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Abstract
Key message Leaf shape in European beech provenances varies geographically, with narrower and longer lamina 
observed in southern provenances, indicating a direct selection favoring leaf shape that likely safeguards trees per-
formances under less favorable growing conditions.
Abstract Spatial and environmental patterns of European beech (Fagus sylvatica L.) leaf size and shape variations were 
studied using landmark-based geometric morphometrics. The study involved eight provenances originating from three 
biogeographic regions (i.e., Alpine, Continental, and Pannonian), spanning across six European countries (Bosnia and 
Herzegovina, Croatia, Germany, Hungary, Romania and Serbia). All specimens were cultivated in a common garden experi-
ment. The symmetric component of leaf shape variation was analyzed by Procrustes ANOVA and multi‐variate analyses 
[principal component analysis and canonical variate analysis (CVA)], whereas MANOVA was used to examine asymmetry. 
Partial least square (PLS) analysis was used to assess the covariation between leaf shape and size, and geographical posi-
tion and environmental variables at the sites of provenance origin, respectively. A highly observed phenotypic variation for 
the shape and size of leaf both within and among provenances, indicates a strong local adaptation of provenances within 
the species natural range. CVA revealed the existence of two clusters of provenances based on the leaf shape, i.e., the first 
group included provenances originating from Balkan Peninsula and Central Europe, while the second group consisted of 
two Romanian provenances and the northernmost provenance from Germany. Likewise, PLS evidenced that leaf shape was 
spatially structured along latitudinal (− 0.64) and longitudinal (0.60) gradients, with southern provenances having longer 
and narrower (ovate) lamina compared to the northern ones. In contrast, no correlation was found between centroid size 
and spatial and environmental variables. Results suggest the presence of direct selection favoring a leaf shape that likely 
safeguards trees from heat and water loses under less favorable growing conditions.
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Introduction

The European beech (Fagus sylvatica L.) is one of 
the major broadleaved tree species in Europe, cover-
ing approximately 14 million hectares of forested land 
(Gavranović et al. 2018). According to its wide ecologi-
cal amplitude, beech successfully adapted to divergent 
selective pressures, which, in turn, favored selection of 
ecotypes capable to survive and reproduce across a range 
of environmental conditions (Wortemann et al. 2011; Funk 
et al. 2017). As a consequence of evolutionary adaptation, 
an intraspecific phenotypic traits variation has occurred 
in different provenances, having a central role in shaping 
plant functioning (Hajek et al. 2016; Kurjak et al. 2019). 
Hence, great attention has been paid to the natural vari-
ations in plant phenotypic traits and their ecological and 
evolutionary relevance (Wellstein et al. 2013; Adler et al. 
2014; Duruflé et al. 2019).

Leaves are trees’ primary interface with the atmosphere 
and affect a range of ecological processes (Bussotti and 
Pollastrini 2015). As the result of local adaptations, trees 
have evolved various physiological and morphological 
adaptation mechanisms, primarily related to light intercep-
tion and radiative exchange (Scartazza et al. 2016; Pšidová 
et al. 2018), as well as temperature regulation and heat dis-
sipation (Tognetti et al. 1995; Guerin et al. 2012; Albrecht 
et al. 2020). For example, Robson et al. (2012) reported 
that beech provenances originating from southern Europe 
exhibited higher carbon assimilation rate under drought 
conditions in comparison to provenances from central and 
northern parts, which showed severely reduced photosyn-
thetic capacity. In addition, leaf morphology has been 
recognized as one of the key components of plant species 
adaptation to environmental conditions, influencing plant 
growth and productivity (Wang and Zhang 2012; Ren et al. 
2020). Several studies have shown that spatial variation of 
leaf traits, including leaf size and shape are significantly 
related to climate (Peppe et al. 2011; Miljković et al. 2019; 
Jahdi et al. 2020), suggesting strong local adaptation.

Provenance trials may provide useful information about 
stress tolerance and adaptation potentials of tree species to 
variation in climate (Pauls et al. 2013), thereby presenting 
a valuable decision tool in the programs aimed at conser-
vation of genetic resources, species genetic improvement 
and selection of suitable reproductive material. Indeed, 
a number of researchers reported that different European 
beech provenances have shown variable performances 
when subjected to stress factors in manipulative experi-
ments, such as water shortage (e.g., Thiel et al. 2014; 
Cocozza et al. 2016), freezing temperature (e.g., Borghetti 
et al. 1993), or drought stress at different irradiances (e.g., 
Tognetti et al. 1994; Wang et al. 2021).

