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Abstract Common beech (Fagus sylvatica L.) is one of Europe's most widespread forest 
tree species. In the actual context of climate change, this species has responded through its 
self-regulation mechanisms, proving a high plasticity. It is important to explore the specific 
mechanisms driving its response to climate change, taking into account silvicultural, 
phenological, and genetic perspectives and their interaction. Here, we tested for association 
between adaptive and growth traits and within-individual genetic diversity measured as 
individual heterozygosity (proportion of heterozygous loci per sampled individual), based 
on six genomic microsatellite markers (gSSRs, genomic simple sequence repeats) and six 
expressed sequence tag microsatellites (EST-SSRs) for 55 beech trees. We evaluated the spring 
and autumn phenology of beech trees sampled along an altitudinal gradient (560 - 1150 m) 
and the architectural traits using a non-destructive terrestrial laser scanning method (TLS). 
The effect of stand density at the onset of the growing season was evaluated by quantifying 
the competition through the Hegyi index. The onset of bud burst and senescence, as well as 
the length of the growing season, varied significantly and inversely proportionally with the 
altitudinal gradient. There was a difference of 14 days between the individuals located at 
the extremities of the altitudinal gradient in the onset of bud burst, 15 days in the onset of 
senescence, and 30 days in the length of the growing season. We obtained a very significant 
and positive correlation between altitude and bud burst and a very significant but negative one 
between altitude and the length of the growing season. An increase in tree competition directly 
implied a decrease in DBH and crown dimensions, especially by neighbours closer than 4 
m. Stem's slenderness significantly increased with higher competition. Our results revealed 
a positive relationship between individual heterozygosity and the length of the growing 
season, as well as with the trunk volume and DBH. Higher individual heterozygosity was 
associated with a longer growing season, and a precocious onset of bud burst in beech. Higher 
heterozygosity was also associated with considerably higher total tree biomass. The genetic 
diversity was inversely proportional to stem forking. TLS shows great potential in extracting 
beech tree biomass indicators, but we still recommend using the conventional method as a 
complementary method for data validation, although it is time-consuming.   
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Introduction

Common beech is one of Europe's most important 
and widespread forest tree species (Houston et al. 
2016). It is known to be drought-sensitive and to 
have a highly competitive potential (Leuschner 
2020). Due to the high plasticity capability that 
this species manifests through its self-regulation 
mechanisms (Ciocîrlan et al. 2022), it becomes an 
alternative for many coniferous monocultures as a 
general forest policy in Europe aims to reintroduce 
broadleaf tree species (Geßler et al. 2007). 
 In the actual context of climate change, forest 
management implies a better understanding 
of the responses of this species to variable 
environmental conditions (Kutnar et al. 2021) 
and invasive biotic agents (cryptogamic agents, 
invertebrates, etc.) (Chira et al. 2022, Ciceu et 
al. 2024). The genetic variation is responsible 
for determining the adaptability of trees to their 
environment (Müller-Starck et al. 1992). In the 
context of climate changes, common beech 
underwent a genotypic specialization, leading 
to different locally adapted races and ecotypes 
(Božič et al. 2013).
 Phenology is considered a critical adaptive 
feature (McKown et al. 2018); it is relatively 
easy to observe and directly impacts a species' 
distribution range, survival rate, and reproductive 
performance (Chuine 2010). Bud burst timing 
and leaf senescence can be associated with 
susceptibility to pathogens in forest trees (van 
Asch et al. 2007, Krokene et al. 2011, McKinney 
et al. 2011). Leaf phenology is a bioindicator 
that is highly sensitive to temperature variation. 
The onset of bud burst, the period of every 
phenophase, and the onset of senescence 
(yellowing and falling of the leaves) are triggered 
by specific thermal thresholds (Badeck et al. 
2004). The timing of bud burst in trees is an 
important adaptive trait with many implications 
for forest management (Casmey et al. 2022).
 Phenology monitoring of common beech was 
performed both at the level of nurseries between 
different provenances (Nielsen & Jørgensen 
2003), in climate-controlled chambers (Fu et 

