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Annual basal area increment is an important indicator of individual-tree growth and stand development, and its modelling
provides a better understanding of the factors associated with the growth of pedunculate oak (Quercus robur L.). The aim
of this study was to identify the most important tree size, competition, crown and site factors associated with the annual
basal area increment of individual pedunculate oak trees and to develop a regression model for its estimation. The
analysis was based on 892 observations of annual basal area increment obtained from successive tree measurements on
28 permanent sample plots in natural mixed stands of pedunculate oak and common hornbeam in continental Croatia.
Annual basal area increment of individual trees was used as the dependent variable, while mean diameter at breast
height, competition indices, crown characteristics and selected soil properties were analysed as independent variables.
Due to deviations from a normal distribution, annual basal area increment was square-root transformed, and modelling
was performed using multiple linear regression with multicollinearity control. The final model explained 61.18% of the
variability in the transformed annual basal area increment (R? = 0.6118). Mean diameter at breast height was the predictor
with the largest individual contribution to explaining the variability (partial R? = 0.389), while the competition indices
BAB, CAB_H and PkH_ha were negatively associated with annual basal area increment. Humus content was positively
associated with increment, whereas the proportion of silt and clay fractions was negatively associated with increment.
The results indicate that the annual basal area increment of individual pedunculate oak trees is primarily associated
with tree size, with additional contributions from competitive relationships, crown characteristics and selected soil
properties. The developed regression model provides a basis for further development of individual-tree growth models
for pedunculate oak in natural mixed stands. However, the results should be interpreted in the context of the hierarchical
and longitudinal structure of the data used in the analysis.

Keywords: pedunculate oak (Quercus robur L.); annual basal area increment; multiple linear regression; growth model;
tree competition; permanent sample plots; natural mixed stands

INTRODUCTION

Basal area, defined as the sum of the cross-sectional
areas of tree stems at breast height, is one of the important
structural indicators of a forest stand. It is related to stand
density, growing stock, increment and productivity, and
is frequently used to assess stand condition and monitor
changes during stand development. Since its value can be
relatively easily determined through field measurements,
basal area plays an important role in forest management
planning and silviculture.

The importance of basal area for stand growth and
development was recognized as early as the beginning

of the 20th century. Schwappach (1911) investigated the
relationships between basal area and the productivity
of beech stands, while Wiedemann (1936) conducted
similar research in oak stands. Assmann (1961) made a
significant contribution to understanding the relationship
between stand density and increment by distinguishing
maximum, optimal and critical basal area, and pointing
out that the highest stand density does not necessarily
ensure the highest increment. These studies laid
important foundations for understanding the relationships
between stand density, growth and productivity, as well
as for determining the intensity and timing of silvicultural
interventions.
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In Croatian forestry, the development of basal area and
increment in pedunculate oak stands has been the subject
of numerous studies (Spiranec 1975, Klepac 1976, Kovaci¢
and Hren 1984, Bezak 1992, Benko et al. 1999, Antonic et
al. 2000, 2003, Ostrogovic¢ Sever et al. 2010). Most of these
studies have focused on the stand level, i.e. on describing
changes in total stand basal area and increment throughout
stand development. The development of computer
technologies and statistical methods has enabled the
application of growth models in which changes in stand
characteristics can be described and simulated based on
the characteristics of individual trees, their growth and
their interactions (Vanclay 1994, Pretzsch 2009).

In recent decades, increasing attention has been
devoted to individual-tree growth models (Pretzsch 2020,
Lamonica et al. 2020). Such models enable a more detailed
description of the relationships between tree dimensions,
competitive relationships, crown characteristics and site
factors, and may represent an important component of
models for assessing forest stand development under
different conditions and management scenarios (Pretzsch
2009, Forrester and Pretzsch 2015, West 2024). In Croatia,
Bozi¢ (2003) and Bozi¢ et al. (2006) modelled basal area
increment of individual silver fir trees, whereas studies
of individual-tree increment in pedunculate oak are
considerably less common.

