
 
 

INTERDISCIPLINARY DOCTORAL SCHOOL 
Faculty of Silviculture Forest Engineering 

 

 

 

 Florinel CAPALB 

 
 

Utilization of integrated remote sensing data acquired by 
active and passive sensors for estimating tree dendrometric 
characteristics and analyzing  radial growth in forest stands 
of the Western Southern Carpathians 

 

 
 

SUMMARY 
 

 

Scientific Supervisor 

Acad. Nicolae Ovidiu BADEA 

 

 BRAȘOV, 2026  



2 
 

TABLE OF CONTENTS 
LIST OF ABBREVIATION .................................................................................................................................................. 3 

PREFACE ............................................................................................................................................................................. 6 

1. INTRODUCTION ...................................................................................................................................................... 7 

2. AIMS AND OBJECTIVES OF THE RESEARCH ................................................................................................. 10 

2.1. AIMS OF THE RESEARCH ......................................................................................................................... 10 

2.2. OBJECTIVES OF THE RESEARCH ............................................................................................................ 10 

3. METHODOLOGY AND RESEARCH MATERIAL .............................................................................................. 11 

3.1. RESEARCH LOCATION ............................................................................................................................... 11 

3.2. RESEARCH MATERIAL .............................................................................................................................. 11 

3.3. DATA PROCESSING AND STATISTICAL ANALYSIS ............................................................................. 14 

4. RESULTS OBTAINED ............................................................................................................................................ 17 

4.1. STATISTICAL INVENTORY OF INDIVIDUAL TREES AND STANDS WITHIN RESEARCH 
NETORKS ..................................................................................................................................................................... 17 

4.2. TREE DENDROMETRIC CHARACTERISTICS DETERMINED VIA TERRESTRIAL LASER 
SCANNING AND UAV ................................................................................................................................................ 23 

4.3. ANALYSIS OF RADIAL GROWTH INCREMENT CORE SAMPLES .................................................... 33 

4.4. MODELING TREE RADIAL GROWTH IN RELATION TO CROWN DIMENSIONS AND TREE 
COMPETITION ............................................................................................................................................................. 34 

5. CONCLUSIONS ....................................................................................................................................................... 44 

6. ORIGINAL CONTRIBUTION ................................................................................................................................. 50 

7. DISSEMINATION OF RESULTS .......................................................................................................................... 52 

LIST OF TABLES .............................................................................................................................................................. 55 

LIST OF FIGURES ............................................................................................................................................................ 56 

BIBLIOGRAPHY ............................................................................................................................................................... 58 

SHORT ABSTRACT RO .................................................................................................................................................. 65 

SHORT ABSTRACT EN ................................................................................................................................................... 66 

 
 
 
 
 
 



3 
 

LIST OF ABBREVIATION 

UAV Unmanned Aerial Vehicles 
LiDAR Light Detection and Ranging 
ALS Airborne Laser Scanning 
TLS Terrestrial Laser Scanning 
dbh Diameter at Breast Height (measured at 1.3 m above ground) 
h Tree Height 
MLS Mobile Laser Scanning 
AI Artificial Intelligence 
3D Three-Dimensional 
B.E. Experimental Base 
UP Production Unit 
UAT Administrative-Territorial Units 
EEA European Environment Agency 
RS Systematic Network 
SP Permanent Sample Plot 
SPP Permanent Sample Plot Area 
Ni Identifier of the ”i” Sample Plot 
C1; C2 Identifiers of Permanent Sample Plot Center 
GPS Global Positioning System 
hc Crown Height 
SfM Structure from Motion 
N; E; S; V Cardinal Directions: North, East, South, West 
.rwl Tucson Format Files 
CI Competition Indices  
x,y Cartesian Coordinates 
N Total Number of Reference Trees 
TP Number of Correctly Detected Trees (matching trees) 
FN Number of Reference Trees Not Detected 
FP Number of Trees Segmented from Point Clouds  
C Detection Accuracy 
e om Omission Error  

e com Commission Error 
RMSE Root Mean Square Error  
RRMSE Relative Root Mean Square Error  
MAE Mean Absolute Error 
R2 Coefficient of Determination 
TRW Tree Ring Width 
BAI Basal Area Increment 
CSV Crown Structure Variables Derived from Point Clouds 
εi Residual Error 
VIF Variance Inflation Factor 
AIC; BIC Statistical Criteria Used for Model Selection 



4 
 

network FA Beech Research Network 
𝑑𝑏ℎ̅̅ ̅̅ ̅ Mean Diameter at Breast Height 
h̅ Mean Tree Height 
network MO Spruce Research Network 
network AM Mixed Research Network (spruce, beech) 
sd Standard Deviation 
𝐶𝐵𝐻̅̅ ̅̅ ̅̅  Mean Crown Base Height 
𝐶𝑃𝐴̅̅ ̅̅ ̅̅  Mean Crown Projection Area 
FA Beech Species (FA) 
MO Spruce Species (MO) 
s% Coefficient of Variation 
SP 6; SP 84; SP 91; 

SP 28; SP 26; SP 39; 
SP 38; SP 24 

Permanent Sample Plots from Inventory Networks 

r Pearson Correlation Coefficient 
r2 Correlation Ratio 
SPP 232 Permanent Sample Plot Area  from the AM Research Network 
χ² Chi-Square Goodness-of-Fit Test 
Wilcoxon Rank-Based Statistical Analysis 
Q1 Lower Quartile 
Q3 Upper Quartile 
CD Crown Diameter 
HCB Height to Crown Base 
CL Crown Length 
asim Crown Asymmetry 
Rmax Maximum Crown Radius of the Tree 
R2 Coefficient of Determination 
CCC Lin’s Concordance Correlation Coefficient 
Bias Systematic Error 
df Degrees of Freedom 
KS Kolmogorov – Smirnov Test 
ANOVA Analysis of Variance 
AIC Akaike Information Criterion 
cvTRW Coefficient of Variation of Tree Ring Width 
CR Crown Radius 
CSLC Crown Shape Length Coefficient 
rețea Statistical Inventory Network (AM, FA, MO) 
CLz Standardized Crown Length, m 
CDz Standardized Crown Diameter, m 
CIz Standardized Competition Index 
TRWz Standardized Tree Ring Width 
SEM Structural Equation Model 
CFI Comparative Fit Index 
SRMR Standardized Root Mean Square Residual 



5 
 

year Observation Year 
tree_id Tree Identification Number 
R2m Marginal Coefficient of Determination 
R2c Conditional Coefficient of Determination 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