al. 2019), and in common gardens (Besliu et al. 
2024). Phenology monitoring performed along 
an altitudinal transect revealed that the onset 
of bud burst, senescence, and the length of the 
growing season varied inversely proportionally 
to the elevational gradient (Ciocîrlan et al. 
2024). An individual can adapt to various site 
conditions, exhibiting different phenological 
behaviors in high and low altitudes, thus directly 
determining the length of their growing season 
(Menamo et al. 2021).
 Tree growth and architecture depend on 
many factors, especially site conditions (Tomșa 
et al. 2021) and genetic makeup (Chéné et al. 
2012). Each branch responds to the micro-
environmental conditions (Abegg et al. 2021). 
Growth is an important fitness trait in forest 
trees, as the growth rate positively correlates 
with individual reproductive success (e.g., 
Avanzi et al. 2020) and is often used as a 
predictor for survival (Bigler & Bugmann 
2004). In common beech, growth rate and bud 
burst timing are heritable traits (Gauzere et al. 
2016). However, in natural settings and uneven-
aged trees, growth traits such as height and 
DBH might instead reflect microenvironmental 
variation and tree age.
 Terrestrial laser scanning (TLS) methods have 
already demonstrated potential for application 
in forests. In the early 2000s, it was introduced 
to take basic measurements of tree height and 
diameter (Hopkinson et al. 2004); a few years 
later, the application of this method led to the 
estimation of entire aboveground biomass 
(Calders et al. 2015). Nowadays, TLS can 
describe and characterize woody tree structures 
by assessing in situ 3D models of forests 
(Calders et al. 2020), and TLS devices are 
essential tools for Forest Inventories (Coșofreț 
et al. 2018, Torralba et al. 2022, Molina-Valero 
et al. 2022) and ecology and biodiversity studies 
(Valbuena et al. 2020, Dănilă 2021a, Dănilă 
2021b).
 TLS methods can successfully estimate an 
extensive range of forest structural indices 
(Pascu et al. 2019). Apostol et al. (2018) 
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revealed that TLS methods are as accurate 
as conventional ones in extracting the values 
of the tree's diameter. Still, they recommend 
the latter for extracting tree height values. 
In the following years, TLS methods were 
improved. Capalb et al. (2023) stated that the 
data obtained from the point clouds recorded 
by TLS can be successfully used to determine 
both the diameter and the height of the trees 
in even-aged and relatively even-aged spruce 
stands; however, reporting certain limitations in 
the case of small individuals. The use of TLS 
revealed differences in the crown structure of 
common beech between mixed and pure stands. 
More precisely, the crowns of individuals in 
mixed stands are wider and lower reaching than 
those in pure ones (Barbeito et al. 2017).
 Phenotypic traits are controlled by the 
interactions between the genotype and the 
environment (Li et al. 2017, Bian et al. 2022). 
Heterozygosity is one of the most important 
characteristics that can influence the growth 
rate of forest trees (Mitton et al. 1980). Previous 
studies have shown that low individual 
heterozygosity, for example, due to mating 
of related individuals or genetic drift in small 
populations, can cause a reduction in fitness 
(reviewed in Leimu et al. 2006). 
 Deleterious mutations (i.e., mainly recessive 
mutations with adverse fitness effects) are 
(partly) masked in heterozygous individuals. 
Therefore, trees with low individual 
heterozygosity might show lower fitness than 
highly heterozygous individuals. Few loci in 
specific genes with significant effects (local 
effect) or many loci with small deleterious 
effects distributed across the genome (general 
effect) could cause such heterozygosity-fitness 
correlations (reviewed in Hansson et al. 2002, 
Szulkin et al. 2010). The combination of several 
putatively neutral genetic markers, such as 
microsatellites, can be used as a proxy for the 
level of genome-wide individual heterozygosity 
(Forstmeier et al. 2012).
 Silvicultural interventions reduce the density 
of a stand implicitly of competition (Kirk & 

Berrill 2016). The competition of an individual 
with the surrounding trees varies, depending 
on the species, the size, and shape of the crown 
(Barbeito et al. 2017), as well as its access to 
resources (Fichtner et al. 2012). The competition 
affects seedlings (Palaghianu 2009), as well as 
juvenile and mature trees (Duduman et al. 2010). 
Crown shape and size are plastic traits and 
important for obtaining light, which is a limiting 
factor for growth (Penanhoat et al. 2024), and 
trees respond to the competition pressure by 
adjusting the crown position to increase the light 
interception intake (Longuetaud et al. 2013).
 In this paper, we aimed to assess the variation 
of common beech phenological traits along 
an altitudinal transect in the South-Eastern 
Carpathians and quantify the effects of 
competition, micro-environment, and individual 
heterozygosity on phenology (bud burst and leaf 
senescence) and tree architecture (DBH, tree 
and trunk heights, total volume, and forking).

