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Abstract

The Euganean Hills are a well-known refugee site for thermophilous woody flora in northern Italy. Among the species
recorded here, there is Quercus dalechampii. The Euganean Hills are the only northern Italy site where the occurrence of
this oak species is considered. The aim of this paper was to verify the presence of Q. dalechampii in the study area and to
select possible diagnostic morphological traits that are usable to distinguish it from Q. petraea and Q. pubescens. Forest
stands dominated by Q. petraea, Q. pubescens, and the presumed Q. dalechampii were sampled using the phytosociological
approach to highlight their ecological features. Leaf and fruit material from 104 oak individuals was analysed from a macro-
morphological and micro-morphological point of view. Leaf shape was also analysed using the geometric morphometric
approach. All multivariate analysis procedures applied on the matrices of leaf and fruit traits highlighted two main clusters
of morphological diversity. One was restricted to Q. pubescens individuals, and the other one was a mix of Q. petraea and
presumed Q. dalechampii individuals. According to the twig and leaf trichome traits, all presumed Q. dalechampii indi-
viduals were classified as belonging to the Q. petraea collective group. Morphological differences between Q. petraea and
presumed Q. dalechampii were considered not significant. In conclusion, the occurrence of a third oak species, in addition
to Q. petraea and Q. pubescens, was not confirmed for the study area by the results of this paper.
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1 Introduction

Quercus petraea (Matt.) Liebl. and Q. pubescens Willd. are
two deciduous species of the genus Quercus L. subgenus
Quercus Oerst, which play a primary role in the thermo-
philous forest ecosystems of Europe (Caudullo et al. 2016;
Mucina et al. 2016; Pasta et al. 2016). Gene flow is a com-
mon phenomenon in oaks, especially in white oaks, owing
to the absence of real reproductive barriers within the genus
(Burger 1975; Spellenberg 1995; Gonzales-Rodriguez et al.
2004). Nevertheless, interfertile oak species seem to remain
separate and well-identifiable taxonomical units, even in sit-
uation of sympatry (Muir et al. 2000; Muir and Schlotterer
2005; Valbuena-Carabaiia et al. 2005, 2007; Curtu et al.
2007; Gugerli et al. 2007; Fortini et al. 2015). Other authors,
however, are more inclined to consider most oak individu-
als occurring in natural populations as hybrid forms con-
taining, case by case, variable percentages of the parental
genome (Kissling 1983; Minihan and Rushton 1984; Hipp
et al. 2019). Problems arise when the taxonomical identifica-
tion of oak individuals is based exclusively on the observa-
tion of morphological traits (Bruschi et al. 2000; Borazan
and Baba¢ 2003; Curtu et al. 2007; Hipp 2015, Musarella
et al. 2018). These problems become even more complicated
when the identification process is carried out on individuals
collected in oak forests where more species belonging to
taxonomically intricate collective oak groups grow together
(see Di Pietro et al. 2016, 2020a, b, c). Problems become
almost unsolvable when nomenclatural complications arise,
for instance, protologues that do not stand out for clarity or
for consistency with the original material. Emblematic is the
case of Quercus dalechampii Ten., which, according to the
protologue (Tenore 1830), would fall within the collective
group of Q. petraea s.1., whereas the morphological charac-
teristics displayed by the majority of the original material
would address it to the collective group of Q. pubescens s.1.
(cfr. Camus 1938-1939; Schwartz 1993; Brullo et al. 1999).
This misunderstanding has gradually fossilised over time
and led to the paradoxical situation in which some Euro-
pean countries (especially in eastern-Europe) used the name
Q. dalechampii to identify a species having glabrous leaves
and twigs, while other European countries (especially Italy)
adopted the same name to identify a clearly different species
having pubescent leaves and twigs. This issue has implica-
tions that are not limited to the purely taxonomic field if we
consider that Q. dalechampii is currently reported as a diag-
nostic species in two habitats of the 92/43/EU Directive (EU
2014 Manual of Interpretation). The case of Q. dalechampii
was solved (at least from a nomenclatural point of view),
providing an unambiguous lectotypification (Di Pietro et al.
2012) that addressed this name to the collective group of
pubescent oaks (Q. pubescens s.1.). It remains to be defined
where Q. dalechampii belongs from a systematic point of
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view, or in broad terms, whether the name Q. dalechampii
corresponds to living material deserving a real taxonomi-
cal value. In Italy, Q. dalechampii is especially known for
central and southern Italy, where it acts as high-frequency
species in various phytosociological associations. The dis-
tribution of Q. dalechamoii in northern Italy is not per-
fectly known (Bartolucci et al. 2018), and the few available
references never provide certainty about its actual occur-
rence. The northern Italy area for which Q. dalechampii
is mentioned (directly or indirectly) most frequently is the
Euganean Hills (Colli Euganei). These are an isolated group
of volcanic hills emerging from the Venetian Valley that
are currently completely surrounded by extensive cultivated
crops. The Euganean hills slopes are covered by natural oak
forests and chestnut woods deriving from ancient planta-
tions that progressively replaced the pre-existing deciduous
oak forests (Gubler et al. 2018). Masin and Tietto (2005), in
their study on the flora of the Euganean Hills, reported Q.
dalechampii as a species commonly found in thermophilous
forest habitats. The same authors confirmed this datum in a
subsequent paper concerning the Flora of the whole Admin-
istrative Province of Padua (Masin and Tietto 2006). Argenti
et al. (2019) considered Q. dalechampii (under the binomy
Q. aurea Wirzb.) as occurring not only in the Euganean Hills
area but also within the S-facing slopes of several eastern
Prealps valleys. Buffa et al. (2016) included Q. dalechampii
in the red list of the vascular plants of the Veneto administra-
tive Region and indicated the Euganean Hills as the only site
where the species was present with certainty. Finally, accord-
ing to Buffa and Lasen (2010) and Biondi et al. (2010), the
Euganean Hills host the oak forest habitat 9/AA *—FEastern
white oak woods. The diagnosis of this habitat is: “Medi-
terranean and sub-Mediterranean Adriatic and Tyrrhenian
woods dominated by Quercus virgiliana, Q. dalechampii,
Q. pubescens, and Fraxinus ornus, indifferent to soil type,
thermophilous and often in edaphic-xerophilous position
typical of Italian peninsula but with affinity with the Balkan
ones”. However, the presence of this Habitat in northern
Italy is still a controversial topic, so any revisions providing
clarification on the taxonomic identity of the guide species
of these oak forests or their ecological, biogeographic, and
syntaxonomic features could assume a discriminating role
in addressing management and conservation policies. It is
not a case that floristic and vegetational gaps of knowledge
and scarce availability of spatial and quantitative data are
considered the main reasons affecting the application of
the criteria adopted for the identification and assessment of
European Habitats (Gigante et al. 2018; Carli et al. 2020).
Due to their particular geographical location, the Euganean
Hills proved to be an important refuge site for both ther-
mophilous and microthermic woody species. In this paper,
we tried to understand whether the peculiar combination
of morphological and bioclimatic factors that characterise