Pedunculate oak is one of the economically and
ecologically most important tree species of lowland forests
in Croatia, and its stands are characterized by complex
relationships between individual-tree growth, stand
structure and site conditions. Despite a long tradition of
research on the growth and increment of pedunculate oak
at the stand level, available data and models that directly
relate annual basal area increment of individual trees to
their tree size, competitive position, crown characteristics
and soil properties are still limited. In particular, the relative
contribution of individual groups of factors to individual-

tree increment in natural mixed stands of pedunculate oak
and common hornbeam remains insufficiently investigated.

Therefore, the aim of this study was to determine which
tree size and competition factors, as well as crown and site
factors, are associated with the annual basal areaincrement
of individual pedunculate oak trees and to quantify
their relative contribution to explaining the variability in
increment. For this purpose, a multiple regression model
was developed to analyse the relationships between
annual basal area increment and tree size characteristics,
competition indices, crown characteristics and selected
soil properties. Particular attention was given to assessing
the relative importance of individual predictors and
their contribution to explaining the variability in annual
increment.

Since the data were collected on permanent sample
plots and included repeated measurements of a subset
of trees, the results were interpreted with consideration
of the hierarchical and longitudinal structure of the data.
Therefore, the aim of this study was not to provide a final or
universally applicable growth model, but rather to identify
patterns of association between individual-tree increment
and selected tree size, competition and site factors, and
to provide a basis for further development of individual-
tree growth models for pedunculate oak in natural mixed
stands.

MATERIALS AND METHODS

Study Area and Permanent Sample Plots
The study was conducted on 28 permanent sample
plots (PSPs) established between 1991 and 1998 in the
forest management units of the Karlovac, Koprivnica,
Bjelovar and Vinkovci Forest Administrations (Figure 1).
The permanent sample plots were established in
natural mixed stands of pedunculate oak and common

Koprivnica
4

Bjelovar

Vinkovci

Figure 1. Forest administrations and the number of permanent sample plots included in the study.
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hornbeam (Carpino betuli-Quercetum roboris Ani¢ 1959
ex Raus 1969) originating from natural regeneration under
shelterwood cutting.

When selecting the locations, efforts were made to
ensure the greatest possible homogeneity of site and
stand conditions within each plot. At the time of plot
establishment, stand age ranged from 18 to 140 years,
thus covering a wide range of developmental stages and
a substantial part of the production period of pedunculate
oak stands.

The permanent sample plots were square or rectangular
in shape. A subplot (strip) was established in the most
homogeneous part of each plot, where all trees were
permanently numbered. The size of the plots and subplots
was determined according to stand age. The subplot area
was 0.01 ha in stands belonging to the first and second age
classes, 0.05 to 0.10 ha in stands belonging to the third
age class, 0.25 ha in stands belonging to the fourth age
class, and 0.36 ha in stands belonging to the fifth, sixth and
seventh age classes (Dubravac and Novotny 1992, Novotny
1997).

Data Collection and Processing

At the establishment of the permanent sample
plots, diameter at breast height was measured in two
perpendicular directions, together with total tree height,
stem height and horizontal crown projections for all
permanently marked trees. In addition to dendrometric
measurements, crown layer, crown shape, stem quality,
degree of tree damage and crown defoliation were
assessed. A soil profile was opened on each permanent
sample plot, and laboratory analyses of selected physical
and chemical soil properties were conducted.

Following the establishment of the plots, continuous
monitoring of the stands was carried out in 1998, 2004 and
2008. Of the total 28 plots, three repeated measurements
were conducted on six plots, two repeated measurements
on nine plots, and one repeated measurement on thirteen
plots.

All measured, assessed and derived data were compiled
into a relational database. The database contained a total
of 10,477 records comprising different types of data and
variables collected during field measurements and their
subsequent processing. This number does not represent
the number of individual trees included in the study, but
rather the total number of records in the database used
for storing and processing different types of data from
different time periods.