6 
 

PREFACE 
In recent decades, the development of remote sensing technologies and the increasing accessibility of 
geospatial data have led to significant changes in the way forest ecosystems are analyzed and 
monitored. The integration of data acquired through active and passive sensors enables the extraction 
of detailed information regarding stand structure and tree dendrometric characteristics, contributing 
to the development of modern methods for the assessment and monitoring of forest ecosystems. 
The doctoral thesis entitled ” Utilization of integrated remote sensing data acquired by active and 
passive sensors for estimating tree dendrometric characteristics and analyzing  radial growth in forest 
stands of the Western Southern Carpathians” falls within this scientific research direction and aims to 
apply integrated analytical methods based on the use of data obtained through terrestrial laser 
scanning, UAV (Unmanned Aerial Vehicle) platforms, and measurements carried out during 
conventional forest inventories. The conducted research focused on determining the dendrometric 
characteristics of trees and their crowns, as well as evaluating the relationships between stand 
structure, competition intensity, and tree radial growth. 
The accomplishment of these objectives would not have been possible without the constant support 
of my scientific supervisor, Acad. Nicolae Ovidiu Badea, to whom I express my deepest gratitude and 
sincere appreciation for his effort, support, and patience demonstrated through his competent and 
continuous guidance throughout the entire process of developing and completing this doctoral thesis, 
as well as for his essential contribution to my professional development. 
I would also like to express my gratitude to Prof. Dr. Eng. Iosif Vorovencii, Prof. Dr. Eng. Gheorghe Marian 
Tudoran, and Senior Researcher I Dr. Eng. Bogdan Apostol for their advice, observations, and 
recommendations provided during the presentation of the scientific reports and throughout the 
preparation of the thesis. 
I express my sincere appreciation and gratitude to my colleagues from the National Institute for 
Research and Development in Forestry “Marin Drăcea” for their support and encouragement 
throughout the development of this doctoral thesis, especially to Dr. Eng. Marius Petrila, Dr. Eng. Adrian 
Lorenț, and geographer Cristiana Marcu. I also respectfully thank Dr. Eng. Ștefan Leca, Dr. Eng. 
Alexandru Dobre, Eng. Cristian Angheluș, Eng. Gabriel Nedea, Eng. Costin Barbu, and technician Răducu 
Stănculeanu for their support in the research activities carried out within this study. Special thanks are 
also addressed to Dr. Eng. Șerban Chivulescu for his support, suggestions, and observations provided 
during the preparation and development of the doctoral thesis. 
Last but not least, I would like to thank my family, especially my wife Claudia, for her moral support, 
patience, and understanding throughout the entire period of preparing this doctoral thesis. A special 
thought is dedicated to my mother, Victoria, who would have experienced with profound emotion the 
accomplishment of this academic endeavor. 
This list of appreciation and thanks undoubtedly remains incomplete. I express my gratitude to all those 
who, although not specifically mentioned in these lines, supported me and stood by me, directly or 
indirectly, throughout the preparation of this doctoral thesis. 
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1. INTRODUCTION 
In the last two decades, the role of remote sensing in forestry research has expanded considerably, 
remote sensing data being increasingly used to extract and analyze tree and forest stand 
characteristics, both through the use of active sensors (Calders et al. 2020; Compeán-Aguirre et al. 
2024; Corte et al. 2020; Dubayah et al. 2020; Mîzgaciu et al. 2025; Picos et al. 2020; Wallace et al. 
2016) and passive sensors (Ball et al. 2023; Beloiu et al. 2023; Onishi and Ise 2021). Among the 
platforms used for the acquisition of these data, an increasingly important role is played by Unmanned 
Aerial Vehicles (UAVs), equipped with LiDAR systems, optical cameras, or multispectral sensors, which 
involve reduced operational costs (Onishi and Ise 2021), but are limited in terms of the size of the 
covered area, as well as payload capacity, which constrains the type and weight of the sensors that can 
be integrated. 

Remote sensing based on the use of high-resolution data acquired through active and passive sensors, 
resulting from Airborne Laser Scanning (ALS), Terrestrial Laser Scanning (TLS), as well as UAV-based 
acquisitions, represents an area of intensive research for the characterization of forest ecosystems 
(Calders et al. 2020; Dobre et al. 2021; Shang et al. 2019). Although ALS systems are efficient for 
covering extensive areas, they encounter difficulties in the accurate detection of forest vegetation at 
ground level and do not allow a detailed representation of tree stems (So et al. 2025). In this context, 
TLS stands out as a technology capable of generating three-dimensional point clouds (Fan et al. 2020; 
He et al. 2025), which provide detailed information for the characterization of forest structure (Griese, 
Ritzert and Nölke 2025; Pascu et al. 2019; Wang et al. 2021), especially beneath the forest canopy (He 
et al. 2025; White et al. 2016; Zhou et al. 2023). However, the use of terrestrial laser scanning presents 
limitations when applied over large areas, due to its reduced mobility and static nature. At the same 
time, it should be noted that the occlusion effect (the partial or complete obstruction of target surfaces 
by vegetation elements such as leaves, branches, and stems) (Jiang et al. 2021) represents one of the 
main limitations of its application in the forestry field (Mîzgaciu et al. 2025). 

On the other hand, images acquired using UAVs equipped with optical or multispectral cameras allow, 
through photogrammetric techniques, the generation of digital surface models and canopy models, 
facilitating the description of canopy structure and the identification of individual trees or tree crowns 
(Griese, Ritzert and Nölke 2025). Compared to TLS, UAV-based data acquisition enables the generation 
of point clouds over larger areas, although with lower point densities (Chen et al. 2024). When used 
independently, both TLS and UAV systems lead to significant occlusion effects; however, TLS tends to 
underestimate tree tops due to its bottom-up perspective (Terryn et al. 2022), thus requiring 
complementary measurements acquired above the forest canopy (Schneider et al. 2019).  

The potential of TLS for forest monitoring was first highlighted in the early 2000s. Initially, applications 
focused on measuring trees and their structural components, as well as tree diameter at breast height 
(dbh) (Wezyk et al. 2007) and total tree height (h) (García et al. 2011), eventually evolving toward the 
estimation of tree volume (Abegg et al. 2023; Pitkänen et al. 2021), with the aim of improving 
aboveground biomass estimation (Demol et al. 2022; Liang et al. 2016), as well as determining tree 
position within forest stands (Bienert et al. 2018; Bogdanovich et al. 2021; Maas et al. 2008; Olofsson, 
Holmgren and Olsson 2014; Srinivasan et al. 2015). In addition, considerable progress has also been 
made in the determination of the three-dimensional crown structure (Han and Sánchez-Azofeifa 2022; 
Zhu, Kleinn and Nölke 2020), thus providing a detailed perspective on forest vegetation. 
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Moreover, terrestrial laser scanning provides extensive possibilities for representing crown shape with 
a high degree of precision (Calders et al. 2020; Olivier, Robert and Fournier 2016), facilitating access to 
crown characteristics (Pretzsch 2021), thereby creating the necessary conditions for explaining the 
relationship between crown shape and annual ring width (Ahmed and Pretzsch 2023; Kröner et al. 
2024). Similar to annual rings, crown shape preserves information regarding the previous development 
of trees. Crown morphology may be influenced by abiotic factors, such as prevailing winds or terrain 
slope (Perles-Garcia et al. 2022). However, competition among trees (competition at crown level) 
represents the main factor determining crown shape. In general, tree crowns tend to develop in the 
opposite direction of dominant trees or their nearest neighbors, occupying the gaps within the canopy 
(Purves, Lichstein and Pacala 2007). 

As a response to environmental conditions and competition, each tree develops its own crown 
(Penanhoat et al. 2024), through which it optimizes access to light and other resources, thereby 
maximizing its growth potential (Jucker et al. 2025). Crown shape and branch distribution are highly 
dynamic traits that enable trees to adapt to variations in environmental conditions. In this way, tree 
crowns reflect the outcome of complex interactions between growth processes and environmental 
conditions, which directly influence current tree growth (Bayer, Seifert and Pretzsch 2013; Kröner et al. 
2024). 