Although the variability of leaf morphology has been 
extensively studied in European beech (Šijačić-Nikolić 
et al. 2013; Uhl, 2014; Stojnić et al. 2016; Kempf et al. 
2018), to the best of our knowledge, this paper is the first 
to study beech provenances leaf form (i.e., size and shape) 
using geometric morphometric (GM) methods. Namely, 
previous studies have relied on standard (so called “tra-
ditional”) linear measurements of leaf character lengths, 
widths and ratios, thus containing limited information 
about the geometry of the object (Breno et  al. 2011). 
Another disadvantage of “traditional” morphometrics 
lies in the fact that although measured traits are consid-
ered independent of each other, certain measurements fre-
quently originate from a single point, thus showing multi 
co-linearity (Zelditch et  al. 2004; Cooke and Terhune 
2015). Finally, the influence of leaf size on the studied 
attributes, makes it difficult to distinguish environmen-
tal effects from genotypic differences, especially in the 
case of in situ populations. For these reasons, a number 
of authors believe that “traditional” measurements do not 
provide enough power to discriminate closely related enti-
ties (Maderbacher et al. 2008; Abdel-Rahman et al. 2009; 
Schmieder et al. 2015). In contrast to linear measurements, 
GM uses the landmark configuration to describe and visu-
alize the shape of the object, while retaining its original 
geometry (Watanabe 2018). Landmarks have been seen 
as anatomically recognizable loci which are the same for 
all specimens in the study (Zelditch et al. 2004). In gen-
eral, three main types of landmarks have been recognized 
depending on whether they clearly define the biologi-
cal structure (Type I), describe maxima (or minima) of 
curvature (Type II) or correspond to the geometric con-
structions (e.g., endpoints of the longest diameter) and 
the point furthest away from another landmark (Type III) 
(see Savriama 2018; Palci and Lee 2019). On the other 
side, semi-landmarks represent the points arrayed along an 
outline with the aim to capture the information on geom-
etry of curves and surfaces (Bookstein 1997). Thus, using 
sliding semi-landmarks enables quantification of curved 
outlines, enhancing overall estimation of organism shape 
(Gunz and Mitteroecker 2013). For example, combining 
landmark and semi-landmark configurations, Stefanović 
et al. (2017) investigated differences among Taxus bac-
cata L. populations concerning the shape of needles, and 
presence of sexual dimorphism in each of them. Lastly, as 
the object shape, which is defined by landmark configura-
tion, is “size-free”, leaf size and shape variations can be 
analyzed separately, as well as the factors influencing this 
variation along environmental or spatial gradients (Maestri 
et al. 2018). Therefore, GM appeared highly effective in 
analyzing intra- and interspecific leaf shape variability and 
discrimination of tree species and populations (Viscosi 
et al. 2009; Viscosi 2015; Miljković and Čortan 2020), 
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as well as in evaluation of subtle shape changes on the 
intraspecific level influenced by environmental factors 
(Kubínová et al. 2018).

The GM techniques have been used to assess the pat-
terns of leaf size and shape variations in eight European 
beech provenances occurring across different biogeographic 
regions, as well as to evaluate the association between the 
pattern of leaf size and shape variation and a set of spatial 
and environmental variables. It was specifically hypothe-
sized that: (1) significant differences in leaf shape and size 
will be observed both at intra- and inter-provenance levels, 
supporting previous findings reporting a high genetic vari-
ability in European beech provenances (Stojnić et al. 2015; 
Müller et al. 2018; Vastag et al. 2019), (2) morphological 
adjustments in leaf shape and size will occur along spatial 
and environmental gradient as a result of provenances local 
adaptation to different selective pressures.

Materials and methods

Experimental setup and European beech 
provenances

European beech provenance trial in Croatia was established 
in 2007 at the Medvednica Mountain (N 45° 52′, E 15° 55′; 
450 m a.s.l.), as the part of pan-European network of beech 
provenances trials that are founded in the framework of the 
COST Action E52—Evaluation of the Genetic Resources 
of Beech for Sustainable Forestry. The climate of the Med-
vednica Mountain is temperate continental. Mean annual 
temperature is approximately 8.9 °C, while total annual pre-
cipitation amounts to 1100 mm. The active growth period 
(April–September), has a mean air temperature of 14.8 °C, 
and a precipitation amount of 615 mm.

The provenance trial was established of 2- and 3-year-
old seedlings produced in the nursery of Thünen-Institute 

for Forest Genetics (Grosshansdorf, Germany), distributed 
to several project partner institutions. The experiment is 
arranged in a randomized complete block design, with 
three replications. Each block consists of 50 seedlings 
planted in 1 × 2 m spacing. To avoid edge effects, two bor-
der rows with local provenances were planted around the 
trial (Bogunović et al. 2020).

The study involved eight provenances from six Euro-
pean countries (Bosnia and Herzegovina, Croatia, Ger-
many, Hungary, Romania and Serbia), with distribution 
in the Alpine, Continental, and Pannonian biogeographic 
regions (Table  1). The provenances were selected to 
cover a gradient of climate and environmental conditions 
from the northern region of the beech distribution range 
(i.e., North Germany), across its central parts (i.e., Cen-
tral Europe) to the Balkan Peninsula and Romania at the 
south-eastern region of the species natural area (Fig. 1). 
The information about climate at the sites of provenances 
origin and the trial locality were obtained from WorldClim 
2 database for the period between 1970 and 2000 (Fick and 
Hijmans 2017), whereas altitudes were derived from Shut-
tle Radar Topography Mission (SRTM) digital elevation 
dataset (Van Zyl 2001).