Materials and Methods

Study sites

The study was performed in the south-eastern 
Carpathian Mountains, along an altitudinal 
transect with four study sites (Figure 1), 
which overlapped with beech’s natural range 
in the Brasov area. Beech forms mixed stands 
with deciduous trees (Acer pseudoplatanus, 
Carpinus betulus, etc.) and conifers (Picea 

Figure 1 Geographic location of the analysed beech 
populations in the south-eastern Carpathians 
Mountains (QGis 2024). 
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abies and Abies alba). Fifty-five common 
beech individuals aged 80-120 years, located 
at a 25 m minimum distance from each other 
and on north-facing slopes, were selected at 
elevations between 560 and 1150 m (Table 1).

Phenological data 

Phenological observations were performed 
using the methodology proposed by Vitasse 
et al. (2009). Every individual’s phenological 
stage was evaluated twice a week during 
the spring and autumn of 2023. A particular 
phenological stage was assigned to a tree 
if 50% of the buds or leaves from the upper 
third of the crown reached this stage (Table 2).  

The start of the growing season was associated 
with bud burst (the third phenological stage 
from Table 2). The onset of senescence was 
considered when 50% of the leaves from 
the upper third of the tree’s crown started to 
turn yellow (Čufar et al. 2012, Schieber et al. 
2017). The length of the growing season was 
calculated as the period between the start of the 
growing season and senescence (Drobyshev et 
al. 2010).

Genetic data

DNA was isolated from the 55 adult beech 
tree buds (Table 1) with the DNeasy Plant 
Mini Kit (Qiagen, Hilden, Germany). The 
bud samples were collected in September-
October 2020. Samples were genotyped at 
six nuclear microsatellites (Simple Sequence 
Repeats, SSRs) (Asuka et al. 2004, Pastorelli 
et al. 2003, Vornam et al. 2004) and six gene-
based Expressed Sequence Tag (EST)-SSRs 
(Kubisiak et al. 2009, Burger et al. 2018) (Table 
S1). Genotyping and marker analysis for a 
larger number of individuals, including 55 adult 
trees from this study, have been described by 
Grigoriadou Zormpa et al. (2024). Individual 
heterozygosity was calculated as the number 
of heterozygous markers divided by the total 
number of markers analysed per individual.

Competition intensity

The competition intensity of the target trees was 
quantified using the Hegyi index (Hegyi 1974). 
The variables used in the index calculation 
were the diameter of all the neighbouring 
trees, with at least 7 cm of DBH (diameter at 
breast height), and the distance between them 
and the target tree, within a radius of 15 m 
(Formula 1).

            (1)

where: j – target tree; i – competitor tree within 
a radius of 15 m around each j; D – DBH (cm); 
Dis – the distance between j and i (m).

Forking

Forking was evaluated according to the 
TreeBreeDex protocol (Ducci et al. 2012) 
shown in Supplementary Figure S1. Each 
individual was assigned a score depending on 
the absence or presence of forking and their 
number and position on the stem.

Slenderness coefficient 

The slenderness coefficient (SLC) was 
calculated as the ratio between the total height 
of a tree and its diameter measured at the breast 

Table 1 Geographic coordinates of the four common 
beech study sites and sample size.

Site Coordinates Altitude (m) No. of sampled 
trees

Lempes 45.725833 N 560-650 2625.653889 E
Tampa 45.636667 N 650-750 525.591111 E
Solomon  45.617778 N 800-1000 1125.559722 E
P. Lupului 45.584444 N 1000-1150 1325.544444 E

Table 2 Phenological stages of bud development and leaf 
unfolding.

Code 0 1 2 3

Phenological 
stage in the 
field

Phenological 
stage

Dormant 
winter 

bud
Bud 

swollen
Bud 
burst

At least 
one leaf 

unfolding
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height (1.30 m) (Wang et al. 1998), according 
to the formula 2. Both tree architecture 
indicators were quantified in the same measure 
units (meters).

(2)

where: SLC - slenderness coefficient; H – the 
total height of the tree (m); DBH – diameter 
measured at 1.30 m (cm).