For modelling purposes, observations of pedunculate
oak trees for which two consecutive measurements
required to calculate annual basal area increment were
available were selected. The final modelling dataset
comprised a total of 892 observations of annual basal area
increment of pedunculate oak trees.

An observation in the analysis represents the annual
basal area increment of an individual tree calculated for
the time interval between two consecutive measurements.
Therefore, the 892 observations do not necessarily
represent 892 different trees. On plots with repeated
measurements, the same tree could be represented
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in several time intervals and thus contribute multiple
observations of annual basal area increment. Furthermore,
multiple trees belonged to the same permanent sample
plot and shared some common stand and site conditions.
Such a data structure implies that the observations
are not completely independent of one another. This
particularly applies to observations within the same
permanent sample plot, as well as to repeated observations
of the same trees over time. This characteristic was taken
into account when interpreting the results and represents
one of the limitations of the statistical approach applied.

Dependent Variable

The subject of modelling was the annual basal area
increment of individual pedunculate oak trees. The
variable igPer represents the mean annual basal area
increment of an individual tree between two consecutive
measurements and is expressed in m? per year (m2-year™).
It was calculated as the difference in the tree basal area
between two consecutive measurements divided by the
number of years between the measurements.

The basal area of an individual tree (g) was calculated
based on the mean diameter at breast height according to
the following equation:

g =mnds? /40 000
where g is basal area of an individual tree (m?2), and ds is
the mean diameter at breast height (cm).

The annual basal area increment (igPer) was calculated
according to the following equation:

igPer = (g, - g1) / At
where igPer is mean annual basal area increment of an
individual tree (m?-year™), g; is basal area of the tree at
the first measurement (m?), g, is basal area of the tree at
the subsequent measurement (m?2), At is number of years
between two consecutive measurements (years).

In the subsequent statistical analysis, the square root
of annual basal area increment, denoted as sqrt_igPer, was
used as the dependent variable.

Independent Variables

For modelling annual basal area increment, variables
were selected that, based on previous research and the
biological characteristics of tree growth, describe tree size,
stand and competitive relationships, crown development,
and selected soil properties.

The following independent variables were used:

a) ds (cm) — mean diameter at breast height of the
tree, calculated as the arithmetic mean of two
perpendicular measurements of diameter at
breast height taken at 1.3 m above ground level;

b) G_ha (m%*ha™) — total stand basal area per
hectare, calculated as the sum of the basal areas
of all trees on the subplot divided by the subplot
area;

c) BAB (%) — relative proportion of the basal area of
trees larger in diameter than the subject tree in
the total basal area of the subplot. This variable
represents an indicator of the relative competitive
position of the subject tree within the stand
(Kiernan et al. 2008);
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d) BAPBA (%) — relative proportion of the basal area
of an individual tree in the total stand basal area
per hectare. It was calculated as the ratio of the
basal area of the subject tree to the total stand
basal area per hectare and represents a measure
of the relative size and position of the tree within
the stand structure (Bozi¢ 2003, Kiernan et al.
2008);

e) PkH_ha (m?-ha™) — total area of the horizontal
crown projections of pedunculate oak trees
per hectare, calculated as the sum of the crown
projection areas of all pedunculate oak trees on
the subplot divided by the subplot area;

f) CAB_H (%) — proportion of the crown area of
pedunculate oak trees with a larger crown than the
subject tree in the total crown area of pedunculate
oak trees on the subplot. This variable represents
an indicator of the relative competitive position
of the subject tree in relation to pedunculate oak
trees with larger crown areas;

g) Humus (%) — humus content in the second soil
horizon, determined by laboratory analysis of soil
samples;

h) PrahGlina (%) — proportion of the silt and clay
fraction in the second soil horizon, determined by
laboratory analysis of soil samples and used as an
indicator of soil textural properties.