To evaluate suitability of provenances origin and prov-
enance trial sites for beech production, the Forest Aridity 
Index (FAI) was calculated according to the formulae:

where TVII and TVIII represent mean temperature in July and 
August, respectively, and PV, PVI, PVII and PVIII the sum of 
precipitation for May, June, July and August, respectively 
(Gavrilov et al. 2019). The FAI was also used to examine the 
covariation between leaf size and shape and environmental 
conditions of the provenance’s origins.

FAI = 100 ×
TVII−VIII

(PV−VII + PVII−VIII)
,

Table 1  General information 
about European beech 
provenances and the trial site 
Medvednica (ME)

Alt altitude (m a.s.l.), Lat latitude (N), Long longitude (E), Tann mean annual temperature (°C), Pann annual 
sum of precipitation (mm), FAI forest aridity index

ID Provenance Country Alt Lat Long Tann Pann FAI

HR25 Vrani Kamen Croatia 432 45° 37′ 17° 19′ 10.1 911 4.4
BA30 Tajan Bosnia and 

Herzegovina
706 44° 23′ 18° 03′ 9.3 921 4.3

HU42 Valkonya Hungary 217 46° 30′ 16° 45′ 9.8 773 4.6
DE48 Höllerbach Germany 597 49° 01′ 13° 14′ 6.7 1028 3.1
DE49 Hasbruch Germany 20 53° 08′ 08° 26′ 8.9 711 5.0
RO63 Alesd Romania 244 47° 11′ 22° 15′ 9.9 603 6.0
RO64 Alba-Iulia Romania 755 46° 10′ 23° 05′ 7.5 686 4.2
RS66 Avala Serbia 130 44° 23′ 20° 45′ 11.2 669 6.0
ME Medvednica Croatia 450 45° 52′ 15° 55′ 8.9 1100 3.4
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Leaf measurements

Leaf material was collected at the end of July 2016. Twenty 
leaves were collected from ten trees within each provenance. 
Fully sun exposed leaves were sampled from the upper third 
part of the crown using telescope scissors. Only fully devel-
oped and healthy leaves were considered for sampling. After 
sampling, the leaves were herbarized (i.e., the leaves were 
arranged, labeled and spread flat between thin sheets of 
paper and dried).

A total of 1600 leaves were scanned with a Mustek A3 
2400S scanner at a resolution of 600 dpi to obtain high-
quality images. Scanned images were used to digitize 2 
landmarks (LM) and 20 semi-landmarks (SML) for each 
leaf (specimen), using TpsDig 2.17 software (Rohlf 2013). 
The first LM represented the intersection of the petiole and 
the leaf blade, while the second LM defined the apex of the 
leaf lamina. The sliding semi-landmarks method was used 
to describe the outline shape of the leaf blade. Two curves 
were manually traced along the external edges of the right 
blade (SLM 3–12) and left blade (SLM 13–22) sides, going 
from the last nerve to the beginning one. The curves were 
resampled as 10 equally spaced points, each (Fig. 2).

The specimens were superimposed by translating them to 
the origin, scaling to unit centroid size, and rotating to align 

with the reference shape by employing the generalized Pro-
crustes analysis (GPA) (Rohlf and Slice 1990; Rohlf 2002) 
in TpsRelw 1.69 software (Rohlf 2017). The centroid size 
(CS) of each specimen was saved for further analyses of size 
variation across provenances.

Statistical analyses

A full Procrustes fit was performed from the aligned coor-
dinates to extract the symmetric component of leaf shape 
(Klingenberg et al. 2012). Analyses of leaf shape were per-
formed on the covariance matrix of the symmetric compo-
nent averaged by tree, produced in MorphoJ software (Klin-
genberg 2011). Procrustes ANOVA was run on the shape 
coordinates to test for the effect of variation within leaves 
(i.e., directional asymmetry), and within and among trees 
of the same provenance. The pattern of leaf shape varia-
tion among trees was then explored with principal compo-
nent analysis (PCA), while variation among provenances 
was summarized with canonical variate analysis (CVA). 
Leaf shape differences among provenance pairs were tested 
through Mahalanobis and Procrustes distances extracted 
from the tangent Euclidean (i.e., CVA scores) and the Kend-
all shape space (i.e., Procrustes distances), respectively. The 
covariation between leaf shape and geographic and envi-
ronmental characteristics at the sites of provenances origin 
was investigated with Two-block Partial Least Square (PLS) 
analysis. The first block consisted of the symmetric com-
ponent of shape variation and the second block of studied 
provenances latitude (Lat), longitude (Long) and altitude 
(Alt) and three climate variables: mean annual temperature 
(Tann), annual sum of precipitation (Pann) and Forest Aridity 
Index (FAI) (Table 1). All variables were standardized prior 
to the analysis, according to the equation:

Fig. 1  Distribution of European beech provenances involved in the 
study. The provenances are abbreviated (filled circle) and the trial site 
ME, (concentric circles) as shown in Table  1. The blue area repre-
sents natural distribution range of beech (after von Wuehlisch 2008). 
ME—provenance trial site Medvednica (Croatia); HR25—Vrani 
Kamen (Croatia); BA30—Tajan (Bosnia and Herzegovina); HU42—
Valkonya (Hungary); DE48—Höllerbach (Germany); DE49—Has-
bruch (Germany); RO63—Alesd (Romania); RO64—Alba-Iulia 
(Romania); RS66—Avala (Serbia)

Fig. 2  Landmark (black dots) and semi-landmark (red dots) configu-
rations on the European beech leaf lamina
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where z is standardized value, x is specific value for which 
the standardized value is calculated, x is mean of the given 
distribution, and SD is standard deviation of the given dis-
tribution. All individuals belonging to the same provenance 
had the same value for the climate variables. The full Pro-
crustes fit, PCA, CVA and PLS analysis were carried out in 
MorphoJ software (Klingenberg 2011).

Differences in centroid size (CS) within and among prov-
enances were assessed by applying nested analysis of vari-
ance (ANOVA) in Statistica 13 software (TIBCO Software 
Inc 2017). “Provenance” was considered to be a fixed factor 
as it was clearly defined, whereas individual “tree” (nested 
in provenance) was set as a random factor due to the trees 
within provenances being randomly selected. Tukey's hon-
estly significant difference test (Tukey's HSD) was applied 
to test differences among studied provenances of European 
beech. Significant differences were determined at p < 0.05 
throughout.

Results

Leaf shape variation

The two-factor Procrustes ANOVA showed that, in each 
provenance, there was more variation among leaves of differ-
ent trees than among leaves within the same tree (Table 2), 
which justified data averaging per tree for further analyses. 
The effect of side was significant for all beech provenances 
(Pillai’s trace), indicating directional asymmetry.

The PCA of the symmetric component revealed that high-
est proportion of shape variation (73.3%) was associated 
with PC1 (Fig. 3a). On the plot of the first two PCs, no dif-
ferentiation of provenances could be observed (except for 
a few individuals belonging to the German provenances), 
indicating high natural variability of leaf shape both at 
intra- and inter-provenance level (Fig. 3b). The leaf shapes 
along PC1 varied from longer and obovate blade with nar-
row-cuneate base at the negative end, to shorter and ovate 
blade with wide-cuneate base at the positive end of PC1. 
PC2 accounted for 16.2% of total symmetric variation and 
was associated with widening of the lamina in the upper part 
and its overall shortening, at the negative end, to longer and 
narrower lamina at the positive end.

The three canonical variates (CV1–CV3) explained 
82.3% of the total variation among provenances, with first 
two CVs accounting for approximately 61.7% of the vari-
ation. The results of the first two CVs scores are shown 
in the scatter plot of Fig.  4. Provenances originating 
from Southern (BA30, HR25, RS66) and Central Europe 

z =
x − x

SD
,

(HU42) were differentiated from the others on the nega-
tive side of CV1. The lower scores on CV1 corresponded 
with obovate and longer lamina and narrow-cuneate 
bases (HR25), while trees on positive end had ovate and 
shorter leaf lamina and wide-cuneate base (DE49) (Fig. 4). 
Trees on negative end of CV2 were characterized with 
ovate lamina and acuminate apex (DE48), while positive 
end was associated with obovate lamina and acute apex 
(BA30) (Fig. 4). Along CV1, which accounted for 37.6% 
of variation, provenances HR25 and DE49 were the most 
discriminated (Fig. 5a), whereas the second CV accounted 
for 24.1% and mainly separated provenance DE48 and 
BA30 (Fig. 5b).

Mahalanobis distances among studied provenances 
were significant for all pairwise comparisons except for 
geographically close provenances originating from Roma-
nia (provenances RO63 and RO64) and Serbia (RS66) 
and Hungary (HU42), respectively. The inter-prove-
nance distances showed that provenances DE49 (sum of 
Mahalanobis distances—26.852 and sum of Procrustes 
distances—0.281), HR25 (sum of Mahalanobis dis-
tances—25.112 and sum of Procrustes distances—0.166) 
and BA30 (sum of Mahalanobis distances—23.892 and 
sum of Procrustes distances—0.159) were the most differ-
entiated (Table 3). Considering Mahalanobis distances, the 
highest differentiation was observed between provenance 
DE49 on one side, and provenances HR25, BA30, RS66 
and HU42 on the other side, as well as between prove-
nances DE48 and BA30. Similarly, significant Procrustes 
distances were found between provenance DE49, and 
provenances BA30, HU42 and RS66, as well as another 
German provenance, DE48, and BA30 and HU42. Highly 
significant differentiation was also recorded between east-
ernmost provenance RO64, and both German provenances 
(DE48 and DE49), as well as RO64 and HR25 (Table 3). 
Mahalanobis distances are transformed Euclidean dis-
tances, so that variation within groups become circular. 
Significantly different distances appear only in Mahalano-
bis distances (but not Prucrustes distances) between cer-
tain provenances (e.g., DE49 and HR25) meaning that 
leaf shape in these provenances is characterized by non-
isotropic variation (Klingenberg and Monteiro 2005).