Tree architecture

The architectural characteristics of the 
sampled trees were evaluated using a non-
destructive terrestrial laser scanning (TLS) 
method. A GeoSLAM Horizon Mobile 
Scanner was employed to capture detailed 3D 
representations of each tree's structure. The 
scanning procedure involved walking around 
each target tree to obtain a comprehensive 
point cloud, carefully minimizing occlusions 
caused by neighboring trees and the operator's 
angle to ensure complete coverage of the tree 
architecture. 
 After completing the scans, the raw point 
clouds were downloaded for further processing 
using CloudCompare software. The following 

steps were undertaken to prepare the data for 
analysis:
 • Separation of Vegetation and Ground 
Points: The Cloth Simulation Filtering (CSF) 
plugin was utilized to distinguish vegetation 
points from ground points. This step ensured 
the separation of the tree structures from terrain 
features.
 • Manual Segmentation of Target Trees: The 
segment tool in CloudCompare was used to 
extract the point clouds corresponding to each 
target tree manually. This ensured that only the 
points related to the individual trees of interest 
were included in the analysis.
 • Noise Filtering: A noise filter was applied 
to remove erroneous points from reflections 
during the scanning process. This step enhanced 
the accuracy of reconstructing small branches, 
which is essential for detailed architectural 
analysis (Figure 2).
 The processed point clouds were then 
imported into TreeQSM (Tree Quantitative 
Structure Models), implemented in MATLAB 
(Toh et al. 1999), to extract quantitative 
architectural traits of the trees. TreeQSM 
reconstructs tree structures by fitting cylinders 

Figure 2 Segmentation and noise filtering (validated and unvalidated cases).
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to the point cloud data, allowing for the 
estimation of various tree characteristics. For 
the TreeQSM analysis, the following input 
parameters for the number of point divisions 
(nPD) were used:
 • nPD1 = 2: Defines the number of point 
divisions in the first pass of the algorithm.
 • nPD2Min = 3 and nPD2Max = 2: Set the 
minimum and maximum number of point 
divisions in the second pass, refining the model 
for smaller branches (improved resolution).
 The extracted tree characteristics included 
total volume, trunk volume, branch volume, 
tree height, trunk height, branch length, number 
of branches, maximum branch order, diameter 
at breast height (DBH), and crown diameters 
(average and maximum), as detailed in Table 3.

Statistical analyses

The normality of the phenological data set was 
verified using the Shapiro-Wilk test. Further, 
depending on the p-value, the parametric test 
of the analysis of the variance, 
ANOVA (p<0.05), and the non-
parametric Kruskal-Wallis 
(p<0.05) test were applied to 
compare the phenological traits 
of the beech trees from the 4 
study sites (unequal in number of 

individuals). The post hoc Dunn test was used 
to evaluate the phenological diversity and test 
for differences between study sites.
 Limit values of the significant correlation 
coefficients (for 53 degrees of freedom) are: * 
(p < 0.05) - r > 0.289, ** (p < 0.01) r > 0.375, 
and *** (p < 0.001) - r > 0.469. 
 The RStudio (R Version 4.2.2.) was used to 
extract R² and p-values for all tree characteristics 
after TreeQSM analyses.
 The RStudio interface was also used to 
correlate phenological, genetic, and architectural 
characteristics (Pearson correlation, α = 0.05), 
through the “rcorr” function (the “corrplot” 
R package). This function provided a visual 
correlation matrix to detect patterns among 
variables and test the null hypothesis that 

the true correlation 
coefficient r equals 
0. The results were 
graphically displayed 
using the “ggplot2” 
package in a correlation 
matrix form.

Results

Phenology monitoring

Initially, the normality 
of the data set was tested 
through the Shapiro-
Wilk test, related to the 
phenological stages 
(bud burst and end of 
the growing season) 

and the length of the growing season. Significant 
differences from normality were observed for bud 
burst (in all four sites) and 50% yellowed leaves 
(Lempes and Tampa) (p<0.05), but not for the length 
of the growing season (in any site) (p>0.05) (Table 4). 

Table 4 Normality test (Shapiro-Wilk) for the two phenological stages and 
the length of the growing season.

Phenological 
indicators Lempes Tampa Solomon P. Lupului

Bud burst 8.78 x 10-5 0.000131 0.00141 0.01203
50% yellowed 
leaves

0.006317 0.04595 0.1234 0.1881

Length of the 
growing season

0.05157 0.314 0.4894 0.4492

Table 3 Tree characteristics.
Tree characteristics Formula/ Method Reference

Total Volume The sum of all cylinder volumes (m3) TreeQSM
Trunk Volume Volume of the stem (m3) TreeQSM
Branch Volume The volume of all the branches (m3) TreeQSM

Tree Height (H)
The distance between the base and the top of the 
highest branch of the tree (m) TreeQSM

Trunk Height
The distance between the base and the top of the 
highest first-order branch of the tree (m) TreeQSM

Branch Length The sum of the length of all the branches (m) TreeQSM
Number of Branches The sum of all the branches (pcs.) TreeQSM

Max Branch Order Maximum branching order TreeQSM

DBHqsm (DBH)
Diameter at breast height in m, the diameter of the 
cylinder TreeQSM