The variables Humus and PrahGlina represent soil
properties determined at the permanent sample plot level.
Therefore, all trees within the same plot share the same or
very similar values of these variables, which was taken into
account when interpreting their statistical contribution.

Statistical Analysis

For all analysed variables, descriptive statistics were
calculated, including the arithmetic mean, standard
deviation, minimum, median and maximum. In all statistical
analyses, a significance level of 5% was considered
statistically significant.

Multiple linear regression analysis was applied to
determine the relationships between annual basal area
increment and the selected tree size and competition
variables, as well as crown and site variables.

Prior to modelling, the distribution of annual basal
area increment was examined. Since the distribution of
the igPer variable deviated from normality, a square-root
transformation was applied. The transformed variable sqrt_
igPer was subsequently used as the dependent variable in
the analysis.

All previously defined independent variables were
included in the initial regression model. Multicollinearity
among the predictors was assessed using the Variance
Inflation Factor (VIF). A VIF threshold of >5 was used as
an indication of potentially problematic collinearity among
predictors. Variables showing pronounced multicollinearity
were considered for exclusion from the model, while their
statistical significance and contribution to the model were
also taken into account in the final selection.

The modelling was performed in several steps. In
the first step, an initial model including all selected
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independent variables was estimated. After pronounced
multicollinearity was identified, the BAPBA variable was
excluded from the model. In the next step, the exclusion of
the G_ha variable was considered, as it was not statistically
significant in that model. After defining a model that
included tree size, competition and crown variables,
the Humus and PrahGlina variables were additionally
included to assess their contribution to explaining the
variability in annual basal area increment.

The relative importance of individual predictors was
assessed using the partial coefficient of determination
(partial R?). Partial R? was used as an indicator of the
individual contribution of a predictor to explaining the
variability of the dependent variable while the other
predictors were simultaneously included in the model.
Partial R? values were not interpreted as mutually additive
components of the overall R2.

The goodness of fit of the final model was assessed
using the coefficient of determination (R?) and adjusted
coefficient of determination (adjusted R?), residual analysis,
and comparison of measured and model-estimated values
of annual basal area increment.

The hierarchical and longitudinal structure of the data
was taken into account when interpreting the results.
Trees were nested within permanent sample plots, while
on a subset of plots the same trees were monitored over
several consecutive time intervals. The applied multiple
linear regression did not explicitly model random effects
of permanent sample plots and individual trees, nor the
correlation between repeated observations. Therefore,
results related to the statistical significance of individual
parameters should be interpreted with caution, particularly
for soil variables determined at the plot level. The direction
and relative importance of the estimated associations
were used primarily for biological interpretation and as a
basis for further model development.

Microsoft Excel 2019 was used for data entry and
preparation, while Microsoft Access 2019 was used to create
the relational database. Statistical analyses and regression
modelling were performed using the SAS 9.4 statistical
software package (SAS Institute Inc., Cary, NC, USA).

RESULTS

The basic descriptive statistics of the dependent and
independent variables included in the modelling are
presentedinTable 1. The analysis was based on atotal of 892
observations of annual basal area increment of individual
pedunculate oak trees. An observation represents the
annual basal area increment calculated for an individual
tree between two consecutive measurements; therefore,
it does not necessarily represent a unique tree, as the
same trees were monitored over multiple time intervals
on some permanent sample plots.

The mean annual basal area increment of pedunculate
oak trees was 0.00328 m2-year™, with a standard deviation
of 0.00237 m?-year™. Values ranged from 0 to 0.01950
m2-year™, while the median was 0.00283 m?.year™. The
mean diameter at breast height (ds) was 39.49 cm, ranging
from 3.95 to 90.00 cm.
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The total stand basal area (G_ha) averaged 31.66
m?-ha™', while the total crown projection area of
pedunculate oak trees (PkH_ha) averaged 6459.65 m?-ha™.
The mean values of the competition indices BAB and CAB_H
were 39.63% and 59.82%, respectively. The mean humus
content in the second soil horizon was 14.65%, while the
mean proportion of the silt and clay fraction was 57.66%.