Leaf size variation

The studied provenances differed in leaf CS (Table 4; 
Fig. 6). The results showed that variation in CS among 
provenances, as well as variation within provenances 
was highly significant (p < 0.001). The largest leaves 
were recorded in the provenance originating from Serbia 
(RS66), and the smallest in the provenance originating 
from Hungary (HU42). 
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Table 2  Procrustes ANOVA for 
shape and size and MANOVA 
(Pillai's trace) for asymmetry 
component of shape variation in 
European beech provenances

Provenance Trait Effect MS df F p Pillai’s trace p

HR25 Shape Tree 0.001040 180 13.18  < 0.0001 0.69  < 0.0001
Leaf 0.000079 3260 0.81 1
Side 0.000157 20 1.61  < 0.0001
Leaf × side 0.000098 3440

Size Tree 105,129.36 9 1.84 0.06
Leaf 57,104.19 163

BA30 Shape Tree 0.000947 180 22.18  < 0.0001 0.90  < 0.0001
Leaf 0.000043 2320 0.46 1
Side 0.000416 20 4.44 0.080
Leaf × side 0.000094 2500

Size Tree 814,952.61 9 14.95  < 0.0001
Leaf 54,518.42 116

HU42 Shape Tree 0.0012807 180 27.44  < 0.0001 0.76  < 0.0001
Leaf 0.0000467 3140 0.67 1
Side 0.0001103 20 1.58 0.049
Leaf × side 0.0000699 3320

Size Tree 2,245,335.80 9 54.31  < 0.0001
Leaf 41,340.33 157

DE48 Shape Tree 0.0025982 180 40.76  < 0.0001 0.41  < 0.0001
Leaf 0.0000637 2880 0.82 1
Side 0.0001056 20 1.36 0.130
Leaf × side 0.0000775 3060

Size Tree 480,255.27 9 7.50  < 0.0001
Leaf 4076.73 189

DE49 Shape Tree 0.0024060 180 44.72  < 0.0001 0.30  < 0.0001
Leaf 0.0000538 3300 0.69 1
Side 0.0000166 20 0.21 0.990
Leaf × side 0.0000780 3480

Size Tree 498,079.98 9 10.85  < 0.0001
Leaf 45,922.16 165

RO63 Shape Tree 0.0010894 180 16.73  < 0.0001 0.71  < 0.0001
Leaf 0.0000650 3220 0.92 0.990
Side 0.0001160 20 1.63 0.037
Leaf × side 0.0000709 3400

Size Tree 494,857.60 9 10.62  < 0.0001
Leaf 46,587.69 161

RO64 Shape Tree 0.0006619 180 15.19  < 0.0001 0.39  < 0.0001
Leaf 0.0000436 3200 0.61 1
Side 0.0000508 20 0.71 0.816
Leaf × side 0.0000711 3380

Size Tree 651,149.24 9 14.81  < 0.0001
Leaf 43,975.26 160

RS66 Shape Tree 0.0021184 180 41.41  < 0.0001 0.71  < 0.0001
Leaf 0.0000512 3260 0.74 1
Side 0.0000353 20 0.51 0.965
Leaf × side 0.0000695 3440

Size Tree 150,843.55 9 2.52 0.010
Leaf 59,844.93 163
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Relationship between leaf shape and size 
and environmental factors

The PLS analysis examined the association between leaf 
shape (block 1) and some environmental characteristics of 
provenance origin sites (block 2). The overall strength of 
association between blocks was significant (p < 0.05) and the 
first pair of PLS axes explained 97% of total variation. The 

strength of correlation between blocks for PLS1 was mod-
erate (r = 0.42, p = 0.026). In block 2, the highest loadings 
on PLS1 had latitude (− 0.64) and longitude (0.60) (Fig. 7, 
Table 5). We found that leaf shape patterns along latitudinal/
longitudinal gradients were influenced by local climate at the 
sites of provenance origin. However, the association between 
climate and leaf shape variation was complex, since there 
was no single climate factor supported as a predictor for leaf 

Fig. 3  a Percentage of variability explained by main principal com-
ponents (PCs). Extreme leaf shapes (in dark blue) were presented 
for − 0.1 and + 0.1 of PC1, and − 0.05 and + 0.05 of PC2. Consensus 
configuration was presented in gray color. b Scatterplot of the first 
two PCs from PCA of symmetric covariance matrix generated on the 
averaged data for 80 trees. Each symbol represents average leaf shape 

per individual (i.e., tree). ME—provenance trial site Medvednica 
(Croatia); HR25—Vrani Kamen (Croatia); BA30—Tajan (Bosnia 
and Herzegovina); HU42—Valkonya (Hungary); DE48—Höllerbach 
(Germany); DE49—Hasbruch (Germany); RO63—Alesd (Romania); 
RO64—Alba-Iulia (Romania); RS66—Avala (Serbia)
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Fig. 4  a Plot of the first two CVs scores of symmetric component 
of shape, generated on averaged data for 80 trees. Ellipses represent 
90% confidence interval for provenance means. b Extreme leaf shapes 
(in dark blue) are shown for − 5.0 and + 5.0 along CV1, and − 5.0 
and + 5.0 along CV2. The gray line represents the average leaf shape 