Crown Diameter 
(Average)

The projection reduced to the horizon of the crown, the 
average value of two perpendicular directions, in m TreeQSM

Crown Diameter 
(Maximum)

The projection reduced to the horizon of the crown, the 
maximum value of two perpendicular directions, in m TreeQSM
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 The populations’ diversity during the spring 
phenology monitoring in beech was significant 
(p<0.05, Kruskal-Wallis non-parametric test), 
with the start of the growing season occurring 
according to the altitudinal gradient (inversely 
proportional relationship). There is a difference 
of 14 days between the individuals located at 
the extremities of the altitudinal gradient in the 
onset of bud burst (based on mean values). Intra-
population variation was also significant in the 
study sites, and there was considerable precocity 
and lateness compared to the average (Figure 3).

 The phenological evaluation of beech along 
this altitudinal gradient revealed populations’ 
diversity between study sites, except for Tampa 
and Solomon (p = 0.3827/ p > 0.05) (Table 5).

 The interpopulation variation during the 
autumn phenology monitoring in beech was 
significant (p<0.05 Kruskal-Wallis test), the 
start of the senescence was associated with 
the altitudinal gradient (direct proportional 

relationship). There is a difference of 15 
days between the individuals located at the 
extremities of the altitudinal gradient in the 
onset of senescence. Intra-population variation 
was also significant, with considerable precocity 
and lateness compared to the average (Figure 4).

 The phenological evaluation of beech along 
this altitudinal gradient revealed populations’ 
diversity between study sites in obtaining leaf 
senescence, except for Tampa and Solomon 
(p=0.3129/ p>0.05) (Table 6).

 The populations’ diversity for the length of 
the growing season in beech was significant 
(p<0.05, ANOVA test), and the length of the 
growing season declined with increasing 
altitude. There is a difference of 30 days between 
the individuals located at the extremities of the 
altitudinal gradient in the length of the growing 
season. Intra-population variation was also 
significant (Figure 5).

Figure 3 Intra- and interpopulation variation in common 
beech for the start of the growing season in 2023 (**** - 
p ≤ 0.0001, *** - p ≤ 0.001, and ns - p > 0.05) (a, b, and c 
letters were used to show homogeneous groups).

Table 5 The interpopulation variation between four study 
sites on bud burst phenological stage in beech. 

Study sites Lempes Tampa Solomon

Tampa 0.0192 x x
Solomon 0.0006 0.3827 x
P. Lupului 0.0001 0.0149 0.0083

Figure 4 Intra- and interpopulation variation in common 
beech for the start of senescence in 2023 (a, b, and c 
letters were used to show homogeneous groups based on 
significant pairwise differences).

Table 6 The interpopulation variation between four study 
sites in leaf senescence in common beech. . 

Study sites Lempes Tampa Solomon

Tampa 0.0111 x x
Solomon 0.0089 0.3129 x
P. Lupului 0.0001 0.0364 0.0016
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 The phenological evaluation of beech along 
this altitudinal gradient revealed populations’ 
diversity between study sites in the length of 
the growing season, except for Tampa and 
Solomon (p=0.4211/ p>0.05) (Table 7).

Hegyi competition index distribution of 
the competitor trees

The competition indices of the competitor trees 

are influenced by the distance between the 
subject and competitor trees (Figure 6). As the 
distance between the two increases, the values 
of the Hegyi competition index decrease, and 
there is an inversely proportional relationship 
between the two (according to the 6th order 
polynomial function: y = 3E-06x6 - 0,0002x5 
+ 0,0042x4 - 0,0489x3 + 0,309x2 - 1,0275x + 
1,5836). It is observed that the competitive 
effect exerted by neighbours located at a 
distance above 4 m from the target individual 
decreases.
 Besides the distance, the diameter of the 
competitor trees influences the values of 
the competition index directly proportional; 
the higher it is, the higher the impact of the 
competitor. 

Trunk and crown shape variability of the 
sampled individuals

A total of 55 individuals of common beech 
structures were segmented from scans. The 
total volume of the trees chosen was 509.85 m3. 
It was built from 123.92 m3 of trunk volume 
(24.3%) and 385.92 m3 of branch volume 
(75.7%) (Table 8).

Effects of competition on crown and 
stem characteristics (Hegyi index)

A positive but low Pearson coefficient was 
obtained between the competition index and 
bud burst (r = 0.08), along with the forking of 
the stem (r = 0.13), and a negative one with 

Figure 5 Intra- and interpopulation variation in common 
beech for the length of the growing season in 2023 (a, 
b, and c letters were used to show homogeneous groups 
based on significant pairwise differences).