Rendiconti Lincei. Scienze Fisiche e Naturali

the Euganean Hills could have selected possible thermophil-
ous oak ecotypes or something of even more relevance from
a taxonomic point of view. According to Costantini et al.
(2005), the distribution of the deciduous oak forests in the
Euganean Hills provide for Q. petraea woods in the upper
part of the hills on volcanic substrates and Q. pubescens
woods at lower altitudes on limestone outcrops. Both forest
types were reported as including Q. dalechampii, which, in
turn, would act as guide species of a third oak forest type
occurring in an intermediate altitudinal position between
the two aforementioned forest types, especially on acidic
volcanic soils (ARPAV 2013). The aim of this study is to
understand: (1) whether these three types of oak forests are
effectively referable to three different oak species; and (2)
whether these three oak species prove to be distinguishable
from each other on the basis of an unequivocal combinations
of morphological traits.

To reach these goals, different oak populations were
sampled in the Euganean Hills area, and a data set of leaf
and fruit morphological traits was prepared and statistically
analysed. Leaves were also analysed using geometric mor-
phometric methods (GMMs).

2 Study area

The Euganean Hills are a group of low mountains (the high-
est culmination is Monte Venda, 601 m a.s.l.) located in
the Venetian Plain (the eastern part of the Po river Plain)
and isolated from surrounding hilly or mountainous massifs
(Fig. 1). The Quaternary evolution of the Venetian Plain is
strongly related to the response of alluvial systems to climate
and sea-level changes (Fontana et al. 2010). The Euganean
Hills extend for about 187 km? and are characterised by a
mild morphology and heterogeneous lithological substrates
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composed of the alternation of magmatic rocks (mainly
rhyolite and trachyte) and sedimentary rocks, such as red
scale, majolica, and pelithic-areanaceous marls (Pellegrini
et al. 2004). The climate is sub-continental temperate with
a significantly lower incidence of fog and a lower annual
temperature excursion when compared with the surround-
ing Venetian Plain (Masin et al. in press). The Galzignano
Terme thermo-pluviometric station (Online Resource 1)
reported a mean annual temperature of 13.6 °C and an
annual rainfall of 839 mm (it.climate-data.org).

3 Material and methods

In Autumn 2019, 104 deciduous oak individuals were sam-
pled within the Euganean Hills natural oak forest stands
along an altitudinal gradient ranging between 50 and 550 m.
a.s.l. (Table 1). Specimens of three taxonomically critical
species, namely Quercus pubescens, Q. petraea, and pre-
sumed Q. dalechampii (in the rest of the text the term “pre-
sumed” will be omitted and the species will be reported as
Q. dalechampii only) were collected and analysed from a
morphological and morphometric viewpoint. The prelimi-
nary assignment of the collected specimens to one or the
other of these three taxa was based on two criteria: (1) the
expert floristic knowledge in the Euganean Hills area of two
of the authors, and (2) what is currently reported by taxo-
nomic and vegetation science literature on the geographi-
cal and ecological location of Q. dalechampii woods in the
Eugenean Hills (see “Introduction” paragraph). The three
oak species investigated showed a well-defined distribution
pattern linked to lithology, altitude, and exposure. Q. pube-
scens (PUB) was found at a very low altitude on neutral-
alkaline substrates, such as fine grain limestone (Maiolica)
and pinkish marly limestone (scaglia rossa). A second
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Fig. 1 Position of the study area in NE-Italy (left side) and distribution of the sites of collection (right side—white circles) of the three oak spe-

cies investigated: Q. petraea, Q. pubescens, presumed Q. dalechampii
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Table 1 Description of sampled trees and sampling locations

Sampled tree codes Species Location Municipality Altitude (m a.s.l.) Substrate
(Province of Padua)