configuration. ME—provenance trial site Medvednica (Croatia); 
HR25—Vrani Kamen (Croatia); BA30—Tajan (Bosnia and Herzego-
vina); HU42—Valkonya (Hungary); DE48—Höllerbach (Germany); 
DE49—Hasbruch (Germany); RO63—Alesd (Romania); RO64—
Alba-Iulia (Romania); RS66—Avala (Serbia)

Fig. 5  Differences in the leaf shape among European beech prov-
enances according to the canonical scores for the first two CVs. The 
boxplot colors correspond to the colors of provenances as presented 
in Figs.  3 and 4. ME—provenance trial site Medvednica (Croatia); 

HR25—Vrani Kamen (Croatia); BA30—Tajan (Bosnia and Herzego-
vina); HU42—Valkonya (Hungary); DE48—Höllerbach (Germany); 
DE49—Hasbruch (Germany); RO63—Alesd (Romania); RO64—
Alba-Iulia (Romania); RS66—Avala (Serbia)
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shape variation. PLS between centroid size and environmen-
tal variables showed non-significant correlation (r = 0.11; 
p = 0.828).

Discussion

We observed a significant differentiation of provenances for 
both leaf size and shape, indicating the presence of local 
adaptation within the species natural range. The ability of 
plants to adjust to given environmental conditions is deter-
mined by long-term local adaptation and short-term accli-
mation (i.e., phenotypic plasticity), which jointly influence 
phenotypic differentiation of populations (Hamrick 2004; 
Nicotra et al. 2010). However, despite the relevance of this 
issue to overall understanding of evolutionary and ecological 
history of species, there remains the debate about relative 
contribution of genetic variation and phenotypic plasticity in 

the plant phenotypic response to climate (Voltas et al. 2018). 
Although certain studies identified phenotypic plasticity as 
the main driver of phenotypic variation in beech provenances 
(Gárate‐Escamilla et al. 2019; Müller et al. 2020), our results 
are more in line with the findings that demonstrated strong 

Table 3  Mahalanobis and 
Procrustes distances among 
studied European beech 
provenances

p values were obtained from permutation tests with 10,000 replications. Distances are shown below, and p 
values above table diagonals. Statistically significant differences were bolded

HR25 BA30 HU42 DE48 DE49 RO63 RO64 RS66

Mahalanobis distances
 HR25  < 0.001 0.008  < 0.001  < 0.001  < 0.001  < 0.001  < 0.001
 BA30 3.464 0.004  < 0.001  < 0.001  < 0.001 0.005  < 0.001
 HU42 2.790 2.697  < 0.001  < 0.001 0.010 0.010 0.402
 DE48 3.344 4.167 3.153  < 0.001 0.013  < 0.001 0.010
 DE49 4.843 4.386 4.039 3.845 0.025  < 0.001  < 0.001
 RO63 3.317 3.186 2.495 2.627 2.472 0.7563 0.010
 RO64 3.994 2.786 2.532 3.430 2.982 1.731 0.005
 RS66 3.360 3.206 1.992 2.696 4.285 2.607 2.686

Procrustes distances
 HR25 0.286 0.236 0.221 0.106 0.825 0.037 0.377
 BA30 0.021 0.931 0.028 0.018 0.322 0.721 0.863
 HU42 0.023 0.007 0.030 0.016 0.252 0.617 0.928
 DE48 0.029 0.046 0.046 0.655 0.152 0.005 0.071
 DE49 0.033 0.049 0.051 0.015 0.095 0.004 0.036
 RO63 0.010 0.017 0.019 0.030 0.032 0.085 0.431
 RO64 0.029 0.010 0.011 0.051 0.053 0.022 0.599
 RS66 0.021 0.009 0.007 0.043 0.048 0.017 0.013

Table 4  Results of nested analysis of variance (ANOVA) for centroid 
size (CS) variations among and within European beech provenances

Bold values denote statisticaly significant differences at the p < 0.05 
level

Effect df MS SS F p

Provenance 7 3.132 0.447 31.0  < 0.001
Tree (provenance) 64 9.968 0.156 10.8  < 0.001
Error 1237 17.833 0.014

