrtek J, Pranc¢l J, Grulich V, Jelinek B,
Uradnigek L, Repka R, Smarda P, Vasut RJ, Wild J (2022) Distri-
butions of vascular plants in the Czech Republic. Part 11 Preslia
94:335-427

Karadzi¢ B (2018) Beech forests (order Fagetalia sylvaticae Paw-
lowski 1928) in Serbia. Bot Serbica 42:91-107

Koblizek J (1993) Distribution of oak species in the Czech Republic.
Ann Sci For 50(1):290-293
I, Tomovi¢ G, Niketi¢ M, Kaba$§ E, Lazarevi¢ P, Durovi¢ S,
Novakovi¢ J, Buzurovi¢ U, Zbilji¢ M, Lakusi¢ D (2025) Vascu-
lar plant nano-hotspots in the central Balkan Peninsula—A novel
GIS-based approach for identifying centres of species richness.
Glob Ecol Conserv 60:¢03630

Kremer A (2016) Microevolution of European temperate oaks in
response to environmental changes. C R Biol 339:263-267

Kremer A, Dupouey JL, Deans JD, Cottrell J, Csaikl U, Finkeldey R,
Espinel S, Jensen J, Kleinschmit J, Van Dam B (2002) Leaf mor-
phological differentiation between Quercus robur and Quercus
petraea is stable across western European mixed oak stands. Ann
Sci 59:777-787

Kucera P (2018) New name for Central European oak formerly labelled
as Quercus dalechampii. Biologia 73:313-317

Kucera P (2019) Quercus banatus grows in Slovenia. Thaiszia J Bot
29(1):061-069. https://doi.org/10.33542/TIB2019-1-04

Kuzmanovi¢ N, Lakusi¢ D, Frajman B et al (2017) Phylogenetic rela-
tionships in Seslerieae (Poaceae) including resurrection of Psila-
thera and Sesleriella, two monotypic genera endemic to the Alps.
Taxon 66:1349-1370

Lang T, Abadie P, Léger V, Decourcelle T, Frigerio JM, Burban C, Bodé-
nés C, Guichoux E, Le Provost G, Robin C, Tani N, Léger P, Lep-
oittevin C, El Mujtar VA, Hubert F, Tibbits J, Paiva J, Franc A,
Raspail F, Mariette S, Reviron MP, Plomion C, Kremer A, Desprez-
Loustau ML, Garnier-Géré P (2020) High-quality SNPs from genic
regions highlight introgression patterns among European white
oaks (Quercus petraea and Q. robur). bioRxiv: 388447

Langella O (1999) Populations 1.2.32: a population genetic software.
Published online. CNRS UPR9034 URL: https://mybiosoftware
.com/populations-population-genetic-software.html  (Accessed
02/12/2025)

Lepais O, Petit RJ, Guichoux E, Lavabre JE, Alberto F, Kremer A,
Gerber S (2009) Species relative abundance and direction of
introgression in oaks. Mol Ecol 18:2228-2242

Lepais O, Roussel G, Hubert F, Kremer A, Gerber S (2013) Strength
and variability of postmating reproductive isolating barriers
between four European white oak species. Tree Genet Genomes
9:841-853

Leroy T, Roux C et al (2017) Extensive recent secondary contacts
between four European white oak species. New Phytologist 214.2
(2017): 865-878

Li YL, Liu JX (2018) StructureSelector: A web based software to
select and visualize the optimal number of clusters using multiple
methods. Mol Ecol Resour 18:176—-177. https://doi.org/10.1111/1
755-0998.12719

Lupini A, Aci MM, Mauceri A, Luzzi G, Bagnato S, Menguzzato G,
Mercati F, Sunseri F (2019) Genetic diversity in old populations
of sessile oak from Calabria assessed by nuclear and chloroplast
SSR. J Mt Sci 16:1111-1120

Magic D (1975) Taxonomické poznamky z doterajsicho vyskumu
dubov v Zapadnych Karpatoch. Biologia 30:65-74

Magic D (2006) Quercus L. In: GoliaSova K, Michalkova N (eds)
Fléra Slovenska V/3. Bratislava, Veda, p 342

Magri D (2010) Persistence of tree taxa in Europe and Quaternary cli-
mate changes. Quat Int 219:145-151