The distribution of annual basal area increment (igPer)
deviated from normality, as confirmed by the Kolmogorov—
Smirnov test (p < 0.01). Therefore, the dependent variable
was square-root transformed (sqrt_igPer). Following
transformation, the distribution showed an approximately
normal shape, and the deviation from normality was no
longer statistically significant according to the Kolmogorov—
Smirnov test (p > 0.15).

The distributions of the original and transformed
variables are presented in Figure 2.

The results of the individual steps of the multiple linear
regression analysis are presented in Table 2. All previously
defined independent variables were included in the
initial model. The initial model was statistically significant
(F(6,885) = 235.92; p < 0.0001) and explained 61.53% of

the variability in transformed annual basal area increment
(R?=0.6153; adjusted R =0.6127).

In the initial model, high Variance Inflation Factor
(VIF) values were identified for the variables ds (VIF =
36.00) and BAPBA (VIF = 25.17), indicating pronounced
multicollinearity. Since BAPBA represented the relative
proportion of the basal area of an individual tree in the
total stand basal area and was strongly related to tree size,
it was excluded from further modelling.

After excluding BAPBA, the model remained statistically
significant (F(5,886) = 269.85; p < 0.0001), with R? = 0.6036
and adjusted R? = 0.6014. At this stage, the G_ha variable
was not statistically significant (p =0.8065), and its exclusion
did not change the model coefficient of determination.
Therefore, G_ha was also excluded from the final model.

The final basic model included the variables ds, CAB_H,
PkH_ha and BAB. The model was statistically significant
(F(4,887) = 337.65; p < 0.0001) and explained 60.36% of
the variability in transformed annual basal area increment
(R? = 0.6036; adjusted R? = 0.6018). All variables included
in this model were statistically significant (p < 0.0001).

Table 1. Descriptive statistics for all analysed variables (n = 892 observations).

Variable Mean SD Min Median Max
igPer (m?) 0.00328 0.00237 0.00000 0.00283 0.01950
sqrt_igPer 0.05337 0.02068 0.00211 0.05317 0.13964
ds (cm) 39.48800 15.42207 3.95000 39.00000 90.00000
G_ha (m?-ha™) 31.66100 470112 19.45296 30.84416 43.37296
PkH_ha (m?-ha™) 6459.645 1441.366 3469.336 6315.346 11102.638
BAB (%) 0.39633 0.21893 0.00000 0.39913 0.98922
BAPBA (%) 0.00429 0.00293 0.00006 0.00377 0.01790
CAB_H (%) 59.82303 28.73991 0.00000 64.55973 99.47913
Humus (%) 14.65424 11.22791 0.84 15.2 36.80
PrahGlina (%) 57.66099 12.52128 18.60 53.7 77.10
SD - Standard Deviation
Distribution of igPer Distribution of sqrt_igPer
25 20 —
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Figure 2. Distribution histogram for igPer and transformed igPer (sqrt_igPer).
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Table 2. Results of multivariate regression modelling steps for sqrt_igPer as dependent variable with related diagnostics.

F(6,885)=235.92; p<0.0001
R?=0.6153; R2,, =0.6127

F(5,886)=269.85; p<0.0001
R2=0.6036; R2, =0.6014

F(4,887)=337.65; p<0.0001
R?=0.6036; R, =0.6018

Variable

t Value Pr> |t| VIF t Value Pr> |t| VIF t Value Pr> |t| VIF

Intercept 14.59 <0.0001 0 13.58 <0.0001 0 15.58 <0.0001 0
ds 9.74 <0.0001 36.00 16.67 <0.0001 2.86 25.54 <0.0001 1.25
CAB_H -5.73 <0.0001 2.07 -5.41 <0.0001 2.07 -5.41 <0.0001 2.06
PkH_ha -4.43 <0.0001 1.41 -5.36 <0.0001 1.36 -6.04 <0.0001 1.03

BAPBA -5.19 <0.0001 25.17 - - - - - -

G_ha -3.41 0.0007 4.78 0.25 0.8065 2.49 - - -
BAB -3.38 0.0008 2.61 -3.85 0.0001 2.58 -4.01 <0.0001 2.29

VIF - Variance Inflation Factor

After defining the basic model, the additional
contribution of soil properties was analysed by including
the variables Humus and PrahGlina. The results of the
basic and extended models are presented in Table 3.