Fig. 6  Differences in CS among beech provenances. Homogenous 
groups are obtained by post hoc Tukey pairwise comparisons with 
95% confidence. The boxplot colors correspond to the colors pre-
sented in Figs.  3 and 4. ME—provenance trial site Medvednica 
(Croatia); HR25—Vrani Kamen (Croatia); BA30—Tajan (Bosnia 
and Herzegovina); HU42—Valkonya (Hungary); DE48—Höllerbach 
(Germany); DE49—Hasbruch (Germany); RO63—Alesd (Romania); 
RO64—Alba-Iulia (Romania); RS66—Avala (Serbia)
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genetic control of different leaf functional traits in this spe-
cies (Bolte et al. 2016; Kurjak et al. 2019; Petrík et al. 2020). 
As the local adaptation is shaped under the influence of the 
environment, spatial structuring of environmental condi-
tions in nature may also lead to a hierarchical structuring of 
phenotypic trait variation, which could be either continuous 
(clinal) or discontinuous (ecotypic) (Alves et al. 2016). Pre-
vious studies showed contrasting results concerning varia-
tion patterns in functional traits of beech. Several studies on 
leaf anatomical and morphological traits variability revealed 
the presence of ecotypic (random) pattern of genetic vari-
ation (Stojnić et al. 2015; Vastag et al. 2019). On the other 
side, numerous research, mostly linked to beech phenology 
and growth rate, showed clinal (gradual) variation over geo-
graphic distance (Nielsen and Jørgensen 2003; Robson et al. 
2013; Harter et al. 2015). Moreover, different studies showed 

geographical variation in physiological response of beech 
provenances to drought induced stress (Robson et al. 2012; 
Cocozza et al. 2016; Kurjak et al. 2019).

Our results confirmed presence of clinal pattern of leaf 
shape variation in beech provenances in a direction north-
west—southeast. For example, Robson et al. (2013) reported 
that early-flushing provenances from the southeast and parts 
of central Europe were among the tallest, while late-flushing 
provenances from northern and western Europe were among 
the shortest in the field trial established in Spain. Similar 
results have been reported by von Wuehlisch et al. (1995) 
for time of flushing and growth cessation of beech prov-
enances, i.e., more eastern provenances tended to flush and 
cease growth earlier, whereas northern provenances flushed 
and ended growing season later. Although all the prov-
enances had average leaf shapes that differed significantly 
from one another, the CVA showed that provenances were 
aligned along CV1 relative to their geographic origin. In 
general, the first group, situated on the negative side of CV1, 
included provenances originating from Balkan Peninsula 
(HR25, BA30 and RS66) and Central Europe (HU42; geo-
graphically close to HR25), while the second group, located 
on the positive side of CV1, consisted of two Romanian 
provenances (RO63 and RO64) and the northernmost prov-
enance DE49, which was also the most differentiated from 
other provenances. The pattern of leaf shape geographical 
variation largely corresponds to past migration history of 
the species, supporting previous assumptions about beech 
populations expansion during post-glacial period. Accord-
ing to Hazler et al. (1997), beech survived the last glacial 
period in numerous protected areas (refugia) from which 

Fig. 7  Relationship between leaf shape (block 1 PLS1) and environ-
mental (block 2 PLS1) variables at the sites of provenance origin. 
Associated leaf shape changes are presented as dark blue wireframes 

for − 0.1 and + 0.1 of PLS1. The gray line represents the average leaf 
shape configuration

Table 5  Coefficients of linear 
combinations for PLS1

Variables with highest coeffi-
cients are bolded
Tann mean annual temperature 
(°C), Pann annual sum of precip-
itations (mm), FAI forest aridity 
index

Variable PLS1

Latitude − 0.64
Longitude 0.60
Altitude 0.23
Tann 0.30
Pann − 0.22
FAI 0.20
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the species re-colonized Europe. Based on palaeobotanical 
records and genetic data (i.e., nuclear and chloroplast mark-
ers), Magri et al. (2006) concluded that eastern Alps–Slo-
venia–Istria, and southern Moravia-southern Bohemia were 
the main refugium from which beech colonized central and 
northern Europe (including Germany). Another opinion by 
the same authors, they believe that Balkan Peninsula was 
colonized from several glacial refugia which spread locally 
(e.g., Balkan populations did not spread northward), and 
was clearly separated from the Romanian populations. Using 
a species distribution model and relaying the research on 
data of Magri et al. (2006), Saltré et al. (2013) addition-
ally explained post-glacial colonization of beech in Europe. 
The authors indicated that Northern Alps was the main 
contributor of the present-day distribution of beech in Ger-
many (e.g., the region from which provenances DE48 and 
DE49 originate), whereas large parts of Balkan and Eastern 
Europe (e.g., the region from which other provenances came 
from) were colonized from refugium situated in Slovenia 
and Czech Republic.

Yet, PLS showed that latitude and longitude were the 
best environmental predictors of leaf shape. Interestingly, 
no significant correlation was found between leaf shape 
and individual climatic variables, indicating rather com-
plex effect of the climate on this trait. Likewise, it is very 
possible that other factors that are not quantified by this 
research, such as soil conditions and frequency of extreme 
climate events, affected the tree’s structure and function. 
For example, studying microbial soil biodiversity in beech 
forests, Dinca et al. (2021) found that microbial commu-
nities play significant role in increasing tree population’s 
resilience toward drought stress. In addition, several studies 
showed that local soil conditions may determine variation 
among beech provenances, even in geographically close ones 
(Robson et al. 2013; Stojnić et al. 2015). Moreover, certain 
authors evidenced that variation in leaf traits could be the 
result of trees adaptation to the physiological risk of drought 
stress (Bussotti et al. 2005).