PUBOI1 to PUB14 Quercus pubescens M. Calbarina Arqua Petrarca 75-90 Limestone marl (majolica)
PUBIS to PUB22 Ca’ Chimelli Baone 75-85 Limestone marl (majolica)
PUB23 to PUB25 Ca’ Chimelli/Comezzare Baone 60 Limestone marl (majolica)
PUB26 to PUB35 Pajone Arqua Petrarca 80-95 Limestone (red scale)
DALOI to DALO4 Quercus dalechampii Colle S. Daniele Abano Terme 50 Rhyolite
DALOS to DALO8 M. Ortone Teolo 80 Rhyolite
DALO09 M. Zogo Torreglia 100 Trachy-Rhyolite
DALI10 to DAL19, M. Alto (Regazzoni) Montegrotto Terme 150-180 Trachy-Rhyolite

DAL22 to DAL25
DAL20, DAL21, DAL26 M. Trevisan Montegrotto Terme 160-175 Rhyolite

to DAL33
PETO1 and PET02 Quercus petraea M. Venda Teolo 500 Rhyolite
PETO03 M. Venda Vo 500 Rhyolite
PETO04 M. Venda Vo 550 Rhyolite
PETO05 Roccapendice Teolo 150 Trachyte
PETO06 to PET36 Laghizzolo Vo 320-355 Rhyolite

group, identifiable as Q. petraea (PET) occurred at the top
of gorges on shallow soils or within the bottom of the valleys
on deeper soils, and developed on volcanic substrates, espe-
cially rhyolite and trachyte. A third group, referable to Q.
dalechampii (DAL), occurred at a lower altitude and devel-
oped on rhyolite and trachyte. The three types of oak forests
were subjected to vegetation sampling to provide an ecologi-
cal and coenological outline for each of the three oak species
investigated. Vegetation samples were performed using the
phytosociological approach (Braun-Blanquet 1964). Both
syntaxonomic classifications of the species and nomencla-
ture of syntaxa in the phytosociological table made reference
to Mucina et al. (2016).

The sampling of individuals for taxonomic purposes was
carried out by maintaining a distance of at least 20 m from
one individual to another. Where possible, individuals were
selected among those bearing fruits. Voucher specimens
were deposited in the herbarium of the University of Molise
(IS) (Thiers 2015).

3.1 Assessment of pubescence

For each individual tree, the degree of pubescence of young
twigs (TP) and leaf buds (BP) was assessed using a grad-
ing system applied on a standard area of 1 mm? (Online
Resource 2). The same grading system (standard area of
1 mm?) was used for micro-morphological analysis of the
eu-glandular trichomes occurring on the lower side of the
leaf, in accordance with the protocol published in Fortini

@ Springer

et al. (2009). Two types of arrangements of eu-glandular
trichomes were established: stellate trichomes (StH) and
fasciculate trichomes (FH) (Online Resource 2).

3.2 Assessment of leaf traits

Nine leaves per individual tree were analysed. These leaves
were scanned by placing the abaxial surface facing upwards
on an Epson GT-15000 scanner (300 dpi resolution). Leaves
were subsequently measured with an ImageJ instrument
(Rasband 1997-2007). In total, 9 leaf traits were assessed,
of which five ‘dimensional’ (petiole length—PL, lamina
length—LL, lobe width—LW, the corresponding sinus
width—SW, and the height of the widest point from the
base of the leaf—WP) and four ‘transformed’ traits (obver-
sity—OB, petiole ratio—PR, lobe depth ratio—LDR, and
lobe width ratio—LWR) sensu Kremer et al. (2002) (Online
Resource 2).

The type of basal shape of the leaf lamina (types ranging
from 1 to 9) was established using Kremer’s index (Kremer
et al. 2002) (Online Resource 3).

3.3 Assessment of fruit traits

A study was performed analysing eleven diagnostic morpho-
logical traits of the fruit (Fortini et al. 2015): four-dimen-
sional traits (cupule length—CL, cupule width—CW, acorn
length—AL, and acorn width—AW), two transformed traits
(CW/CL and CL/AL), and five ordinal traits (regularity of
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cupule edge—RCE, cupule scale shape—SS, gibbosity—G,
cupule intern hairness—CIH, and type of cupule edge—
TCE) (Online Resource 2).

The data sets, organised in five matrices (Table 2), were
then subjected to univariate statistical analysis (normality
tests, Kruskal-Wallis test for independent samples with
Dunn multiple comparisons, and the Bonferroni correction
of the significance level) using XLSTAT 2020.5.1 (Add-
insoft 2020) and multivariate (clustering and ordination)
statistical analysis using PAST 4.04 (Hammer et al. 2001).
Three groups of individuals belonging to the three oak spe-
cies investigated and related to the three different environ-
mental conditions characterizing these species were super-
imposed in both classification and ordination diagrams and
marked with different colours: Quercus petraea (blue), Q.
pubescens (green), and Q. dalechampii (red).

3.4 Leaf geometric morphometric analysis

The leaf shape of the entire dataset (936 leaves) was ana-
lysed using geometric morphometrics (GMMs) analysis
of landmarks (Klingenberg et al. 2012; Silva et al. 2012)
and following three main steps: (1) scanning of leaves;
(2) acquiring a 2D landmarks configuration using tpsDig2
2.31(Rohlf 2015); and (3) statistical analyses. Thirteen land-
marks were selected to capture the main features of the leaf
shape (Fig. 2). Landmarks 1-3 were ‘unpaired landmarks’
and were located on the middle axis of the leaf; landmarks
4-13 were ‘paired’ landmarks and occurred on both sides
of the leaf (Savriama and Klingenberg 2011). The TPS file
was converted to an NTS file through tpsUtil 1.78 software
(Rohlf 2019).