With the widespread use of terrestrial and airborne LiDAR data, as well as point clouds acquired using 
UAVs, research on crown shape and three-dimensional crown structure has intensified (Arrizza et al. 
2024; Weiser et al. 2022). At the international level, numerous studies have demonstrated the 
potential of TLS to accurately describe forest stand structure and to complement and improve the 
information obtained through traditional forest inventories (Holvoet et al. 2025). 

Subsequently, the integration of TLS and ALS remote sensing data was used to accurately estimate 
biomass and carbon stocks, by combining tree-level information with the extensive spatial coverage 
provided by airborne laser scanning (Bazezew, Hussin and Kloosterman 2018; Giannetti et al. 2018). In 
parallel, recent studies have used UAVs equipped with high-resolution optical cameras or LiDAR 
systems to describe canopy structure, canopy gaps, as well as the stratification of tree crowns (Mohan 
et al. 2017; Nasiri et al. 2021; Solano et al. 2022). 

In the context of growth modeling, a current research direction involves the use of crown parameters 
derived from remote sensing data in growth models (Ahmed and Pretzsch 2023). Recent studies have 
shown that the inclusion of such parameters (crown length, crown height, crown projection area, etc.) 
can significantly improve the accuracy of growth models (Ahmed and Pretzsch 2023; Pretzsch 2021). 
Thus, the relationships between crown shape derived from TLS data and annual ring width have been 
investigated for several forest species, highlighting the fact that the current crown shape can explain 
both radial growth variation and tree response to stress factors (Ahmed et al. 2025; Kröner et al. 2024). 

In Romania, the use of remote sensing technologies for the characterization of forest structure and 
dynamics has experienced rapid development. The first TLS applications focused on comparing modern 
data acquisition methods with traditional forest inventory methods (Apostol et al. 2018), later followed 
by studies using terrestrial laser scanning for the estimation of forest stand structural characteristics 
and the derivation of structural indices at plot level (Pascu et al. 2019, 2020). 
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In parallel with the consolidation of TLS applications, automated workflows integrating Mobile Laser 
Scanning (MLS) and Artificial Intelligence (AI) platforms have also been developed (Wielgosz et al. 
2024). In this context, Niță (2021) tested and validated an automated workflow for the processing of 
3D point clouds, focused on individual tree segmentation, obtaining a high segmentation accuracy. 

The integration of TLS and ALS has been applied in the assessment of forest ecosystem services by 
correlating structural parameters derived from point clouds with ecological indicators (Dobre et al. 
2021). More recently, the use of remote sensing data acquired through passive sensors has enabled 
the development of national-scale forest characteristic mapping models based on satellite imagery 
(Dinca et al. 2017; Vorovencii 2024) and machine learning algorithms (Keskes et al. 2025), while applied 
research has demonstrated the potential of UAV platforms equipped with LiDAR systems or optical 
cameras for the estimation of dendrometric parameters and forest stand structure in various forest 
types from Romania (Mîzgaciu et al. 2025; Tudoran 2022). 

The doctoral thesis aims to use remote sensing data acquired through active and passive sensors for 
the development of tree- and stand-level growth models calibrated for forest stands located in the 
western part of the Southern Carpathians. For this purpose, the research focused on estimating the 
structural characteristics of trees and forest stands through the application of remote sensing 
techniques and on obtaining dendrometric parameters through the processing and segmentation of 
point clouds. The validation of the results was carried out through a comparative analysis of the 
performance of the growth models developed based on remote sensing data in relation to the 
information obtained during field tree inventories. 
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2. AIMS AND OBJECTIVES OF THE RESEARCH 
2.1. AIMS OF THE RESEARCH 

The research conducted during the preparation of the doctoral thesis aimed at the scientific 
substantiation and application of remote sensing techniques regarding the integrated use of data 
acquired through active and passive sensors together with field measurements carried out through 
inventories in permanent sample plots, for the determination of tree dendrometric characteristics and 
crown characteristics, as well as for the analysis of radial growth in forest stands from the western 
part of the Southern Carpathians. 

2.2. OBJECTIVES OF THE RESEARCH 
In order to achieve the proposed aim, the following specific objectives were pursued: 

❖ estimating dimensional characteristics of trees and their crowns by using integrated data 
obtained through remote sensing techniques through field measurements; 

❖ development of tree radial growth models based on crown characteristics and stand-level  
competition indices obtained through remote sensing; 

❖ analysis of the radial growth of trees and forest stands developed on the basis of data and 
information obtained through remote sensing techniques in relation to those obtained from 
measurements carried out during field inventories. 
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3. METHODOLOGY AND RESEARCH MATERIAL 
3.1. RESEARCH LOCATION 

The research was carried out in pure beech (FA) and spruce (MO) stands, as well as in mixed spruce–
beech stands (AM), located in the western part of the Southern Carpathians, more precisely in the Țarcu 
Mountains, situated in the north-western part of the Retezat-Godeanu mountain group, a 
mountainous unit with altitudes exceeding 2100 m. More specifically, the area selected for conducting 
this research is located within the Caransebeș Experimental Base (B.E.), in Production Unit (UP) VI Cuntu 
(Figure 3.1). 

  
Figure 3.1 – Location of the research areas in relation to the distribution of forest vegetation cover at national 
level. The cartographic background represents forest vegetation classes derived from CORINE Land Cover 
(European Environmnet Agency (EEA) 2020), namely broad-leaved forests (class 311), coniferous forests (class 
312), and mixed forests (class 313). The points/areas  (red color) indicate the location of statistical inventory 
network. 

3.2. RESEARCH MATERIAL 
In order to characterize the forest stands within the research area, a non-systematic statistical 
research network was designed, with the purpose of providing a biometric characterization of even-
aged or relatively even-aged beech and spruce stands, as well as mixed spruce–beech stands, within 
Production Unit (UP) VI Cuntu. The reason why the research network is non-systematic at the level of 
the entire study area is that it was not uniformly designed according to a single grid applied across the 
whole research area, but rather resulted from the combination of three systematic statistical networks 
(RS), designed in relation to species (beech, spruce), composition (pure stands – beech, spruce; mixed 
spruce–beech stands), and age structure (even-aged or relatively even-aged stands). 

The design of the systematic statistical networks, namely the establishment of the optimal number of 
permanent sample plots (SP) and the distances between them, was carried out using information 
regarding the coefficient of variation of stand volume calculated based on the data included in the 
forest management plan of Production Unit (UP) VI Cuntu (Caransebeș Experimental Base, 2016 
edition). The non-systematic statistical inventory network, intended for the inventory of even-aged or 
relatively even-aged beech, spruce, and mixed stands, consisted of three systematic networks with 
variable density, totaling 96 sample plots (Table 3.1). Based on the resulting number of sample plots 
and the established distances between them, permanent sample plots area (SPP) were established in 
the field. 
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Table 3.1 – Number of sample plots corresponding to the statistical inventory networks 

Inventory network Density 
Number of 

sample plots 
beech  (FA) 200 m x 200 m 38 

spruce (MO) 150 m x 150 m 10 
Mixed forests - spruce, beech (AM) 350 m x 350 m 48 

TOTAL 96 

Each permanent sample plot (SP) included two permanent sample plots area (SPP), circular in shape, 
with a radius of 12.62 m (surface area of 500 m²), located at a distance of 30 m from the center of the 
permanent sample plot, along the E–W direction on flat terrain and along the contour line on sloped 
terrain. In order to facilitate subsequent inventories, the center of the sample plot, as well as the 
centers of the two SPP, were marked using metal markers (20 cm in length), completely buried in the 
ground, as well as wooden reference stakes with the upper end positioned approximately 30 cm above 
the ground surface and highlighted with white paint (Figure 3.2).  