Magri D, Agrillo E, Di Rita F, Furlanetto G, Pini R, Ravazzi C, Spada
F (2015) Holocene dynamics of tree taxa populations in Italy. Rev
Palacobot Palynol 218:267-284

Marshall TC, Slate J, Kruuk LEB, Pemberton JM (1998) Statistical
confidence for likelihood-based paternity inference in natural
populations. Mol Ecol 7:639-655

@ Springer


http://www.ipni.org
http://www.ipni.org
https://adegenet.r-forge.r-project.org/files/tutorial-dapc.pdf
https://adegenet.r-forge.r-project.org/files/tutorial-dapc.pdf
https://doi.org/10.33542/TJB2019-1-04
https://mybiosoftware.com/populations-population-genetic-software.html
https://mybiosoftware.com/populations-population-genetic-software.html
https://doi.org/10.1111/1755-0998.12719
https://doi.org/10.1111/1755-0998.12719

107 Page 24 of 26

European Journal of Forest Research (2026) 145:107

Masin R, Tietto C (2005) Flora dei Colli Euganei e della pianura limi-
trofa. SAPI ed., Padova

Masin R, Camuffo A, Favaro G, Filesi L, Lasen C, Pellegrini B,
Scortegagna S, Villani M (2025) Flora Euganea. Cierre edizioni,
Caselle di Sommacampagna (Verona)

Matula R (2008) Comparison of general tree characteristics of less
known oak species Quercus dalechampii Ten. and Quercus poly-
carpa Schur. J Sci 54:333-339

Matyas V (1970) Quercus. In: Soo R. (ed) Synopsis flora vegetation-
isque Hungariae, vol. 4. Akademiai Kiado, Budapest, pp 507-540
(in Hungarian)

Menitsky LL (1968) Quercus petraea subsp. medwediewii (A. Camus).
Novosti Sist. Vyssh Rast 5:87

Meulenkamp JE, Sissingh W (2003) Tertiary palacogeography and
tectonostratigraphic evolution of the Northern and Southern Peri-
Tethys Platforms and the intermediate domains of the African
Eurasian convergent plate boundary zone. Palacogeogr Palaco-
climatol Palacoecol 196(1-2):209-228. https://doi.org/10.1016/
S0031

Milad M, Schaich H, Biirgi M, Konold W (2011) Climate change and
nature conservation in Central European forests: a review of con-
sequences, concepts and challenges. Ecol Manag 261:829-843

Milivojevi¢ M, Menkovié L, Cali¢ J (2008) Pleistocene glacial relief
of the central part of Mt. Prokletije (Albanian Alps). Quat Int
190:112-122

Millar CI, Westfall RD (1992) Allozyme markers in forest genetic
conservation. In: Population genetics of forest trees: proceedings
of the international symposium on population genetics of forest
trees, Corvallis, Oregon, USA, July 31, August 2, 1990. Springer
Netherlands

Misi¢ V (1984) Klisure i kanjoni kao refugijumi reliktne vegetacije
i njihov zna“caj za nauku i praksu. In: Jankovic, M, Pantic N,
Misic V, Diklic N, Gajic M (Eds.) Vegetacija SR Srbije 1. Srpska
akademija nauka i umetnosti, Beograd, pp. 268-278

Miiller K, Wickham H (2024) tibble: Simple data frames. R package
version 3.2.1. URL: https://github.com/tidyverse/tibble, https://ti
bble.tidyverse.org/

Mucina L, Biiltmann H, Dieren K, Theurillat JP, Raus T, Tichy L,
Carni A, Sumberova K, Willner W, Dengler J, Garcia RG, Chy-
try M, Hajek M, Di Pietro R, Iakushenko D, Pallas J, Daniéls
FJA, Bergmeier E, Santos Guerra A, Ermakov N, Valachovi¢ M,
Schaminée JHJ, Lysenko T, Didukh YP, Pignatti S, Rodwell JS,
Capelo J, Weber HE, Solomeshch A, Dimopoulos P, Aguiar C,
Hennekens SM, Tichy L (2016) Vegetation of Europe: hierarchi-
cal floristic classification system of vascular plants, bryophytes,
lichens and algal communities. Appl Veg Sci 19:3-264