Table 7 Interpopulation variation between four study 
sites in the length of the growing season in 
beech. 

Study sites Lempes Tampa Solomon
Tampa 0.0037 x x
Solomon 0.0004 0.4211 x
P. Lupului 0.0001 0.0470 0.0079

Table 8 Trunk and crown characteristics of the selected individuals.
Study sites Lempes Tampa Solomon P. Lupului
Statistical indicator Mean SD Mean SD Mean SD Mean SD
Total volume (m3) 9.13 10.05 23.72 11.45 5.52 4.34 6.55 6.33
Trunk volume (m3) 2.51 1.82 4.07 2.15 0.93 0.68 2.05 1.94
Tree height (m) 33.73 3.64 33.65 5.00 27.56 4.51 25.40 7.62
Trunk length (m) 33.33 5.46 33.21 13.12 26.72 8.07 25.82 8.12
DBH (m) 0.41 0.15 0.51 0.15 0.28 0.13 0.38 0.18
Branch volume (m3) 6.62 8.64 1.96 9.60 4.59 3.98 4.49 4.88
Branch length (m) 909.04 746.16 2328.60 830.92 1636.10 1204.28 1199.21 1139.86
Number of branches 
(pcs.) 3705.54 2355.10 6881.40 1553.37 9941.55 7557.45 6477.08 6346.78
Maximum branch 
order 5.88 1.18 8.20 1.30 7.00 1.61 6.69 1.32
Crown diameter 
(m, average) 7.96 3.14 12.36 2.31 8.50 2.76 7.63 3.05
Crown diameter 
(m, maximum value) 10.29 3.63 15.70 3.03 11.38 3.76 9.88 3.61
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the length of the growing season (r = -0.09) 
(Table 9). Negative but distinctly significant 
values were obtained between the competition 
index and the total volume of the trees (r = 
-0.38), trunk volume (r = -0.39), tree height (r 
= -0.38), and diameter at breast height (DBH) 
(r = -0.39). Negative but significant values 
were obtained between the competition index 
and branch volume (r = -0.36), trunk length  
(r = -0.34), branch length (r = -0.30), and crown 
diameter (average value) (r = -0.34). The 
results revealed that an individual with high 
competition will grow slenderer (r = 0.32).

Effects of slenderness on crown and 
stem characteristics

A significant and positive correlation (r = 0.32) 
was obtained between the slenderness 
coefficient and the Hegyi competition index, 
revealing that an individual with high 
competition will grow slenderer (Table 10). 

Highly significant and negative correlations 
were obtained between slenderness and trunk 
volume (r = -0.62), branch volume (r = -0.47), 
branch length (r = -0.41), and crown diameter 
(r = -0.58). Tree height, DBH, and total 
volume were excluded from correlation with 

slenderness due to their calculation formula.

Correlations between crown and stem 
characteristics

Negative and relatively insignificant values 
were obtained between the forking of the stem 
and the other crown characteristics, except 
DBH and Crown Diameter (average value) 
(Supplementary Figure S2). The highest values 
of the Pearson correlation coefficient were 
obtained between the total volume of the tree 
and the branch volume (r = 0.99), the trunk 
volume and DBH (r = 0.93), and the Crown 
diameter (average) and the crown diameter 
(maximum value) (r = 0.90). The total tree 
volume was found to be highly correlated with 
most other stem and crown characteristics: the 
trunk volume (r = 0.81), the branch volume  
(r = 0.99), the tree height (r = 0.45), the branch 
length (r = 0.71), maximum branch order  
(r = 0.52), DBH (r = 0.78), the Crown diameter 
(average) (r = 0.82) and the crown diameter 
(maximum value) (r = 0.71).

Effects of altitude on bud burst, length 
of the growing season, crown and stem 
architectures

Figure 6 Competition index values according to Hegyi 
(1974) for competitor trees (i) of sampled dominant target 
trees (j).

Table 9 Effects of competition Hegyi index on crown and 
stem architectures. 

Correlation between competition and… Pearson 
correlation value

Bud burst 0.08
The length of the growing season -0.09
Slenderness 0.32*
Forking 0.13
Total volume -0.38**
Trunk volume -0.39**
Branch volume -0.36*
Tree height -0.38**
Trunk length -0.34*
Branch length -0.30*
Number of branches -0.12
Maximum branch order -0.16
DBH -0.39**
Crown Diameter (Average) -0.34*
Note: * - r > 0.289, ** - r > 0.375, and *** - r > 0.469

Table 10 Effects of competition slenderness on crown and 
stem architectures. 