The inclusion of soil properties increased the coefficient
of determination from R? = 0.6036 to R? = 0.6118, while
the adjusted coefficient of determination increased from
0.6018 to 0.6092. The extended model was statistically
significant (F(6,885) = 232.47; p < 0.0001).

In the final model, all included independent variables
were statistically significant. Mean diameter at breast
height (ds) had a positive estimated parameter (B = 7.73
x 10™% p < 0.0001), whereas CAB_H (B =-1.13 x 107%; p <
0.0001), PkH_ha (B = -2.0 x 107%; p < 0.0001) and BAB (B =
-0.01385; p < 0.0001) had negative estimated parameters.
Among the soil properties, Humus had a positive estimated
parameter (B = 8.2 x 107%; p = 0.0445), whereas PrahGlina
had a negative estimated parameter (B =-1.23 x 107 p =
0.0006).

The VIF values in the final model ranged from 1.05
to 2.34, indicating that, after excluding variables with
pronounced multicollinearity, no problematic level of
multicollinearity was identified among the remaining
predictors.

Analysis of the partial coefficients of determination
showed that ds had the largest individual contribution

to explaining the variability in transformed annual basal
area increment (partial R? = 0.389). The contributions of
the other predictors were smaller: PkH_ha had a partial R?
of 0.045, CAB_H 0.029, BAB 0.023, PrahGlina 0.013, and
Humus 0.004.

Partial R? values do not represent additive components
of the total model R?> because the contributions of
individual predictors may overlap. Therefore, in this study,
they were used as indicators of the relative contribution
of individual predictors within the final model, rather than
as components that can be directly summed to obtain the
overall coefficient of determination.

The final model explained 61.18% of the variability in
transformed annual basal area increment (R* = 0.6118),
while the adjusted coefficient of determination was 0.6092.
Compared with the basic model without soil properties, the
inclusion of the Humus and PrahGlina variables resulted in
an increase in R? of 0.0082.

Residual analysis showed an approximately normal
distribution of residuals and approximately constant
variance, with no pronounced deviations indicating serious
violations of the assumptions of the linear regression
model. Comparison of measured and model-estimated
values showed agreement in the general pattern of
variability in annual basal area increment, with greater
deviations for individual observations, particularly at
higher increment values (Figure 3).

Table 3. Results of multivariate regression models for sqrt_igPer as dependent variable with related diagnostics.

F(4,887)=337.65; p<0.0001
R2=0.6036; R?  =0.6018

F(6,885)=232.47; p<0.0001
R2=0.6118; R?_, =0.6092

Variable Parameter t Parameter t
Estimate SE Value e i Estimate SE Value | VIF Partial R2

Intercept 0.0453 0.0029 15.58 <.0001 0.05383 0.00375 14.34 <.0001
ds 8.09E-4 0.32E-4 25.54 <.0001 7.73E-4 0.33E-4 23.74 <.0001 1.34 0.389
CAB_H -1.18E-4 0.22E-4 -5.41 <.0001 -1.13E-4 0.22E-4 -5.22 <.0001 2.07 0.029
PkH_ha -0.02E-4 3.07E-7 -6.04 <.0001 -0.02E-4 3.08E-7 -6.45 <.0001 1.05 0.045
BAB -0.0121 0.0030 -4.01 <.0001 -0.01385 0.00303 -4.57 <.0001 2.34 0.023
Humus 0.82E-4 0.4E-4 2.01 0.0445 1.10 0.004
SiltClay -1.23E-4 0.36E-4 -3.46 0.0006 1.06 0.013

SE — Standard Error; VIF — Variance Inflation Factor; Partial R2 — partial coefficient of determination.
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Figure 3. Comparison of real and predicted values of the final model for igPer.