Nei M (1973) The theory and estimation of the genetic distance. In:
Morton NE (ed) Genetic structure of populations. University of
Hawaii, Honolulu, pp 45-54

Nei M, Maruyama T, Chakraborty R (1975) The bottleneck effect and
genetic variability in populations. Evolution 29:1-10

Neophytou C, Aravanopoulos FA, Fink S, Dounavi A (2010) Detecting
interspecific and geographic differentiation patterns in two inter-
fertile oak species (Quercus petraea and Q. robur) using small
sets of microsatellite markers. Ecol Manag 259:2026-2035

Neophytou C, Semizer-Cuming D, Michiels HG, Kremer A, Jansen
S (2024) Relict stands of Central European oaks: unravelling
autochthony and genetic structure based on a multi-population
study. Ecol Manag 551:121554

Nikoli¢ T (ed) (2015 ongoing) Flora croatica database. Faculty of Sci-
ence, University of Zagreb. Accessed 17 Oct 2025. URL: http://
hirc.botanic.hr/fcd

Olalde M, Herran A, Espinel S, Goicoechea PG (2002) White oaks phy-
logeography in the Iberian Peninsula. Ecol Manag 156:89-102

Parducci L, Jorgensen T, Tollefsrud MM, Elverland E, Alm T, Fontana
SL, Bennett KD, Haile J, Matetovici I, Suyama Y, Edwards ME,

@ Springer

Andersen K, Rasmussen M, Boessenkool S, Coissac E, Brochmann
C, Taberlet P, Houmark-Nielsen M, Larsen NK, Orlando L, Gilbert
MT, Kjaer KH, Alsos IG, Willerslev E (2012) Glacial survival of
boreal trees in northern Scandinavia. Science 335:1083-1086

Peakall R, Smouse PE (2012) GenAlEx 6.5: Genetic analysis in Excel.
Population genetic software for teaching and research an update.
Bioinformatics 28:2537-2539

Petit RJ, Brewer S, Bordacs S, Burg K, Cheddadi R, Coart E, Cottrell
J, Csaikl UM, van Dam BC, Deans JD, Espinel S, Fineschi S,
Finkeldey R, Glaz I, Goicoechea PG, Jensen JS, Konig AO, Lowe
AlJ, Madsen SF, Matyas G, Munro RC, Popescu F, Slade D, Tab-
bener H, de Vries SGM, Ziegenhagen B, de Beaulieu JL, Kremer
A (2002b) Identification of refugia and post-glacial colonisation
routes of European white oaks based on chloroplast DNA and
fossil pollen evidence. Ecol Manag 156:49-74

Petit RJ, Csaikl UM, Bordacs S, Burg K, Coart E, Cottrell J, van Dam
B, Deans JD, Dumolin-Lapégue S, Fineschi S, Finkeldey R, Gil-
lies A, Glaz I, Goicoechea PG, Jensen JS, Konig AO, Lowe AJ,
Madsen SF, Matyas G, Munro RC, Olalde M, Pemonge MH,
Popescu F, Slade D, Tabbener H, Taurchini D, de Vries SGM,
Ziegenhagen B, Kremer A (2002a) Chloroplast DNA variation in
European white oaks: Phylogeography and patterns of diversity
based on data from over 2600 populations. Ecol Manag 156:5-26

Pignatti S (1982) Flora d’Italia, vol 1. Edagricole, Bologna, pp 113—-120

Pignatti S, Guarino R, La Rosa M (2017-2019) Flora d’Italia, 2nd ed.
Edagricole, Bologna

Piotti A, Leonarduzzi C, Postolache D, Bagnoli F, Spanu I, Brous-
seau L, Vendramin G (2017) Unexpected scenarios from Medi-
terranean refugial areas: disentangling complex demographic
dynamics along the Apennine distribution of silver fir. ] Biogeogr
44(7):1547-1558

Popovi¢ V, Dani¢i¢ V, Milovanovi¢ J, Lu¢i¢ A, Rakonjac L, Mladenovié¢
Drini¢ S, Risti¢ D (2022) Genetic structure of sessile oak (Quer-
cus petraea (Matt.) Liebl.) from the area of outstanding natural
beauty Avala. Genetika 54:841-856

POWO (2025) Plants of the World Online. URL: https://powo.scien
ce.kew.org/taxon/urn:Isid:ipni.org:names:296037-1 (accessed
23/10/2025)