Correlation between slenderness and.. Pearson 
correlation value

Bud burst -0.23
The length of the growing season 0.24
Forking 0.24
Hegyi index 0.32*
Heterozygosity -0.16
Trunk volume -0.62***
Branch volume -0.47***
Trunk length -0.10
Branch length -0.41**
Number of branches -0.14
Maximum branch order -0.26
Crown diameter (average) -0.58***
Note: * - r > 0.289, ** - r > 0.375, and *** - r > 0.469
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The influence of altitude on the start of the 
growing season (bud burst), as well as on 
its length, is confirmed by a high Pearson 

correlation coefficient value of r = 0.90 
and r = -0.91, respectively (Table 11).  
It signifies a very significant and inversely 
proportional correlation between altitude 
and the length of the growing season, with 
an increase in altitude leading to a shorter 
vegetation season. A very significant 
correlation was also obtained in the case of 
tree height (r = -0.61), where the increase 
in altitude negatively influenced the height 
of the trees. Significant correlations were 
obtained between altitude and forking  
(r = 0.41), as well as trunk length (r = -0.44). 
A non-significant but negative correlation 
exists between altitude and individual 
heterozygosity of the sampled beech trees  
(r = -0.23).

Effects of heterozygosity on bud burst, 
length of the growing season, crown and 
stem architectures

The influence of heterozygosity on the length 
of the growing season is significant (r = 0.30); 
a higher individual’s heterozygosity contributes 
to a longer growing season and a precocious 
onset of bud burst in beech (r = -0.21) (Table 12). 

Higher heterozygosity was associated with a 
higher total volume of the tree and its trunk, DBH, 

the Crown diameter (average), and, inversely 
proportional but insignificant, with forking. 
Discussion

The onset of bud burst and senescence, as well 
as the length of the growing season, varied very 
significantly and inversely proportionally with 
the altitudinal gradient, confirming similar 
studies (Anev 2023, Ciocîrlan et al. 2024, 
Skvareninova et al. 2024). We obtained a very 
significant and positive correlation between 
altitude and bud burst (r = 0.90), very similar 
to the result obtained by Schieber et al. (2013) 
(r = 0.93). There is a gap of 14 days between 
the individuals located at the extremities of 
this elevational gradient, regarding the start of 
bud burst, 15 days in the onset of senescence, 
and 30 days in the length of the growing 
season.  These values show the extent of local 
adaptation of beech trees in the study area 
and can be of interest to the forest practice. 
The ecotype selection of beech can contribute 
to avoiding early or late frosts (Silvestro et 
al. 2019). Individuals with a longer growing 
season, which has an early onset of bud burst, 
can be damaged by early autumn frosts. The 
selection of phenotypes could be a solution to 
increase the adaptation of trees in the actual 
context of climate change.

Table 11 Effects of altitude on the length of the growing 
season, individual heterozygosity, Hegyi 
competition index, forking, and other crown and 
stem architectures. 

Correlation between altitude and.. Pearson 
correlation value

Bud burst 0.90***
The length of the growing season -0.91***
Heterozygosity -0.23
Hegyi index 0.28
Forking 0.41**
Total volume -0.20
Trunk volume -0.20
Branch volume -0.19
Tree height -0.61***
Trunk length -0.44**
Branch length 0.08
Number of branches 0.24
Maximum branch order 0.20
DBH -0.17
Crown diameter (average) -0.10
Note: ** - r > 0.375 and *** - r > 0.469

Table 12 Effects of heterozygosity on the length of the 
growing season, forking, and other crown and 
stem architectures. 