Our results showed that provenances originating from 
higher latitudes and lower longitudes (i.e., Germany) 
were characterized with shorter and wider (ovate) lamina, 
which was less expanded in the apical part. In contrast, 
southern provenances tended to have longer and narrower 
(ovate) lamina, which might reflect direct selection aimed 
at improvement of leaf thermal regulation and hydraulic 
efficiency under more arid climatic conditions (and more 
frequent drought events), prevailing in this region (Nicotra 
et al. 2011). According to Yates et al. (2010), leaf shape and 
size determine the balance between photosynthesis, tran-
spiration and thermoregulation, affecting the rates of gas 
and heat exchange between the leaf and the surrounding 
air. In this respect, small effective leaf width and leaf size 
have been seen as principal adaptive mechanisms of plants 

evolved in drier environments (Leigh et al. 2017), although 
an increase in leaf length has been reported to occur in 
response to warmer climate, as well (Gurevitch 1992). For 
example, Guerin et al. (2012) found that leaf width in Dodo-
naea viscosa subsp. angustissima was negatively correlated 
with latitude regionally, concluding that lamina narrowing 
was related to maximum temperature increase. Similar pat-
terns of leaf width variation have been observed in other 
plant species associated with hot environments (Fonseca 
et al. 2000; Yates et al. 2010). Broader leaves have a thicker 
boundary layer of still air that reduce convective heat loss, 
tending to increase leaf-to-air temperature differences dur-
ing sunny conditions (Fonseca et al. 2000). Indeed, studying 
the relationship between leaf morphology and leaf thermal 
regulation across 68 Proteaceae species, Leigh et al. (2017) 
demonstrated that leaf cooling time and leaf-to-air tempera-
ture differences significantly increased with leaf width. This 
may be particularly critical during hot spells, where thicker 
boundary layer tends to reduce leaf transpiration cooling, 
exposing the plant to a higher risk of overheating (Wright 
et al. 2017). In contrast, as noted by Yates et al. (2010), nar-
row leaves allow plants to shed heat through sensible heat 
exchange with surrounding air, without the need for cooling 
by transpiration water loss.

Besides heat transfer, leaf shape may also reflect direct 
selection for increased leaf lamina hydraulic conductance, 
which, in turn, depends on leaf venation architecture and 
extravascular pathways (Sack et al. 2003). For example, 
study of Sack et al. (2004) showed that the highest resist-
ance to water flow through Acer saccharum and Quercus 
rubra leaves was in minor venation, followed by pathways 
outside the venation through mesophyll, which accounted 
for 68% and 75% of total leaf hydraulic resistance, respec-
tively. Plants may increase leaf hydraulic efficiency through 
either deeply lobed leaves or entirely narrow leaves (Nicotra 
et al. 2011). Namely, narrow leaves have a lower ratio of 
minor veins and mesophyll tissue to lower-order veins, hav-
ing a reduced hydraulic resistance relative to broad leaves. 
In contrast, broad leaves characterize with large areas of 
mesophyll far from highly conductive veins, which are sup-
plied by large number of minor veins, therefore contributing 
to lower leaf hydraulic conductance (Sack and Tyree 2005).

Contrary to leaf shape, we found no correlation between 
leaf size and spatial and environmental variables, support-
ing previous findings obtained in common garden experi-
ments, which showed that leaf area in beech provenances 
may vary independently of geographical and ecological 
gradients (Stojnić et al. 2016). Although certain studies 
have shown that leaf area in beech provenances was spa-
tially structured along geographical gradients (Kempf et al. 
2018), Leigh et al. (2017) stated that leaf thermal regulation 
is not a simple function of total leaf size, but largely depend 
on distances across the lamina, which may differ even in the 
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case of a given leaf area. The same authors, thereby, believe 
that leaf width may have a greater influence on leaf thermal 
dynamics than leaf size (Leigh et al. 2017), indicating that 
leaf shape adjustments could be an efficient alternative to 
decreasing leaf area toward more arid environments.

Conclusion

High leaf size and shape variations occur in European beech 
across its native distribution range. Our results demonstrated 
that leaf shape, but not leaf size, varied geographically. The 
observed shape-geography covariation could be, therefore, 
interpreted in adaptive terms. Leaf shape relationships 
between European beech provenances and the longitude and 
latitude of their origin sites, suggest that species genetic dif-
ferentiation occurred as a consequence of long-term selec-
tion by local environmental conditions. Narrower and longer 
lamina observed in southern provenances suggests a direct 
selection favoring leaf shape that likely safeguards trees per-
formances under drier climatic conditions. Bearing in mind 
the predictions related to climate change impact on beech, 
our findings emphasize that assisted migration should be 
considered in future reforestation programs, where the prov-
enances from Southern Europe might be potentially used to 
complement local seed sources at higher latitudes to enhance 
their resilience toward altered environmental conditions.
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