 
Figure 3.2 – Location of the permanent sample plots area (SPP1,2) in relation to the center of the plot (Ni). 

Within each statistical network, tree inventory was carried out in each permanent sample plot area 
(SPP) using the standing tree inventory method (Badea, 2013). All trees with a diameter at breast 
height (dbh) greater than 60 mm were inventoried. During the inventory, conducted in 2020, the 
following characteristics were determined and recorded in the field sheets for each tree: species, 
diameter at breast height (dbh), total height (h), crown height (hc), cenotic position (Kraft class), as well 
as descriptive information regarding vitality and damage status, specified in the specialized literature 
(Badea, 2008, 2013; Chivulescu et al. 2020). 

Diameter at breast height measurements were carried out using a forestry caliper graduated in 
millimeters, in accordance with the established methodology (Giurgiu 1979). The point of application of 
the forestry caliper on the stem was marked with white paint using a “T” sign, which, on flat terrain, 
was placed on the side facing the center of the permanent sample plot area (SPP) in order to facilitate 
subsequent remeasurements, while on sloped terrain it was marked on the uphill side of the tree. In 
the case of trees with diameters exceeding the maximum opening of the caliper, circumference was 
measured in millimeters, following the same uphill positioning rule on sloped terrain (Badea, 2013; 
Chivulescu et al. 2020). 

The total tree height and crown height were measured using the Vertex IV ultrasonic hypsometer. The 
sociological position of the trees was estimated in the field through visual assessment, using a 
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classification system specific to even-aged and single-layered forest stands (Badea, 2013; Pikiński et 
al. 2021). 

Tree position and crown projection were determined using the FieldMap system, in accordance with a 
precise methodology (Petrila et al. 2012). Each inventoried tree was assigned a unique identification 
number through the application of a numbered tag, in order to ensure the comparability of the data 
obtained through the conventional inventory with those subsequently derived from terrestrial laser 
scanning (TLS). 

Within the permanent sample plots area (SPP), specific measurements were carried out in 2021 using 
a static terrestrial laser scanner, FARO 3D X130 HDR model (Apostol et al. 2018). This equipment 
belongs to the class of phase-shift1 scanners (FARO Technologies Inc 2019), being designed for 
scanning applications at short and medium distances and providing high measurement accuracy, 
suitable for the three-dimensional characterization of forest stand structure (Apostol et al. 2018). 

Within each SPP, TLS measurements were carried out by establishing four scan positions: the first 
position was located at the center of the SPP, the second toward the north, the third at 120° relative 
to the north direction, and the last at 240° relative to the north direction. The TLS scan positions, except 
for the one located at the center of the SPP, were positioned at a distance of 15 m from the center of 
the permanent sample plot. In order to achieve the automatic coregistration of the point clouds 
obtained from the scans, seven spherical targets uniformly distributed within the plot were installed 
(Figure 3.3). 

 
Figure 3.3 – Location of TLS station in relation to the scanned sample surface 

At the same time, photogrammetric flights were carried out within each sample plot (SP) using a DJI 
Mavic 2 Enterprise Dual Unmanned Aerial Vehicle (UAV). The data and information obtained following 
these flights were processed using Agisoft Metashape Professional software (Agisoft LLC 2021). By 
applying the Structure from Motion (SfM) technique, natural color orthophoto images (RGB), as well as 
high-density point clouds describing the three-dimensional canopy structure, were generated (Iglhaut 
et al. 2019). The obtained point clouds were clipped using a 10 m buffer area outside the boundary of 
each permanent sample plot (SPP), so that trees located at the edge of the plots were fully represented. 

 
1 operates by measuring the phase difference between the emitted and the reflected wave 
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This step aimed to ensure comparability between the UAV and TLS datasets and to reduce the risk of 
underestimating tree crowns as a result of clipping at the SPP boundary. 

At once, in order to determine tree-level radial growth, increment cores were collected in 2024 using a 
Pressler increment borer from a sample of 2–3 standing trees belonging to the main species (beech, 
spruce), representative for each diameter class and located within a 10 m wide buffer zone situated 
outside each permanent sample plot (Badea 2013). 

After extraction, the increment cores were dried, mounted on wooden supports, and subsequently 
sanded progressively using abrasive belts with increasingly finer grain sizes (200–800), so that the 
annual rings became clearly visible and easier to identify. Subsequently, the samples were scanned at 
high resolution (1200 dpi), and annual ring width was measured using the CooRecorder software 
application (v.7.4) (Collazos Fernández and Rubiales 2025). The growth series for each tree was dated 
through visual examination, and the resulting values were exported and archived in Tucson format files 
(.rwl). 

3.3. DATA PROCESSING AND STATISTICAL ANALYSIS 
The analysis and characterization of the structure of the inventoried forest stands were carried out by 
comparing the dendrometric characteristics derived from point clouds with the values obtained 
through field-based forest inventories, both at tree level and at permanent sample plot (SPP) level. The 
information obtained in the field represented the reference dataset for dendrometric characteristics 
(diameter at breast height, total height, etc.), while the characteristics derived from point cloud 
processing were treated as estimates subject to validation through comparison. 

In order to facilitate the extraction of tree attributes, a series of preprocessing steps were carried out, 
namely the coregistration of point clouds obtained from terrestrial laser scanning and UAV acquisitions, 
noise removal, and semantic segmentation of point clouds (Wielgosz et al. 2024). The coregistration of 
the point clouds was performed using the R software environment (Posit team 2025), through the use 
of the lidRalignment package (Roussel 2025), dedicated to the automatic alignment of point clouds 
originating from different sources. For the segmentation of individual trees, the resulting point clouds 
were processed through a fully automated workflow that uses point clouds as input data, identifies the 
points belonging to trees, and groups them into individual trees (Henrich et al. 2024). 

Individual tree characteristics, such as diameter at breast height (dbh), tree height, and crown 
projection, were obtained from the point clouds resulting from the segmentation process, through the 
use of the ITSMe package (Terryn et al. 2023), which enables the estimation of individual tree 
characteristics based on point clouds. 

The analysis of competition relationships (determination of competition indices) at tree level was 
carried out using the TreeCompR  package (Rieder et al. 2024), which provides a solution for evaluating 
competition among trees and allows the comparison of multiple competition indices (CI) depending on 
the type of available data. In the case of the approach based on tree inventory data, TreeCompR can 
process datasets containing tree coordinates (x, y) and at least one variable such as diameter at breast 
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height (dbh) or tree height (h). These data may originate either from field-based tree inventories or from 
results obtained through individual tree segmentation. 