The obtained results, particularly the values of the
standard errors and p-values of individual parameters,
should be interpreted with consideration of the data
structure. Several observations originated from the same
permanent sample plot, while on some plots the same
trees were monitored over multiple time intervals. Since
the applied model did not explicitly include random
effects of the plot and individual tree, the observations
cannot be considered fully statistically independent. This
is particularly important when interpreting the statistical
significance of plot-level variables, such as soil properties.
Therefore, the statistically significant relationships between
soil properties and annual basal area increment identified
in this study should be regarded as indicative associations
rather than evidence of direct causal effects.

tion within the stand and the ability to utilize available
resources. Larger trees generally have a more developed
photosynthetic apparatus and a more favourable position
with respect to light resources, which may be associated
with greater absolute basal area increment. Similar
importance of tree size has been reported in other studies
of individual-tree growth, in which tree size represents one
of the most important predictors of increment (Pretzsch
2020, Lamonica et al. 2020, Bianchi et al. 2023). The present
results therefore support the use of tree size variables as a
fundamental component of individual-tree growth models
for pedunculate oak.

Among the indicators of competitive relationships,
BAB and CAB_H showed negative associations with annual
basal area increment. A higher BAB value indicates a
greater proportion of the basal area accounted for by trees
that are larger in diameter than the subject tree and can

DISCUSSION therefore be interpreted as an indicator of a less favourable
competitive position of the subject tree. The negative sign of
The results indicate that the annual basal area this variable thus indicates an association between greater

increment of individual pedunculate oak trees is associated
with a combination of tree size characteristics, competitive
relationships, crown development and selected soil
properties. However, the analysis of the relative importance
of the predictors showed that mean diameter at breast
height (ds) had by far the largest individual contribution to
explaining the variability in annual basal area increment,
whereas the other analysed factors had smaller but
statistically identifiable contributions. This result highlights
the importance of tree size in describing individual-tree
growth of pedunculate oak.

The dominant role of mean diameter at breast height in
the model (partial R? =0.389) is consistent with well-known
patterns of individual-tree growth. Tree size is an integrative
characteristic associated with developmental status, posi-

https://www.seefor.eu

competitive pressure and lower basal area increment.
Similarly, CAB_H, which describes the proportion of the
crown area of pedunculate oak trees with larger crowns
than that of the subject tree, showed a negative relationship
with increment. This indicates the importance of crown-
level competitive relationships within the pedunculate
oak layer. The results are generally consistent with studies
emphasizing the importance of competition for individual-
tree growth, particularly in stands where light availability
represents an important growth factor (Forrester and
Pretzsch 2015, Lamonica et al. 2020).

The total crown projection area of pedunculate oak trees
per hectare (PkH_ha) also showed a negative association
with annual basal area increment. An increase in total crown
projection area may reflect greater occupancy of available
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growing space by tree crowns and more intense inter-tree
competition. The result is therefore consistent with the
expectation that increased crown density and greater use
of available growing space may be associated with reduced
individual-tree increment. However, since the analysed
data do not allow individual mechanisms of competition to
be directly separated, this result should be interpreted as
a statistical association rather than as direct evidence of a
specific mechanism of action.

Interestingly, total stand basal area (G_ha) was
statistically significant in the initial model, but after the
removal of BAPBA and subsequently G_ha, its inclusion no
longer contributed to the model. The absence of G_ha from
the final model may be explained by the fact that other
included variables, particularly ds, BAB, CAB_H and PkH_ha,
already capture part of the information related to structural
and competitive conditions within the stand. In this respect,
the result does not mean that total stand basal area is
unrelated to tree growth, but rather that, in the presence of
the other predictors, it did not provide sufficient additional
information to warrant its retention in the final model.