Pozgaj J (1999) Quercus polycarpa Schur (polycarpic oak) in Slova-
kia. Folia Oecol 26:21-32

Pozgaj J (2001) Quercus dalechampii Ten. in Slovakia. Folia Oecol
28:7-21

Pritchard JK, Stephens M, Donnelly P (2000) Inference of population
structure using multilocus genotype data. Genetics 155:945-959

Proietti E, Filesi L, Di Marzio P, Di Pietro R, Masin R, Conte AL,
Fortini P (2021) Morphology, geometric morphometrics, and
taxonomy in relict deciduous oak woods in northern Italy. Rend
Lincei Sci Fis Nat 32:549-564

Piitz J, Jansen S, Reutimann O, Rellstab C, Bordacs S, Neophytou C
(2024) The influence of post-glacial migration and hybridization
on the gene pool of marginal Quercus pubescens populations in
Central Europe. Ann bot 135:867-884

Puechmaille SJ (2016) The program structure does not reliably recover
the correct population structure when sampling is uneven: sub-
sampling and new estimators alleviate the problem. Mol Ecol
Resour 16:608-627. https://doi.org/10.1111/1755-0998.12512

QGIS.org (2025) QGIS geographic information system. Open Source
Geospatial Foundation Project. URL: https://qgis.org/

R Core Team (2025) R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna, Aus-
tria. Available at: https://www.R-project.org/

Raab-Straube E, von Raus T (eds) (2013) Euro+Med-Checklist Notu-
lae, 1 [Notulae ad floram euro-mediterraneam pertinentes 30].
Willdenowia 43:151-164

Radosavljevi¢ I, Satovic Z, Di Pietro R et al (2022) Phylogeo-
graphic structure of common sage (Salvia officinalis L.) reveals


https://doi.org/10.1016/S0031
https://doi.org/10.1016/S0031
https://github.com/tidyverse/tibble
https://tibble.tidyverse.org
https://tibble.tidyverse.org
http://hirc.botanic.hr/fcd
http://hirc.botanic.hr/fcd
https://powo.science.kew.org/taxon/urn:lsid:ipni.org:names:296037-1
https://powo.science.kew.org/taxon/urn:lsid:ipni.org:names:296037-1
https://doi.org/10.1111/1755-0998.12512
https://qgis.org/
https://www.R-project.org/

European Journal of Forest Research (2026) 145:107

Page 250f 26 107

microrefugia throughout the Balkans and colonizations of the
Apennines. Sci Rep 12:15726

Rasband WS (1997-2007) ImageJ. US National Institutes of Health,
Bethesda, Maryland, USA. URL: http://rsb.info.nih.gov/ij/

Rellstab C, Biihler A, Graf R, Folly C, Gugerli F (2016) Using joint
multivariate analyses of leaf morphology and molecular-genetic
markers for taxon identification in three hybridizing European
white oak species (Quercus spp). Ann Sci 73:669-679

Reutimann O, Gugerli F, Rellstab C (2020) A species-discriminatory
single-nucleotide polymorphism set reveals maintenance of spe-
cies integrity in hybridizing European white oaks (Quercus spp.)
despite high levels of admixture. Ann Bot 125:663—-676

Revelle W (2024) psych: Procedures for psychological, psychomet-
ric, and personality research. Northwestern University, Evanston,
Illinois. R package version 2.4.12. URL: https://CRAN.R-projec
t.org/package=psych

Rivas-Martinez S, Penas A, Diaz TE (2004) Bioclimatic and biogeo-
graphic maps of Europe. University of Leon

Robin V, Nadeau MJ, Grootes PM, Bork HR, Nelle O (2016) Too early
and too northerly: evidence of temperate trees in northern Central
Europe during the Younger Dryas. New Phytol 212:259-268

Rushton B (1993) Natural hybridization within the genus Quercus L.
Ann Sci 50:735-90s

Sijaéié-Nikolié M, Kerkez Jankovié¢ I, Jovanovi¢ M, Milovanovi¢ J,
Aleksi¢ JM (2023) Genetic diversity and genetic structure of
three sympatric oak species in serbian landscape of outstanding
features Kosmaj assessed by nuclear microsatellites. South-east
Eur for 14(2):117-127. https://doi.org/10.15177/seefor.23-17