The evaluation of individual tree segmentation performance was carried out by comparison with the 
trees identified during the field inventory. For this purpose, the trees inventoried in the field were 
considered the reference dataset, while the trees resulting from point cloud segmentation were 
considered the prediction dataset. For each SPP, the correspondence between the two datasets was 
achieved by establishing pairs of inventoried tree–segmented tree pairs, so that each reference tree 
was assigned at most one segmented tree. For each SPP, the following were defined: N represents the 
total number of reference trees, TP the number of correctly detected trees (matching trees), FN the 
number of reference trees that were not detected, FP the number of trees segmented from the point 
clouds that do not correspond to any reference tree, while the sum of the correctly detected trees (TP) 
and the trees segmented from the point clouds that do not correspond to any reference tree (FP) 
represents the total number of trees segmented from the point clouds (Xiang et al. 2024). 

Following the preprocessing stages, individual tree segmentation, and estimation of dendrometric 
characteristics, the accuracy of the estimates derived from the point clouds was evaluated by 
comparison with the measurements obtained through forest stand inventories, considered as 
reference data. The differences between estimated and measured values were quantified using 
standardized statistical error indicators, namely Root Mean Square Error (RMSE), Relative Root Mean 
Square Error (RRMSE), Mean Absolute Error (MAE), and the coefficient of determination (R2), calculated 
separately for each analyzed attribute. All statistical analyses were implemented in the R software 
environment (Posit team 2025). 

With regard to the verification of increment core cross-dating quality, this was carried out using the 
COFECHA software application (Labrecque-Foy et al. 2023; Zhang et al. 2024). The analysis and 
graphical representation of the dendrochronological series were performed using the R software 
environment (Posit team 2025), through the use of the dplR (Bunn 2008) and detrendeR (Campelo, 
García-González and Nabais 2012) packages, for a common period including at least five samples, thus 
obtaining validated dendrochronological series (TRW) aggregated by diameter classes, as well as basal 
area increment (BAI). 

Since increment cores were collected from a sample of 2–3 trees located within the buffer zone of each 
sample plot (SP), the integration of dendrochronological series with the trees segmented from the 
point clouds was performed by diameter classes. Thus, for each diameter class, an average radial 
growth and an average basal area increment were calculated. 

For modeling radial growth in relation to crown characteristics (crown diameter, crown length, crown 
base height), a parametric model (1) was used, in which the dendrochronological response was 
explained through a set of structural variables derived from point clouds (CSV). At the same time, the 
parametric model was defined so as to describe growth in relation to crown structure: 
 

𝑇𝑅𝑊𝑖 =  𝛽0 + ∑ 𝛽𝑝𝐶𝑆𝑉𝑝,𝑖 + 𝜀𝑖
𝑃
𝑝=1   (1) 



16 
 

where: 
TRWi represents ring width, mm; 
CSVp, i  - crown variables derived from point clouds; 
εi  - residual error. 

Subsequently, in order to evaluate the influence of competition on tree radial growth, the model was 
extended by introducing competition indices (CI) as an additional variable: 
 

𝑇𝑅𝑊𝑖 =  𝛽0 + ∑ 𝛽𝑝𝐶𝑆𝑉𝑝,𝑖 + 𝛽𝑐𝐶𝐼𝑖 + 𝜀𝑖
𝑃
𝑝=1     (2) 

where: 
TRWi represents ring width, mm; 
CSVp, i  - crown variables derived from point clouds; 
CIi -  competition indices; 
εi  - residual error. 

Prior to obtaining qualitative results and before model fitting, multicollinearity among crown 
characteristics was assessed through correlation analysis and evaluation of the Variance Inflation 
Factor (VIF) (Jacob and Varadharajan 2024; Salmerón-Gómez, García-García and García-Pérez 2025; 
Shrestha 2020), using the procedures implemented in the car package (Fox et al. 2021). In addition, in 
order to control local variation and observation dependency, mixed-effects models were also tested, in 
which the permanent sample plot (SP) was introduced as a random effect. It should also be noted that 
the mixed models were fitted using the lme4 and lmerTest packages (Bates et al. 2015; Kuznetsova, 
Brockhoff and Christensen 2017), in order to ensure a high level of result reliability. 

In parallel with the linear models used to evaluate the direct relationships between crown variables 
and radial growth, a Structural Equation Modeling (SEM) approach was also implemented in order to 
simultaneously analyze the direct and indirect relationships between crown characteristics and 
competition indices. This approach allows the evaluation of the mechanisms through which 
competition may influence radial growth both directly and indirectly, through modifications in crown 
characteristics. 

The linear models were calibrated using crown variables derived from TLS point clouds and tree-level 
competition indices, while the selection and comparison of the fitted models were performed using the 
AIC and BIC information criteria, which take into account both model fit quality and model complexity 
(Chifunda, Kirigiti and Balan 2025; Zeferino et al. 2023). 

The statistical analysis was performed using the R software environment, employing the base stats 
package (R Core Team 2025) for the Fligner–Killeen, Kruskal–Wallis (KW), Kolmogorov–Smirnov (KS), 
Likelihood Ratio Test (LRT), and Wilcoxon tests. In order to evaluate the degree of agreement, Lin’s 
Concordance Correlation Coefficient (CCC) was used (Bornand et al. 2023), through the use of the 
DescTools package (Signorell A et al. 2024). 
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4. RESULTS OBTAINED 
4.1. STATISTICAL INVENTORY OF INDIVIDUAL TREES AND STANDS WITHIN RESEARCH 

NETORKS 
Through the specific inventory activities, a total of 96 permanent sample plots (SP), comprising 192 
permanent sample areas (SPP), were surveyed. On this occasion, a total number of 6927 trees 
belonging to the investigated networks were inventoried. For the beech research network (FA), 
consisting of 38 sample plots, the calculated mean diameter at breast height (dbh̅̅ ̅̅ ̅) was 26.5 cm, while 
the calculated mean tree height (ℎ̅) was 22.4 m (Figure 4.1). Within the spruce research network (MO), 
consisting of 10 sample plots, (dbh̅̅ ̅̅ ̅) was 32.4 cm and (ℎ̅) was 23.8 m. In the mixed research network 
(AM), which included 48 permanent sample plots, it was found that, at species level, (dbh̅̅ ̅̅ ̅) was 24.8 cm 
for beech and 31.5 cm for spruce (Figure 4.1). 

 
Figure 4.1 – Distribution of the diameter at breast height (dbh) of inventoried trees, within the inventory 
networks. 

The analysis of the coefficients of variation (s%) of tree diameters within the permanent sample plots 
(SP) highlighted a relatively high variability in SP 6 (61.65%), SP 84 (60.11%), and SP 91 (60.06%), while 
the lowest values were recorded in SP 28 (21.49%), SP 26 (25.31%), and SP 39 (30.92%). Intermediate 
values of the coefficients of variation were recorded in SP 38 (35.94%), SP 22 (35.96%), and SP 24 
(36.06%). 