Statistical analyses were carried out using Morphol soft-
ware (Klingenberg 2011) (Table 3). The matrix of the raw

Table 2 Description of the morphological data matrices and related analyses

Matrix Dimensions

Univariate statistical analysis

Clustering options Ordination

Leaves 104 trees X9 continuous variables Normality tests

Trichomes 104 trees X 4 ordinal variables Kruskal-Wallis test

Dunn multiple comparison with the

Gower distance (usable for con- PCA with correlation
tinuous and ordinal data) and

UPGMA

None

Fruits 68 trees X 11 variables (6 continu- . . PCA with correlation
. . Bonferroni correction 100 bootstrap
ous and 5 ordinal variables)
All 68 trees X 24 variables (15 con- PCA with correlation
tinuous and 9 ordinal variables)
Fig.2 Configuration of the 13 L. .
leaf blade landmarks under an LM1 Beginning of the petiole.
abaxial view LM2 Petiole-leaf blade junction.
LM3 Apex of the leaf blade.
LM4, LM9 Base of the sinus immediately above the
apex of the leaf blade.
LMS, LM10 Tip of the lobe immediately above the apex
of the leaf blade.
LM6, LM11 Tip of the first basal lobe, starting from the
petiole.
LM7, LM12 Base of the sinus immediately above the
lobes of the landmarks 8 and 13, respectively.
LMS8, LM13 Tip of the lobe at the largest width of the leaf

blade.

Table 3 Description of the morphometric data matrices and related analyses

Matrix Dimensions Analysis

Raw coordinates—RCM 936 leaves X 26 New procrustes fit Outlier analysis Covariance matrices PCA
coordinate

Consensus coordinates—CCM 27 consensus New procrustes fit Outlier analysis Covariance matrices PCA

leaves X 26 coor-
dinates

@ Springer
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coordinates of the landmarks (RM) (936 leaves X 26 coor-
dinates) was imported and a ‘New Procrustes Fit” was per-
formed to separate the variation into symmetric and asym-
metric components of aligned configurations to reduce the
variation caused by developmental noise and instability
(Viscosi 2015). Outliers identified in preliminary opera-
tions were subsequently excluded from further analyses.
Covariance matrices were generated and subjected to PCA.
Furthermore, to reduce the effect of the leaf size, a second
matrix called consensus (or average) configuration matrix
(CCM) was computed for each of the three groups using the
nine leaves of each tree in order of decreasing relative size
(evaluated on the dimension of lamina length—LL). A 27
(consensus leaves) X 26 (coordinates) matrix was created and
all analyses reiterated (Table 3).

4 Results
4.1 Vegetation
4.1.1 Coenological and phytosociological features

Based on the Euroveg checklist (Mucina et al. 2016), the
woods dominated by the three species investigated were
sorted into three classes: Quercetea robori-petraeae,
Quercetea pubescentis, and Carpino-Fagetea. Due to the
low altitude development of the Euganean Hills, the woods
of the three oak species investigated in this study were dis-
tributed in close spatial contact with each other; therefore,
their floristic composition showed important admixtures.
Generally, in all three types of forest, the occurrence of
other woody species, such as Fraxinus ornus, Acer camp-
estre, Sorbus torminalis, and Mespilus germanica, was
observed. According to Buffa and Lasen (2010), most of the
woods dominated by Q. petraea occurring in the Euganean
Hills should be included in the association Melampyro-
Quercetum petraeae (Online Resource 4 columns 1-5).
This association was already reported by Tasinazzo and
Fiorentin (2000) for the Berici Hills (another group of low
hills located north of the Euganean Hills and in direct con-
tact with the Venetian pre-Alps) and included in the order
Quercetalia roboris. The Euganean Hills Quercus petraea
woods exhibits a more mesophilous character when com-
pared with the woods of Q. dalechampii and Q. pubescens,
which is testified by the occurrence of microthermic species,
such as Fagus sylvatica, Acer pseudoplatanus, Epimedium
alpinum, and Polygonatum multiflorum. Moreover, they
exhibit a typical acidophilic character, testified by the co-
dominance in the upper tree layer of Castanea sativa and the
occurrence in the undergrowth of Calluno-Ulicetea species,
such as Pteridium aquilinum, Vaccinium myrtillus, Festuca
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heterophylla, Carex pallescens, and C. pilulifera. In addi-
tion, we identified some Q. petraea wood stands belonging
to the alliance Erythronio-Carpinion (Online Resource 4
col. 1-5), which are developed at the bottom of the valleys
and characterised by an herb layer, dominated by species
such as Anemonoides nemorosa, A. ranunculoides, Stellaria
holosteum, and Erythronium dens-canis. The woods domi-
nated by Quercus pubescens (Online Resource 4 col. 13-17)
and those dominated by Q. dalechampii (Online Resource 4
rel. 6-12) are significantly more thermophilous than the Q.
petraea ones, as testified by the occurrence of species typi-
cal of the evergreen sclerophyllous Mediterranean maquis,
such as Arbutus unedo, Cistus salvifolius, and Erica arbo-
rea. Moreover, they are characterised by a richer shrub layer
(Ligustrum vulgare, Crataegus monogyna, Lonicera caprifo-
lium, and Cornus mas). Compared to the Q. petraea woods,
the Q. dalechampii ones exhibit a slightly less marked aci-
dophilic character, testified by the occurrence of Genista
germanica, Cytisus nigricans, and Hieracium racemosus,
and a more thermophilous character, which suggests that it
should be classified in the alliance Physospermo-Quercion
petraeae (Quercetalia pubescenti-petraeae). The Q. pube-
scens woods were developed on limestone substrates and,
therefore, exhibit a basiphilous character expressed by
Ostrya carpinifolia in the upper tree layer and by Cotinus
coggygria, Asparagus acutifolius, and Emerus majus in the
shrub layer. This led us to provisionally classify them in the
alliance Orno-Ostryon (Quercetalia pubescenti-petraeae).