Similarly, the BAPBA variable was excluded because of
pronounced multicollinearity with mean diameter at breast
height. Since BAPBA represents the relative proportion of an
individual tree's basal area in the total stand basal area, its
relationship with tree size was expected. Excluding BAPBA
therefore allows more stable estimation of the parameters
of the final model and reduces the problem of redundant
information among the predictors.

In contrast to the competition variables, soil properties
made a smaller contribution to the overall explanation of
variability.

CONCLUSIONS

The results of this study indicate that the annual basal
area increment of individual pedunculate oak trees is
associated with a combination of tree size characteristics,
competitive relationships, crown development and
selected soil properties. Among the analysed predictors,
mean diameter at breast height (ds) had the largest
individual contribution to explaining the variability in
annual basal area increment (partial R? = 0.389), indicating
its dominant role in describing individual-tree growth in
the analysed dataset.

Indicators of competitive relationships and crown
characteristics were also associated with annual basal area
increment. The variables BAB, CAB_H and PkH_ha showed
negative estimated relationships with increment, which is
consistent with the expectation that greater competitive
pressure and greater occupancy of available space by
tree crowns may be associated with lower individual-tree
increment. Total stand basal area (G_ha) and the relative
proportion of tree basal area in the stand (BAPBA) were
not retained in the final model because of insufficient
additional contribution and pronounced multicollinearity,
respectively.

Soil properties made a smaller contribution to the
overall explanation of increment variability, but showed
statistically identifiable associations with annual basal area
increment. Higher humus content was associated with
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greater increment, whereas a higher proportion of the silt
and clay fraction was associated with lower increment.
These relationships should be regarded as indicative
associations rather than evidence of causal effects
of individual soil properties, since the corresponding
physiological and hydrological mechanisms were not
directly investigated.

The final regression model explained 61.18% of the
variability in transformed annual basal area increment (R?
= 0.6118). This level of explanatory power indicates that
a combination of tree size, competition and site variables
can describe a substantial proportion of the variability
in individual-tree increment of pedunculate oak in the
investigated natural mixed stands. Partial R? values should
be interpreted as indicators of the relative contribution of
individual predictors within the model and not as mutually
additive components of the total R2.

The structure of the data used should be taken into
account when interpreting the results. The model was
developed using 892 observations of annual basal area
increment, but these observations do not represent 892
statistically independent trees. Multiple trees belonged
to the same permanent sample plot and shared some
common stand and site conditions, while on some plots
the same trees were monitored over several consecutive
time intervals. In addition, soil properties were determined
at the permanent sample plot level. Since the applied
multiple linear regression did not explicitly include random
effects of permanent sample plots and individual trees,
the standard errors and p-values of individual parameters,
particularly those of soil variables, should be interpreted
with appropriate caution.

Despite this limitation, the results provide a consistent
description of the relationships between tree size,
competitive relationships, crown characteristics, soil
properties and annual basal area increment. Mean
diameter at breast height stands out as the predictor with
the largest individual contribution, while competition and
site factors provide additional information on differences
in individual-tree growth.

The developed model provides a useful basis
for further development of individual-tree growth
models for pedunculate oak in natural mixed stands of
pedunculate oak and common hornbeam. However,
since the model was not independently validated and the
hierarchical and longitudinal structure of the data was
not explicitly modelled, it should not, in its present form,
be considered a fully validated tool for direct simulation
of stand development or planning of forest management
interventions.

Future research should include independent validation
of the model and the application of mixed-effects models
or other appropriate statistical approaches that would
explicitly account for the random effects of permanent
sample plots and individual trees. Such an approach would
enable more reliable estimation of individual and shared
sources of variability and a more accurate assessment of
predictor significance. The inclusion of additional climatic,
microsite and other ecological variables could further
improve the explanation of individual-tree increment and
contribute to the development of models applicable in
future stand growth and development simulators.

https://www.seefor.eu
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