At network level, the coefficient of variation of tree diameters showed relatively similar values among 
the three analyzed networks (Table 4.1). In the AM network, which consisted of 48 permanent sample 
plots, the coefficient of variation of dbh was 44.3%. In the FA network (38 sample plots), the mean 
coefficient of variation of dbh recorded was 44.4%. The MO permanent network, comprising 10 sample 
plots, recorded the highest mean coefficient of variation of dbh, namely 48.4%. Statistical analysis did 
not reveal significant differences among the networks, as the Fligner–Killeen test did not indicate 
significant differences in the variation of the dbh coefficient of variation among them (χ2 = 0.577, df = 
2, p = 0.749), while the Kruskal–Wallis (KW) test also did not reveal significant differences in the 
distribution of the coefficient of variation among the networks (χ2 = 2.507, df = 2, p = 0.285) (Figure 
4.2). 
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Table 4.1 – Statistical parameters of tree diameter at breast height distribution at inventory network level 

Inventory 
network 

Number of 
permanent sample 

plot (SP) 

Coefficient 
of variation 

[%] 

Standard 
deviation 

[cm] 

s%min 

[%] 
s%max 

[%] 

network AM 48 44,30 8,42 21,5 61,7 
network FA 38 44,40 7,67 31,5 60,1 
network MO 10 48,40 10,30 31,0 60,1 

 

 
Figure 4.2 – Distribution of the coefficient of variation of tree diameter at breast height at sample plot and 
statistical inventory network level. 

In order to test the homogeneity of dbh variance among the sample plots within each analyzed 
network, the nonparametric Fligner–Killeen test was applied. The obtained results revealed significant 
differences among sample plots for each of the three analyzed networks. In the mixed network (AM), 
the test indicated a pronounced heterogeneity of dbh variance (χ2= 137.54, df = 47, p < 0.001). Similar 
results were also obtained for the FA (χ2= 135.02, df = 37, p < 0.001) and MO (χ2= 55.97, df = 9, p < 
0.001) networks. The rejection of the null hypothesis (H0) confirms that dbh dispersion differs 
significantly among permanent sample plots (SP), which required the homogenization of the system 
through the identification and grouping of SPs within each network into subpopulations with similar 
characteristics. 

Thus, in the mixed network (AM), subpopulation A, consisting of 29 permanent sample plots (SP), 
presented a value at the significance threshold limit (χ2= 41.17, df = 29, p = 0.051), while for 
subpopulation B (19 permanent sample plots) no significant differences were identified (χ2= 12.77, df 
= 19, p = 0.804). Similarly, in the FA network (38 sample plots), no significant differences were identified 
either in subpopulation A (20 permanent sample plots, χ2= 28.76, df = 19, p = 0.069) or in subpopulation 
B (18 permanent sample plots, χ2= 14.99, df = 17, p = 0.595). In the spruce network (MO), consisting of 
10 permanent sample plots, no significant differences were identified (χ2= 10.85, df = 9, p = 0.144). 

With regard to tree height, the coefficient of variation of tree height at network level showed relatively 
similar values among the three analyzed research networks (Table 4.4). In the AM network, consisting 
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of 48 permanent sample plots, the coefficient of variation was 34.8%. In the FA network (which included 
38 sample plots), the resulting coefficient of variation was 34.5%. The MO network (10 sample plots) 
recorded the highest coefficient of variation of tree height, namely 39.0%. Compared to the AM and FA 
networks, the MO network exhibited a slightly higher variability, but with a narrower variation range 
than that observed in the AM network. Statistical analysis did not reveal significant differences among 
the analyzed networks, as the Fligner–Killeen test did not indicate significant differences in the 
variation of the coefficient of variation of tree height among them (χ2= 28.76, df = 19, p = 0.069), while 
the Kruskal–Wallis (KW) test did not reveal significant differences in the distribution of the coefficient 
of variation of tree height (Figure 4.3). 
 
Table 4.2 – Statistical parameters of tree height distribution at inventory network level 

Inventory 
network 

Number of 
permanent sample 

plot (SP) 

Coefficient 
of variation 

[%] 

Standard 
deviation 

[m] 

s%min 

[%] 
s%max 

[%] 

network AM 48 34,80 7,18 14,6 51,0 
network FA 38 34,50 7,22 19,8 45,5 
network MO 10 39,00 6,00 30,1 46,2 

 

 
Figure 4.3 – Distribution of the coefficient of variation of tree height at sample plot level in relation to the 
statistical inventory network. 

Within the forest stands belonging to the analyzed research networks, a predominance of trees with 
diameter at breast height (dbh) values ranging between 20 and 60 cm was observed. Depending on the 
inventory network, this category represents between 59% and 73% of the total number of trees. 
Moreover, trees with dbh values smaller than 20 cm account for between 22% and 40%, while trees 
with dbh values greater than 60 cm represent less than 3% of the total number of inventoried trees 
(Figure 4.4). 
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Figure 4.4 – Relative proportion by diameter at breast height classes (<20 cm; 20 – 60 cm; >60 cm) at inventory 
network and species level. 

For the analysis of vertical structure within each network (AM, FA, MO), the tree heights measured in 
the sample plots were grouped into three intervals (<16 m, 16–32 m, and >32 m), their delimitation 
being established according to the distribution of mean heights corresponding to the positional classes 
(Kraft I–V) of the trees (Table 4.3). The obtained values highlight a grouping of trees belonging to Kraft 
positional classes IV and V below 16 m, those belonging to Kraft positional classes II and III within the 
16–32 m interval, and trees from Kraft positional class I above 32 m. 

Table 4.3 – Tree height in relation to sociological position (Kraft classes) within the inventory networks 

Inventory 
network 

Species Height class 
[m] 

Kraft 
classes 

ℎ̅ 
[m] 

Standard 
deviation 

[m] 

ℎ𝑚𝑖𝑛
̅̅ ̅̅ ̅̅  
[m] 

ℎ𝑚𝑎𝑥
̅̅ ̅̅ ̅̅ ̅ 
[m] 

network 
AM 

beech 
>32 I 34,0 3,36 26,5 41,9 

16 – 32 II, III 26,3 4,14 12,4 39,6 
<16 IV, V 14,2 4,89 2,1 30,7 

spruce 
>32 I 33,5 3,11 22,0 44,0 

16 – 32 II, III 27,7 4,07 10,5 37,5 
<16 IV, V 13,2 5,51 2,1 34,3 

network 
FA 

beech 
>32 I 32,4 3,32 21,5 39,7 

16 – 32 II, III 25,5 4,96 9,2 45,4 
<16 IV, V 13,5 5,98 1,4 31,5 

network 
MO spruce 

>32 I 34,4 3,23 24,9 41,6 
16 – 32 II, III 27,2 4,62 14,9 35,1 

<16 IV, V 12,6 5,23 2,5 24,9 
 

With regard to total tree height, the forest stands within the analyzed inventory networks were 
characterized by a predominance of trees with heights ranging between 16 and 32 m. Depending on 
the inventory network and species, this category represented between 46.6% and 66.8% of the total 
number of trees. Trees with heights lower than 16 m accounted for between 17.9% and 24.8%, while 
trees with total heights exceeding 32 m represented between 15.3% and 33.4% of the total number of 
inventoried trees (Figure 4.5). 
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In the AM network, for beech, 62.7% of the trees recorded heights between 16 and 32 m, while 17.9% 
exceeded 32 m. In the case of spruce within the same network, the distribution was more uniform: 
46.6% of the trees fell within the 16–32 m interval, 24.8% had heights below 16 m, while 28.6% 
exceeded 32 m in height, highlighting a higher proportion of tall trees compared to beech (Figure 4.5, 
Figure 4.6). 