4.2 Taxonomy
4.2.1 Univariate analysis

The Kruskal-Wallis test (Online Resources 5, 6, 7) showed
differences that were not significant when comparing the Q.
petraea (PET) and the Q. dalechampii groups (DAL), and
significant when comparing both these two groups with the
Q. pubescens group (PUB). These differences regarded the
following traits: pubescence (degree of pubescence of leaf,
twig and bud; eu-glandular trichome type of the leaf), fruit
(morphological traits of acorn and cupule), and leaf (mor-
phological traits).

4.2.2 Multivariate analysis

4.2.2.1 (pubescence) Cluster analysis showed two well-
identifiable groups (A, and B). Group A, was composed
of all Q. pubescens individuals, with the addition of one
individual belonging to the Q. dalechampii group (DAL17).
Group B, was composed of all Q. petraea individuals
together with the remaining Q. dalechampii individuals
(Fig. 3).
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In the PCA concerning the fruit traits (Fig. 5), the two
main principal components accounted for 47.14% (compo-
nent 1) and 18.83% (component 2) of the total variance. The
PCA output confirmed the results of the dendrogram, dis-
playing a clear division into two groups, where Q pubescens
was separated from Q petraea and Q. dalechampii. The most
discriminant traits identified along component 1 were the
pyriform cupule scale shape and the values of cupule and
acorn width, which were larger for Q. petraea and Q dale-
champii individuals, while the presence of gibbosity and the
type of cupule edge with scales slightly protruding were the
discriminant traits for the Q. pubescens individuals.

4.2.2.3 (leaf traits) The cluster analysis based on the leaf
traits showed one outlier (Q. petraea PET14) and two prin-
cipal groups (A; and B;). Group A; was mainly composed
of Q. pubescens individuals together with three Q. petraea
individuals, PET02, PET25, and PET27, and three Q. dale-
champii individuals (DAL10, DAL22, and DAL2S). Group
B, was composed of the majority of Q. petraea and Q.
dalechampii individuals and four Q. pubescens individuals
(PUBOS, PUB10, PUB11, and PUB12) (Fig. 6).

In the PCA based on the leaf traits (Fig. 7), the two main
principal components accounted for 50.33% (component 1)
and 15.50% (component 2) of the total variance. A continu-
ous pattern of distribution of the individuals was identified
along PCA component 1. However, the individuals of Q.
pubescens were distributed on the left side of the diagram,
whereas the central and right parts of the diagram were
occupied by Q. petraea and Q. dalechampii individuals.
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Only a limited overlap was evidenced between the Q. pube-
scens and the Q. petraea—Q. dalechampii groups, whereas
an almost complete overlap was displayed between the Q.
petraea and Q. dalechampii groups. Although there was par-
tial isolation of the Q. pubescens group of individuals on the
left side of the diagram, no specific leaf traits were involved
in the separation between this group and the Q. petraea—Q.
dalechampii group. The distribution of individuals along
PCA component 2 was characterised by a large overlap of
the three identified groups.

In the pie charts, scoring on the shape of the basal part
of the leaf from the three groups of individuals (Q. petraea,
Q. pubescens, and Q. dalechampii) displayed the absence
of a correspondence between Quercus species and a single
type of basal part of the leaf shape. Each of the three species
exhibited up to six shapes of the basal part of the leaf, and
these six shapes were shared (in different percentages) by all
the species (Online Resource 8).

4.2.3 Leaf geometric morphometrics results

Preliminary analyses showed an outlier (leaf PET07), which
was removed from subsequent analyses. The scatterplot of
the PCA computed on the symmetric components of the
raw matrix (RCM) showed a significant overlap between
the leaves of the three groups (Q. petraea, Q. pubescens,
and Q. dalechampii). Conversely, the scatterplot of the PCA
computed on the symmetric component of CCM exhibited a
sufficiently clear discrimination of the three groups along the
first axis, explaining 57.5% of the total symmetric variation,
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Fig.6 Clustering of the 104 trees using the nine variables of leaves. Gower distance
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champii (red dot)

whereas no evident discrimination was observable along
the second axis (explaining 21.5%) (Fig. 8). Wireframe dia-
grams were produced to graphically display the changes in
leaf shape associated with the two main axes. The change in
shape was observable by the difference between the starting

shape (the average shape deriving from CCM coloured in
light blue) and the target shapes (coloured in blue), namely
the leaf shapes reflecting the negative (—shape) and positive
(+ shape) extremes of the PC1 and PC2 axes.
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Fig.8 PCA scatterplot of the first two principal components (PCs)
calculated on the symmetric component of the consensus configura-
tion matrix CCM (n=27). Ellipses represent the 90% confidence
interval for equal frequency of the three groups. Extreme leaf shapes

Passing from the negative extreme (scale factor: — 0.05)
to the positive extreme (scale factor of +0.05) in PC1, leaf
shape changes showed: shortening of the petiole (distance
between LM1 and LM?2), narrowing of the leaf in the basal
region (distance between LM6 and LM11) and approaching
of basal lobes to the leaf central rib, narrowing of the leaf
in the central region (distance between LM7 and LM12),
widening of the leaf in the apical region (distance between
LMS and LM13), and flattening of the apex of the leaf blade
(LM3).