Spaniel S, Resetnik I (2022) Plant phylogeography of the Balkan Pen-
insula: spatiotemporal patterns and processes. Plant Syst Evol
308(5):38. https://doi.org/10.1007/s00606-022-01831

Samartin S, Heiri O, Kaltenrieder P, Kuehl N, Tinner W (2016) Recon-
struction of full glacial environments and summer temperatures
from Lago della Costa, a refugial site in Northern Italy. Quat Sci
Rev 143:107-119

Savalescu T (ed) (1952) Flora of the Romanian People’s Republic, vol.
3. Romanian Editura Academy, Bucuresti, pp 546547

Schoen DJ, Brown AH (1993) Conservation of allelic richness in wild
crop relatives is aided by assessment of genetic markers. Proc
Natl Acad Sci USA 90:10623-10627

Schwarz O (1936-1939) Monographie der eichen europas und des
mittelmeergebietes. Feddes Repert 1:1-200

Schwarz O (1993) Quercus L. In: Tutin TG, Burges NA, Chater AO,
Edmondson JR, Heywood VH, Moore DM, Valentine DH, Wal-
ters SM, Webb DA (eds) Flora Europaea. Cambridge University
Press, Cambridge, pp. 72-76, pp 72-76

Sekuli¢ D, Karadzi¢ B, Kuzmanovi¢ N, Jari¢ S, Mitrovi¢ M, Pavlovié¢
P (2021) Diversity of Ostrya carpinifolia forests in ravine habi-
tats of Serbia (S-E Europe). Diversity 13:59

Sekuli¢ D, Kuzmanovi¢ N, Jari¢ S, Karadzi¢ B, Mitrovi¢ M, Pavlovié¢
P (2023) Floristic and ecological diversity of stands dominated by
Carpinus orientalis in gorges and canyons of eastern Serbia (SE
Europe). Plant Biosyst 157:1014-1028

Semerikova SA, Tashev AN, Semerikov VL (2023) Genetic diversity
and history of pedunculate oak Quercus robur L. in the east of the
range. Russ J Genet 54:423—438

Semerikova SA, Aliev KU, Semerikov VL (2024) Differentiation and
taxonomic identification of roburoid oaks in the Caucasian and
Crimean regions using nuclear microsatellite markers. Russ J
Genet 60:1022-1039

Simeone MC, Cardoni S, Piredda R, Imperatori F, Avishai M, Grimm
GW, Denk T (2018) Comparative systematics and phylogeog-
raphy of Quercus section Cerris in western Eurasia: inferences
from plastid and nuclear DNA variation. Peer] 6:e5793

Stevanovi¢ V (ed) (2012) Flora of Serbia, vol 2. Serbian Academy of
Sciences and Arts, Beograd, pp 113—140

Streiff R, Labbe T, Bacilieri R, Steinkellner H, Glossl J, Kremer A
(1998) Within-population genetic structure in Quercus robur L.
and Quercus petraea (Matt.) Liebl. assessed with isozymes and
microsatellites. Mol Ecol 7:317-328

Tamura K, Stecher G, Kumar S (2021) MEGA11: molecular evolution-
ary genetics analysis version 11. Mol Biol Evol 38:3022-3027

Thiers B (2025) [Continuously Updated]) Index herbariorum: a global
directory of public herbaria and associated staff. New York
Botanical Garden’s Virtual Herbarium. URL: http://sweetgum.n
ybg.org/ih/

Toth EG, Kobolkuti ZA, Cseke K, Kampel JD, Takacs R, Tomov VT,
Abréan P, Stojnic S, Vastag E, Mataruga M, Danici¢ V, Tahirukaj
E, Zhelev P, Orlovic S, Benke A, Borovics A (2021) A genomic
dataset of single-nucleotide polymorphisms generated by ddRAD
tag sequencing in Quercus petraea (Matt.) Liebl. populations
from Central-Eastern Europe and Balkan Peninsula. Ann Sci
78:43

Turland NJ, Wiersema JH, Barrie FR, Greuter W, Hawksworth DL,
Herendeen PS, Knapp S, Kusber WH, Li DZ, Marhold K, May
TW, McNeill J, Monro AM, Prado J, Price MJ, Smith GF (eds)
(2018) International code of nomenclature for algae, fungi, and
plants (Shenzhen Code). Regnum Vegetabile 159. Koeltz Botani-
cal Books, Glashiitten