In the FA network, 66.8% of the total number of trees had heights ranging between 16 and 32 m, while 
15.3% exceeded 32 m, indicating a concentration of trees within the intermediate height classes and a 
relatively reduced proportion (15.3%) of trees taller than 32 m. Likewise, in the MO network, 46.7% of 
the total number of trees had heights between 16 m and 32 m, while 33.4% exceeded 32 m (Figure 4.5, 
Figure 4.6). 

 
Figure 4.5 – Relative proportion by height classes (<16 m, 16–32 m, >32 m) at inventory network and species 
level. 

 (a) 

 (b) 
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 (c) 
Figure 4.6 – Distribution of trees by height classes (2m) at inventory network level: AM (a), FA (b), MO (c). 

For the analysis of the diameter at breast height – height relationship, height curves (h) in relation to 
tree diameter at breast height (dbh) were constructed based on the information obtained through the 
inventories (Figure 4.7). The strength of the correlation between the two dendrometric characteristics 
was evaluated using the Pearson correlation coefficient (r), as well as the correlation ratio (r2). 

The analysis of the relationship between diameter at breast height and tree height highlights a strong 
positive association between the two variables for all analyzed networks and species (Table 4.4). In the 
AM network, the correlation coefficient (r) was 0.781 for beech (r2 = 0.772) and 0.906 for spruce (r2 = 
0.898). 

For the network, respectively for beech, the correlation coefficient (r) was 0.692, while the value of the 
correlation ratio was 0.680. In the MO network, for spruce, the relationship was characterized by a 
higher intensity, with r = 0.825 and r2 = 0.816. 

Comparatively between species, the dbh–h relationship was consistently stronger for spruce than for 
beech, regardless of the network. In addition, the AM and MO networks showed higher correlation ratio 
values (r2) compared to the FA network (Table 4.5). 

 
Figure 4.7 – Height curves at inventory network and species level: AM network, FA beech network, MO network. 
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Tabel 4.4 – Determination of coefficients of the regression equation of the form 𝑙𝑛 ℎ =  𝑎0 + 𝑎1 ∙ 𝑑𝑎2  (Giurgiu, 
Decei & Draghiciu, 2004) 

Inventory 
network 

Species 
Regression coefficients  

log ℎ =  𝑎0 + 𝑎1 ∙ log 𝑑 + 𝑎2 ∙ 𝑙𝑜𝑔2𝑑 

Regression equation 
coefficients 

ln ℎ =  𝑎0 + 𝑎1 ∙ 𝑑𝑎2 
a0 a1 a3 a0 a1 a2 

network AM 
beech -1,209 2,266 -0,273 3,749 -9,938 -0,922 
spruce -2,751 2,772 -0,299 4.411 -9,451 -0,603 

network FA beech -2,629 3,091 -0,397 3,595 -17,732 -1,173 
network MO spruce -2,612 2,933 -0,351 3,792 -13,669 -0,970 

 
Table 4.5 – Value of the correlation coefficients (r) and correlation ratios (r2) between tree diameter at breast 
height and tree height 

Inventory network Species 
Correlation coefficient 

(r) 
Correlation ratio 

(r2) 

network AM 
beech 0,781 0,772 
spruce 0,906 0,898 

network FA beech 0,692 0,680 
network MO spruce 0,825 0,816 

 
4.2. TREE DENDROMETRIC CHARACTERISTICS DETERMINED VIA TERRESTRIAL LASER 

SCANNING AND UAV 
The information obtained through field inventories constituted the reference dataset used for 
evaluating the accuracy of the estimates derived from terrestrial laser scanning (TLS). The permanent 
sample plots, each covering an area of 500 m2, were entirely surveyed and scanned using terrestrial 
laser scanning (TLS). As a result, a total number of 768 scans were obtained (four scans for each 
permanent sample plot). Following the processing of the point clouds, a coregistered point cloud was 
obtained for each SPP (Figure 4.8), and statistical reports containing information regarding 
coregistration accuracy were subsequently generated. 

 
Figure 4.8 – Three-dimensional point cloud obtained through terrestrial laser scanning (TLS) at the permanent 

sample plot (SPP) level (e.g., SPP 232). 

 



24 
 

The analysis of coregistration errors highlighted a mean value of 9,43 ± 5,0 mm. Moreover, the 
distribution of the mean error (Figure 4.9) shows a right-skewed asymmetry, with most permanent 
sample plots (SPP) recording values below 10 mm, but also a limited number of plots with mean errors 
exceeding 20 mm. Overall, 69.8% of the SPPs recorded mean errors below 10 mm, while 94.3% fell 
below the 20 mm threshold, which may be considered acceptable for determining individual tree 
dendrometric characteristics. 

 
Figure 4.9 – Distribution of the mean coregistration error (absolute values) at permanent sample plot (SPP) 

level. 

The analysis performed at the level of each investigated network highlights statistically significant 
differences in mean coregistration error (Kruskal–Wallis, χ² = 41.05, p < 0.001). Thus, the FA network 
presented the lowest values (7.14 ± 3.3 mm), with 90.8% of the SPPs having a mean coregistration 
error below 10 mm and 97.4% below 20 mm. In comparison, the AM network recorded a mean 
coregistration error of 10.9 ± 5.5 mm, while the MO network recorded a mean coregistration error of 
11.2 ± 4.6 mm. The comparative analysis of the mean coregistration error among the networks, 
performed using the Wilcoxon test (with p-value adjustment through the Benjamini–Hochberg 
method), confirms significant differences between the FA network and the other two networks (p < 
0.001), whereas no significant differences were identified between the AM and MO networks (p = 0.35). 

In addition, a total of 11 permanent sample plots (SPP) recorded mean coregistration errors ≥ 20 mm, 
distributed across all inventory networks: 7 SPPs in the AM network and two SPPs in each of the FA 
and MO networks. The analysis of the relationship between the minimum overlap percentage and the 
mean coregistration error highlighted that some of these cases were associated with reduced overlap 
between point clouds, also indicating an influence of scan geometry conditions on the stability of the 
coregistration process. 

Overall, although variations among the inventory networks and isolated cases with mean 
coregistration errors exceeding 20 mm were observed, the multiple scan coregistration process may 
be considered robust, as the majority of the permanent sample plots (94.3%) fall within limits 
compatible with the analysis of tree-level dendrometric characteristics. 
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A low level of coregistration errors was also observed, indicating an adequate spatial alignment of the 
scans and thereby allowing subsequent analyses at individual tree level, without geometric deviations 
significantly affecting the identification and localization of tree stems. In this context, the point clouds 
were subjected to a segmentation process, through which the raw data structure was decomposed 
into distinct sets of points associated with individual trees (clusters), allowing the separate 
identification and analysis of each tree (Figure 4.10).  