In contrast, PC2 was mainly related to the locations of the
tips of the lobes (LM5 and LM10) occurring immediately
below the apex of the leaf blade and their sinuses (LM4 and
LM9). Passing from the negative (scale factor: -0.04) to the
positive (scale factor of +-0.03) extremes, changes of the leaf
shape showed: shortening of the distance between LM5 and
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along PCs are showed through wireframe graphs: starting (aver-
age) shape in light blue and target shape in dark blue (scale factor of
— 0.05 and +0.05 and in PC2 of — 0.04 and +0.03). Leaf samples are
shown only for PC1

LMI10 and between LM4 and LM9 and their upward shift
and approaching the central rib.

5 Discussion

Discrimination at the specific level of species, microspecies,
and crypto species of white oaks belonging to the collective
groups of Quercus pubescens and Q. petraea and the selec-
tion of their diagnostic morphological traits is one of the
highest goals for many European taxonomists involved in
scientific studies on oaks (even in those not strictly related to
taxonomy). Considering both the collective groups, Quercus
dalechampii acts as a point of cohesion and at the same
time of breaking. The identity of Q. dalechampii is a still
unsolved systematic issue. Moreover, the nomenclatural
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position and classification of Q. dalechampii in terms of
collective group was substantially clarified by Di Pietro et al.
(2012) with its placement among the pubescent oaks. Taking
note of this classification, however, several authors, espe-
cially from Eastern Europe, attributed other names to that
particular form of sessile oak, which they formerly called
Q. dalechampii (e.g., Q. banatus Kucera, Q. petraea subsp.
polycarpa Shur), confirming its taxonomic separation from
Quercus petraea s.s (Von Raab-Straube and Raus 2013;
Kucera 2018). In southern Italy, where the locus classicus of
this species is found, a different revisionist path has recently
been undertaken, aimed at associating oak living populations
or eventually single oak specimens to the name Q. dale-
champii in such a way as to confirm what was reported.
Unfortunately, Michele Tenore was not always clear in his
botanical accounts (see Camus 1938-1939; Schwarz 1993;
Di Pietro et al. 2012) published in the early decades of the
nineteenth century in the Kingdom of Naples when he pro-
posed Q. dalechampii as a new species (Tenore 1830, 1831,
1835-1836). To reach this goal, several mixed oak woods of
southern Italy, where the abundance of Q. dalechampii was
certified by published phytosociological papers, were inves-
tigated from both a morphological and genetic point of view.
These studies involved collecting a high number of popula-
tions per sampled area and a high number of individuals per
population (Di Pietro et al. 2016, 2020a, b, c¢). If one of the
goals was to identify what could be associated as the ‘real’
Q. dalechampii (and possibly also the other ‘real’ pubescent
oak species having their locus classicus in southern Italy)
within the geographical range for which this (these) spe-
cies was (were) originally described, the expectations were
disappointed. Neither Q. dalechampii nor the other species
(e.g., Q. virgiliana Ten., Q. amplifolia Guss., Q. leptobalana
Guss., and Q. congesta Presl) showed levels of morphologi-
cal or genetic diversity that could be distinguished as auton-
omous species within the collective group of Q. pubescens.
In contrast to southern Italy, Q. dalechampii was reported
in the Euganean Hills floristic literature as belonging to the
collective group of Q. petraea rather than Q. pubescens. The
geographical isolation of the Euganean Hills in the Po Valley
and their ability to host relics of Mediterranean flora could
have led to the differentiation and subsequent establishment
of a thermophilous ecotype within the Q. petraea group,
as indeed demonstrated by the phytosociological samples
of the Q. dalechampii woods, which proved to be richer in
Mediterranean species. Finally, as a result of the simultane-
ous occurrence of Q. petraea and Q. pubescens in an isolated
site, which probably continuously hosted thermophilous
oak forest populations during the Quaternary cold periods,
the Euganean Q. dalechampii could turn out to be a hybrid
between the two aforementioned parental species.
Accordingly, we made a preliminary study aimed to
outline possible ecological differences between the three

species investigated in terms of forest community. This
study showed that the woods dominated by Q. dalechampii
slightly differed from those dominated by Q. petraea in
being slightly less acidophilic and more thermophilous, sug-
gesting that they might belong to Quercetalia pubescenti-
petraeae instead of Quercetalia roboris. Although thermo-
philous, Q. dalechampii woods differ from Q. pubescens
woods (also thermophilous) in that they are developed on
acidic substrates.

Subsequently, based on data modelling of morphologi-
cal traits, we identified possible differentiations between
populations belonging to the collective groups of Q. pube-
scens and Q. petraea. In particular, this study addressed the
significance of morphological assignment by means of uni-
variate and multivariate statistical analysis of macro- and
micro-morphological traits on a data set of more than 100
individuals. Moreover, the GMMs approach was applied.