Correlation between heterozygosity and… Pearson 
correlation value

Bud burst -0.21
The length of the growing season 0.30*
Forking -0.21
Total volume 0.26
Trunk volume 0.35*
Branch volume 0.22
Tree height 0.18
Trunk length -0.06
Branch length 0.06
Number of branches -0.16
Maximum branch order -0.08
DBH 0.30*
Crown diameter (average) 0.25
Note: * - r > 0.289
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 We also obtained a very significant and 
negative correlation between altitude and tree 
height (r = -0.61), similar to the one obtained 
by Svoboda et al. (2006) (r = -0.51) in Norway 
spruce. This correlation suggests that the 
beech trees will reach lower heights with the 
increase in altitude, not only due to different 
site conditions that this implies but also to the 
changes in the composition of the stands in 
which it is found and their interaction with its 
new competitors (Sharma et al. 2016), in the 
present case, Norway spruce and silver fir.
 An increase in competition directly implied 
a decrease in DBH and crown dimensions, 
confirming the results of Dorji et al. (2019); 
the higher it is, the more the inhibitory effects 
are felt by the analysed beech individuals (Ji 
et al. 2023). Vacek & Lepš (1996) revealed 
that the strongly suppressed individuals by 
their neighbours are the most susceptible 
to environmental stresses. Das et al. (2016) 
claimed that the suppression exerted by the 
surrounding trees could cause the death of an 
individual. In the case of beech, Duduman 
et al. (2010) found that in natural uneven-
aged stands, the radial growth is influenced 
primarily by the competition exercised by its 
first seven neighbours. Our results suggest 
that the effects of competition exerted by the 
individuals located at a distance above 4 m 
decrease significantly. The correlation between 
DBH and crown diameter (average value) is 
much stronger compared with the one obtained 
by Svoboda et al. (2006) on Norway spruce 
(0.27).
 The stem's slenderness significantly 
increased with increasing competition, contrary 
to the results of Penanhoat et al. (2024) on one-
year-old common beech saplings. We obtained 
negative and significant correlations between 
individual slenderness and total volume, trunk 
volume, branch volume, branch length, crown 
diameter, and DBH, similar to Tomșa et al. 
(2021) on four European white oak species. 
Shamaki (2022) obtained similar negative 
correlations between slenderness and DBH, 

total volume, and a similar positive correlation 
with tree height on eucalyptus, gmelina, and 
teak.
 A positive but low Pearson coefficient value 
was obtained between the Hegyi competition 
index and bud burst, along with the forking 
of the stem, and a negative and low one with 
the length of the growing season. The beech’s 
forking is lower at higher altitudes, where its 
competitors, Norway spruce and silver fir, 
are dominant (several meters taller), and the 
density of the stand is also lower.
 A similar study from Germany (Burkhardt 
et al. 2020) that combined putatively 
neutral and potentially adaptive markers to 
evaluate the effects of heterozygosity on 
oak tree architectures revealed a significant 
relationship between branch angle and 
individual heterozygosity. Tomșa et al. (2021) 
obtained no significant relationship between 
individual heterozygosity and other tree-shape 
characteristics in oak species, similar to Mitton 
et al. (1981) on blackjack pine and lodgepole 
pine. Still, Moosavi et al. (2024) showed 
that English yew individual heterozygosity 
increased with tree age (indicated by DBH), 
and the relationship was strongest for late 
developmental stages (old adult trees). Ledig et 
al. (1993) stated that more heterozygous Pitch 
pine individuals exhibit a more significant mean 
annual growth. Cole et al. (2016) demonstrated 
that the growth of aspens is strongly influenced 
by individual heterozygosity, confirming 
Jelinski's (1993) results.
 Our study revealed a significant and positive 
relationship between individual heterozygosity 
and the length of the growing season, as well 
as with the trunk volume and DBH, contrary 
to the results obtained by Savolainen & 
Hedrick (1995) on Scots pine. We found a 
positive but nonsignificant correlation between 
heterozygosity and the tree’s height, similar 
to Moran et al. (1989) in river oak. The 
association between individual heterozygosity 
and growth-related traits such as DBH in 
our study may indicate a direct relationship 
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between heterozygosity and growth or higher 
heterozygosity in older than in younger 
trees (i.e., selection favoring heterozygous 
individuals). Additional data on tree age are 
necessary to distinguish between these two 
options. However, we recommend continuing 
the research on this topic, using the same 
methodology but replicating it in other site 
conditions.

Conclusions

An increase in altitude led to a tardive onset of 
bud burst and a precocious onset of senescence, 
directly implying a shorter growing season. 
The height, forking, and trunk length of beech 
trees increased in lower elevations.
 The influence of a competitor on a target 
beech is determined by the distance between 
the two trees (the most significant effects 
exerted by neighbours below 4 m distance) and 
the competitor’s diameter (inverse proportional 
relationship). Negative significant correlations 
were found between the competition index 
and the tree biomass indicators (total volume, 
trunk volume, height, stem diameter, branch 
volume, trunk length, branch length, and crown 
diameter). A beech tree with high competition 
will reveal a slenderer growth.
 A higher individual’s heterozygosity 
contributed to a longer growing season in 
common beech. Higher heterozygosity was 
associated with considerably higher total tree 
biomass. The genetic diversity was inversely 
proportional but nonsignificant to stem forking. 
 TLS demonstrated great potential in 
extracting beech tree biomass indicators, but 
we still recommend using the conventional 
method as a complementary method for data 
validation, although it is time-consuming.
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