Tzedakis PC, Emerson BC, Hewitt GM (2013) Cryptic or mystic? Gla-
cial tree refugia in northern Europe. Trends Ecol Evol 28:696-704

Ulker D, Tavsanoglu C (2026) Oaks and climate change: contrasting
range responses of mediterranean and temperate Quercus species
in the western palearctic. Ecol Evol. https://doi.org/10.1002/ece
3.73055

van Andel TH, Tzedakis PC (1996) Palaeolithic landscapes of Europe
and environs: 150,000-25,000 years ago: an overview. Quat Sci
Rev 15:481-500

Van Oosterhout C, Hutchinson WF, Wills DPM, Shipley P (2004)
MICROCHECKER: software for identifying and correcting geno-
typing errors in microsatellite data. Mol Ecol Notes 4:535-538

Viciani D, Gennai M, Lastrucci L, Gabellini A, Armiraglio S, Caccian-
iga M, Foggi B (2016) The Quercus petraea-dominated commu-
nities in Italy: floristic, coenological and chorological diversity in
a European perspective. Plant Biosyst 150:1376—-1394

Viscosi V, Lepais O, Gerber S, Fortini P (2009) Leaf morphologi-
cal analyses in four European oak species (Quercus) and their
hybrids: a comparison of traditional and geometric morphometric
methods. Plant Biosyst 143:64-574

Wei T, Simko V (2024) R package ‘corrplot’: visualization of a cor-
relation matrix (Version 0.95). URL: https://github.com/taiyun/
corrplot

Weir BS, Cockerham C (1984) Estimating F-statistics for the analysis
of population structure. Evolution 38:1358-1370

Wickham H (2016) ggplot2: Elegant graphics for data analysis.
Springer, New York. https://ggplot2.tidyverse.org

Wickham H, Averick M, Bryan J, Chang W, McGowan LD, Francois
R, Grolemund G, Hayes A, Henry L, Hester J, Kuhn M, Peder-
sen TL, Miller E, Bache SM, Miiller K, Ooms J, Robinson D,
Seidel DP, Spinu V, Takahashi K, Vaughan D, Wilke C, Woo K,
Yutani H (2019) Welcome to the tidyverse. J Open Source Softw
4(43):1686. https://doi.org/10.21105/j0ss.01686

Wickham H, Frangois R, Henry L, Miiller K, Vaughan D (2023)
DPLYR: A grammar of data manipulation. R package version
1.1.4. URL: https://github.com/tidyverse/dplyr, https://dplyr.tidy
verse.org/

Wickham H, Vaughan D, Girlich M (2024) Tidyr: Tidy messy data. R
package version 1.3.1. URL: https://github.com/tidyverse/tidyr,
https://tidyr.tidyverse.org

Willis K, Van Andel T (2004) Trees or no trees? The environments of
central and eastern Europe during the Last Glaciation. Quat Sci
Rev 23:2369-2387

@ Springer


http://rsb.info.nih.gov/ij/
https://CRAN.R-project.org/package=psych
https://CRAN.R-project.org/package=psych
https://doi.org/10.15177/seefor.23-17
https://doi.org/10.1007/s00606-022-01831
http://sweetgum.nybg.org/ih/
http://sweetgum.nybg.org/ih/
https://doi.org/10.1002/ece3.73055
https://doi.org/10.1002/ece3.73055
https://github.com/taiyun/corrplot
https://github.com/taiyun/corrplot
https://ggplot2.tidyverse.org
https://doi.org/10.21105/joss.01686
https://github.com/tidyverse/dplyr
https://dplyr.tidyverse.org/
https://dplyr.tidyverse.org/
https://github.com/tidyverse/tidyr
https://tidyr.tidyverse.org

107 Page 26 of 26 European Journal of Forest Research (2026) 145:107

Wright S (1969) Evolution and the genetics of populations, Vol. II: The Zepner L, Karrasch P, Wiemann F, Bernard L (2021) ClimateCharts.
theory of gene frequencies. University of Chicago Press, Chicago net—An interactive climate analysis web platform. Int J Digit
Zanetto A, Kremer A (1995) Geographical structure of gene diversity Earth 14(3):338-356. https://doi.org/10.1080/17538947.2020.18

in Quercus petraea (Matt.) Liebl. I. Monolocus patterns of varia-
tion. Heredity 75:506-517

Zanetto A, Roussel G, Kremer A (1994) Geographic variation of inter-
specific differentiation between Quercus robur L. and Quercus
petraea (Matt.) Liebl. For Genet 1:111-123

Authors and Affiliations

29112

Publisher’s note Springer Nature remains neutral with regard to juris-

dictional claims in published maps and institutional affiliations.