If the above hypotheses were correct, our morphological
analyses should have shown us the occurrence of three mor-
photypes. Instead, what emerged by the univariate analyses
of unmeasurable characteristics and the multivariate analysis
performed on the leaf and fruit morphological traits was the
distribution of individuals within only two groups. One of
these two groups turned out to be composed almost exclu-
sively of the individuals of Q. pubescens, whereas the other
group was found to comprise both the individuals of Q. pet-
raea and those of Q. dalechampii. The two groups were not
totally exclusive, i.e., that in each of the analyses carried out,
we always found one or two individuals of Q. pubescens that
crossed over into the Q. dalechampii—Q petraea group and
vice versa. This could indicate the occurrence of individu-
als carrying intermediate morphological traits classifiable
as hybrids. This hypothesis, however, would seem not to be
supported by the evidence that the individuals who cross
over, in both directions, were found to be not the same indi-
viduals passing over from one type of analysis to another.
For example, individuals of Q. pubescens who segregated in
the Q dalechampii-Q petraea group were PUB08, PUB10,
PUBI11, and PUB12 when considering the cluster analy-
sis based on the leaf traits (Fig. 6), PUB 30, PUB33, and
PUB34 when considering the one based on fruit characteris-
tics (Fig. 4), and PUB13 when considering that based on the
type of pubescence of leaves and twigs (Fig. 3). Conversely,
individuals of the Q dalechampii-Q petraea group who seg-
regated in the Q. pubescens group were DAL10, DALI1,
DAL22, and DAL25 when considering the cluster analysis
based on the leaf traits (Fig. 6), no individuals when consid-
ering the one based on the fruit traits (Fig. 4), and DAL10,
DAL17, DAL26, PET02, PET14, PET25, and PET27 when
considering that based on the type of pubescence of leaves
and twigs (Fig. 3). In general, the group of Q. pubescens
acts as a morphologically more homogeneous group than
the group Q. dalechampii—Q. petraea. For example, in the
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PCA based on the morphological traits of the fruit (Fig. 5),
the individuals of Q. pubescens formed an isolated group on
the left side of the diagram, where instead the individuals
of Q. dalechampii and Q. petraea showed an almost total
overlap. Similarly, there was an overlap in the PCA based on
the morphological traits of the leaves, although in this case,
the degree of overlap was higher and partially involved the
Q. pubescens group. The greater morphological uniformity
of Q. pubescens represents an interesting novelty in the con-
text of Italian deciduous oaks. Moreover, it is apparently in
contrast with what was observed in the deciduous mixed oak
populations of the central and southern Apennines where it
was instead Q. pubescens that always showed the greatest
morphological and genetic variability (Fortini et al. 2015;
Guarino et al. 2015; Pasta et al. 2016). As far as the diag-
nostic role of single morphological traits is concerned, we
have been unable to select any trait that is able to distinguish
Q. dalechampii from Q. petraea. Almost all morphological
traits of leaves, fruits, and type of pubescence, both dimen-
sional and dimensionless, showed statistically significant
differences when comparisons were made between Q. pet-
raea and Q. pubescens or Q. dalechampii and Q. pubescens.
Furthermore, differences were non-existent, or in any case
statistically not significant when the comparison was made
between Q. dalechampii and Q. petraea (Online Resources
5,6, 7). Only in a very few cases were significant differences
not expressed between the joined group Q. petraea—Q. dale-
champii and Q. pubescens, but they were expressed by Q.
petraea or Q. dalechampii only. Even the observation of the
bark features did not show substantial differences when com-
paring the individuals of Q. petraea and those of Q. dale-
champii, while the differences were greater when comparing
these two species with Q. pubescens (Online Resources 9,
10, 11). These results seem not to confirm the presence of
a third species (in this case Q. dalechampii) in the study
area to be added to the already known Q. pubescens and Q.
petraea.

The occurrence of the two groups was also detectable
using a ‘size-free’ geometric morphometrics approach,
which has already proved to be a usable tool for the dis-
crimination of the main white oaks in the Apennines (Vis-
cosi et al. 2009a, b, 2012; Viscosi and Fortini 2011). The
leaves of Q. pubescens were grouped on the right side of the
ordination diagram (Fig. 8) and exhibited a lower degree of
variability compared to the groups of Q. dalechampii and
Q. petraea. The latter also showed a significant overlap. The
progressive change in leaf shape passing from the group of
Q. petraea to that of Q. pubescens was observed along com-
ponent 1 (Fig. 8) and can be summarised as the tendency to
pass from an oval to a more obverse shape outline, the flat-
tening and widening of the leaf apex, and the slight shorten-
ing of the petiole. These results agree with what was already
known about the differential leaf traits between Q. petraea
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and Q. pubescens, as expressed in the main European flora
and illustrated tree guides. However, it emerged that the
shape of the base of the leaf, a characteristic generally con-
sidered as bearing high diagnostic power to distinguish Q.
petraea from the other European white oaks, showed great
variability (Online Resource 8). Of the nine types of leaf
bases proposed in Kremer et al. (2002), we recognised six,
and all were found in the three populations investigated. This
evidence confirms how the great variability of leaf traits
within Q. petraea—Q. pubescens may represent a great
source of uncertainty and misinterpretations in the identifi-
cation and subsequent classification stage. In the taxonomic
literature on Italian oaks, the problems linked to great leaf
variability have been most often associated with the Q.
pubescens collective group (Bruschi et al. 2000; Borazan
and Babac 2003; Fortini et al. 2013, 2015). Instead, it was
evident that these problems of identification are extended to
Q. petraea. It is likely that Camus (1938-1939), when she
was about to describe as many as 15 different varieties of
Q. petraea based on the variability of the leaf shape (which
would have risen to 21 when considering the variability of
the fruit), was simply noting the great difficulty of associat-
ing this species to a univocal leaf pattern.

Regarding the separation between the two collective
groups of Q. pubescens and Q. petraea, the characteristics
linked to the type of trichomes occurring on buds, twigs,
and leaves were more diagnostic, not only for quick identi-
fication and a broad classification of individuals but also to
hypothesise the presence of hybrids. Eu-glandular trichomes
proved to be diagnostic in distinguishing between different
oak species, as well as were extremely uniform within spe-
cies. In particular, the abaxial leaf surface of Q. petraea was
characterised by stellate trichomes, whereas that of Q. pube-
scens by simple and fasciculate trichomes (Fig. 9) (Hardin

Fig.9 Examples of fasciculate trichome type (Q. pubescens—
PUB32) (A) stellate trichome type (Q. petraca—PET21) (B). Abaxial
leaf surface. X 35 magnification
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1979; Bussotti and Grossoni 1997; Tschan and Denk 2012;
Fortini et al. 2009, 2013). From the study of the type of
pubescence performed on the entire dataset (104 individu-
als), five individuals (PUB13, DAL11, DAL15, DAL17, and
DAL25) displayed the simultaneous occurrence of glabrous
twigs and fasciculate trichomes on the abaxial leaf surface,
sometimes mixed with stellate ones. For these individuals,
a hybrid origin could be hypothesised, which should be
verified through a genetic study of these populations. This
datum, although provisional, is nevertheless interesting,
because it allows two types of considerations. The first one
concerns the fact that four of five of the possible hybrids
would belong to Q. dalechampii, thus justifying, at least in
part, repeatedly mentioned hypothesis of the occurrence of
a presumed third deciduous oak species in the Euganean
Hills area (obviously not considering the well-identifiable
Q. robur occurring in the alluvial plains). The second con-
sideration concerns the evidence that a coexistence in situa-
tions of close sympatry (probably never interrupted even in
the coldest periods of the Quaternary) of two closely related
and potentially interfertile white oak species (Q. pubescens
and Q. petraea) has given rise to a very limited number
of individuals that could be interpreted as hybrids. This
would confirm the theory that hypothesises the occurrence
of inhibitory mechanisms (Lepais et al. 2009, 2013; Abadie
et al. 2012) that allow species to maintain a sufficient degree
of autonomy between different European white oak species,
despite the lack of full reproductive barriers between them
as evidenced in many papers (Curtu et al. 2007; Lepais et al.
2009; Salvini et al. 2009; Gerber et al. 2014; Antonecchia
et al. 2015). Difficulty in producing hybridisation and phe-
notypic diversification between Q. petraea and Q. pubescens
could be related to the fact that the Euganean Hills act as
an archipelago whose woods are isolated many kilometres
from similar oak woods and increased by the divergence in
flowering time (Salvini et al. 2009; Dupouey and Badeau
1993) and ecological requirements.

6 Conclusions

This work investigated the populations of deciduous oaks
of the Euganean Hills from a morphological and ecological
point of view. In this area, the occurrence of a third decidu-
ous oak species, namely Quercus dalechampii, was reported
alongside Q. petraea and Q. pubescens. To evaluate the pos-
sible autonomy of Q. dalechampii, a high number of indi-
viduals from the populations of the three aforementioned
species were analysed from the micro- and macro-morpho-
logical point of view, as well as through the geometric mor-
phometric approach. The results of this research clarified
some outstanding points. In particular, it was confirmed that
the entity reported in the botanical literature of the Euganean

Hills as Q. dalechampii belongs to the Q. petraea group.
For this reason, the name of this presumed taxon cannot in
any way be Q. dalechampii, as the latter was definitively
assigned by Di Pietro et al. (2012) to the downy oaks (Q.
pubescens collective group). All observations and statistical
analyses carried out in this paper, from the morphological
ones to those of geometric morphometry, showed that the
oak individuals were classified within two main groups and
that there were no particular reasons for not considering
these taxa as falling within the natural morphological varia-
bility of Q. petraea and Q. pubescens. Almost all individuals
classified a priori as Q. dalechampii showed morphological
features not sufficiently distinct from those of Q. petraea.
For this reason, the presence of a second taxon belonging
to the group of Q. petraea in the Euganean Hills area did
not find confirmation in this study. Instead, the occurrence
of a population belonging to the Q. petraea group showing
ecological features that are more thermophilous than those
usually showed by Q. petraea was confirmed. The type of
pubescence occurring on the abaxial leaf surface and twigs
was confirmed as the most discriminating characteristic in
the identification of the different species belonging to the
European white oaks. Precisely, based on the study of the
trichomes, we highlighted some (few) individuals character-
ised by a type of pubescence intermediate between that of Q.
pubescens and Q. petraea that could prove to be of hybrid
origin. Genetic studies in progress, which examine a much
larger area, will provide a certain answer on this question
and will perhaps succeed in highlighting possible phylogeo-
graphic links between the deciduous oak populations of the
Euganean Hills and those of the surrounding areas.
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