Romeo Di Pietro' - Elisa Proietti’ - Piera Di Marzio®® - Amara Noor Hussain® - Katharina Birgit Budde®® -
Krystof Chytry®’ . Leonardo Filesi® - Oliver Gailing® - Lorenzo Gianguzzi®>® - Duilio lamonico'® -

Nevena Kuzmanovi¢'' - Dmitar Lakusi¢'" - Javier Loidi'? - Rizzieri Masin® - Zeljko Skvorc'® - Giovanni Spampinato' -

Ivana Stevanoski'' - Benoit Vincent'® - Wolfgang Willner'®'” . Paola Fortini®>

D< Elisa Proietti
elisa.proietti@uniromal..it

Department of Planning, Design, and Technology of
Architecture, University of Rome Sapienza, Via Flaminia 72,
00196 Rome, Italy

2 NBFC, National Biodiversity Future Center, 90133 Palermo,
Italy

Department of Biosciences and Territory, University of
Molise, Contrada Fonte Lappone snc, 86090 Pesche, Italy

Northwest German Forest Research Institute, Prof.-Oelkers-
Stral3e 6, 34346 Hann Miinden, Germany

Department of Forest Genetics and Forest Tree Breeding,
University of Gottingen, 37077 Gottingen, Germany

Biodiversity Dynamics and Conservation, University of
Vienna, Vienna, Austria

Department of Botany and Zoology, Faculty of Science,
Masaryk University, Brno, Czech Republic

Department of Architecture and Arts, University Iuav of
Venice, Santa Croce, 191, 30135 Venezia, Italy

@ Springer

Department of Agricultural, Food and Forest Sciences,
University of Palermo, Viale delle Scienze, bldg. 5,
90128 Palermo, Italy

Department of Environmental Biology, Sapienza University
of Rome, Piazzale Aldo Moro 5, 00185 Rome, Italy

Faculty of Biology, University of Belgrade, Studentski trg
16, 11000 Belgrade, Serbia

Department of Plant Biology and Ecology, University of
the Basque Country, Euskal Herriko Unibertsitatea, Bilbao,
Spain

Faculty of Forestry and Wood Technology, University of
Zagreb, Svetos§imunska 23, 10000 Zagreb, Croatia

4 Department of AGRARIA, Mediterranean University of
Reggio Calabria, Via dell’Universita, 25,
89124 Reggio Calabria, Italy

Paris, France

Department of Botany and Biodiversity Research, University
of Vienna, Rennweg 14, 1030 Vienna, Austria

17" VINCA, Vienna Institute for Nature Conservation and
Analyses, Giessergasse 6/7, 1090 Vienna, Austria


https://doi.org/10.1080/17538947.2020.1829112
https://doi.org/10.1080/17538947.2020.1829112
mailto:elisa.proietti@uniroma1.it

	﻿Genetic and morphological variation in taxonomically critical populations of ﻿Quercus petraea﻿ s.l. in Southern Europe
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Study area and plant material
	﻿Nuclear microsatellite marker analyses
	﻿DNA extraction, amplification, and sequencing
	﻿Genetic diversity and differentiation
	﻿Genetic structure analysis
	﻿Genetic relationships among taxa and populations


	﻿Morphometric analyses of leaves, twigs, and fruits
	﻿Results
	﻿Results from the nuclear microsatellite marker analyses
	﻿Results from the morphometric analyses

	﻿Discussion
	﻿Phylogeographic structure of ﻿Quercus petraea﻿ s.l. populations
	﻿What evidence is there for diversification at the species level within the ﻿Q. petraea﻿ s.l. populations being considered?

	﻿Conclusions
	﻿References