 
Figure 4.10 – Three-dimensional point cloud obtained through the coregistration of different scan positions, 
permanent sample plot (SPP) 232 (a);  segmented point cloud, where each tree is assigned a position and a unique 
identification number (ID) (b); segmented trees resulting from the point cloud (c). 

In order to evaluate the performance of individual tree detection, a spatial matching procedure was 
carried out between the trees resulting from the individual segmentation process and the trees 
inventoried in the field, at the level of each permanent sample plot (SPP). The association was 
performed based on spatial proximity, by assigning each detected stem to the nearest reference tree. 
The association was validated only in cases where the planimetric distance between the position of the 
TLS-identified tree and the position of the inventoried tree was less than 1 m; otherwise, the 
association was rejected. 

Based on the correspondence established between the trees obtained through the TLS method and 
the trees inventoried in the field, a confusion matrix was constructed by assigning each tree to one of 
the following categories: TP – correctly detected trees (matching trees), FN – reference trees that were 
not detected, and FP – trees segmented from the point clouds that do not correspond to any reference 
tree. This classification allowed the quantification of detection performance at permanent sample plot 
(SPP) level. 

By aggregating the results obtained for all three inventory networks, a total number of 6927 reference 
trees was obtained, of which 6562 (94.7%) were correctly detected (TP), 365 (5.3%) trees were not 
detected (FN), while 713 trees were segmented from the point clouds without corresponding to any 
reference tree. Thus, a detection accuracy of 0.947 and a precision of 0.902 were obtained (F1-score = 
0.924). 
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The analysis at permanent sample plot (SPP) level indicates a high detection accuracy (0.954), with 
most permanent sample plots recording values above 0.90 in terms of detection performance. Even in 
the least favorable cases, the detection accuracy value does not fall below 0.730 (Figure 4.11). 
Detection precision records a mean value of 0.908, while the F1-score reaches a mean value of 0.930, 
confirming a balance between correctly detected trees (TP) and trees without correspondence. 

 
Figure 4.11 – Graphical representation of the variability of F1-score, detection precision, and detection accuracy 
in relation to the permanent sample plot (SPP). 

The analysis of the relationship between the total number of trees inventoried within the permanent 
sample plots (SPP) and detection accuracy highlights a statistically significant negative association 
(Spearman’s rho coefficient = -0.312, p < 0.001). The obtained results indicate a tendency for detection 
performance to decrease in plots containing a higher number of trees. This relationship suggests that 
stand density and structural complexity may influence the segmentation process by increasing the 
frequency of omissions (FN) in denser plots. 

The relationship between the number of inventoried trees (N) within the permanent sample plots (SPP) 
and the number of correctly detected trees (TP) indicates a very strong association (Pearson correlation 
coefficient r = 0.985; p < 0.001), highlighting a direct proportionality between the number of existing 
trees and those identified through segmentation. At the same time, the analysis of the relationship 
between the number of inventoried trees (N) and detection accuracy revealed a statistically significant 
negative association (Spearman’s rho coefficient = -0.312; p < 0.001), indicating a tendency for 
detection accuracy to decrease in plots containing a large number of trees (Figure 4.12). 

 
Figure 4.12 – Relationship between detection accuracy and the number of inventoried trees 
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In order to evaluate the accuracy of dendrometric parameters derived from TLS, the diameter at breast 
height (dbh) and tree height values obtained through segmentation were compared, at individual tree 
level, with the reference values obtained through field-based forest inventories, for the correctly 
identified (matching) trees. 

The dendrometric characteristics of trees were extracted from the point clouds resulting from the 
segmentation of individual trees using the algorithms implemented in the ITSMe package (Terryn et al. 
2023). Following processing, the main structural variables were estimated, namely diameter at breast 
height (dbh), total tree height (h), and crown projection area (CPA). These variables were automatically 
derived for each tree identified within the point clouds and were used for the dimensional 
characterization of the analyzed trees. 

Tree crown diameter (CD) was calculated based on the horizontally projected area of the point cloud 
corresponding to the crown (CD = 2 ∙ √𝐶𝑃𝐴/𝜋 ), using its convex representation. Height to crown base 
(HCB) was determined through the classification of crown points and stem points, resulting as the 
lowest height of the points classified as crown. Crown length (CL) was calculated as the difference 
between total tree height and height to crown base (CL = h – HCB). Crown asymmetry (asim) was 
determined as the ratio between crown projection area and the area of the circle formed by the 
maximum crown radius (Rmax) of the tree crown (Figure 4.13). 

 

Figure 4.13 – Estimation of tree dendrometric characteristics extracted from segmented point clouds: crown 
diameter (CD); crown length (CL); height to crown base (HCB); diameter at breast height (dbh); total tree height 
(h); crown projection area (CPA); maximum crown radius (Rmax). 

The analysis of the obtained results highlighted that the estimation of diameter at breast height (dbh) 
through terrestrial laser scanning (TLS) produced dbh estimates very close to the values of the 
reference trees. The values of the coefficient of determination (R²) ranged between 0.967 (MO network) 
and 0.978 (FA network), indicating a very strong linear relationship between the TLS-derived values 
and the reference values. 
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Considering all three analyzed networks, the degree of agreement between the diameter values 
estimated through terrestrial laser scanning and the diameter values of the reference trees was 
evaluated using Lin’s Concordance Correlation Coefficient (CCC) ) (Bornand et al. 2023). The obtained 
values highlight estimates that are very close to the values of the reference trees (Table 4.10). In the 
AM network, the CCC coefficient was 0.987 for beech and 0.988 for spruce. In the FA network, the CCC 
value was 0.989 for beech, while in the MO network the CCC value was 0.983, indicating that the dbh 
values estimated through terrestrial laser scanning are very close to those measured in the field for 
the reference trees. 

The tendency to deviate from the mean value (Bias) was low and positive across all analyzed networks, 
indicating a slight systematic overestimation of diameter at breast height in the values derived from 
TLS data. Bias values ranged from 0.25 cm (AM network, spruce species) to 0.36 cm (AM network, 
beech species), resulting in an average deviation of less than 0.4 cm compared to the reference values 
(Table 4.6). 

The root mean square error (RMSE) ranged between 1.74 cm (FA network, beech species) and 2.35 cm 
(MO network, spruce species), while the mean absolute error (MAE) varied between 1.35 cm and 1.87 
cm. In addition, the relative root mean square error (RRMSE) ranged from 6.03% to 7.38%, indicating 
low variability in the dbh estimates obtained through TLS point cloud processing. 

Table 4.6 – Accuracy indicators for diameter at breast height 
Inventory 
network Species 

Bias 
[cm] 

RMSE 
[cm] 

MAE 
[cm] 

RRMSE 
[%] R2 r CCC 

network AM 
beech 0,36 1,90 1,47 7,38 0,974 0,986 0,987 
spruce 0,25 2,05 1,60 6,03 0,977 0,988 0,988 

network FA beech 0,26 1,74 1,35 6,28 0,978 0,988 0,989 
network MO spruce 0,27 2,35 1,87 6,46 0,967 0,983 0,983 

 
The results obtained from total tree height estimation showed higher variability and a relatively 
systematic tendency to underestimate tree height. However, the coefficient of determination (R2) 
ranged between 0.565 (FA network) and 0.784 (AM network, spruce species), indicating a moderate 
relationship between the TLS-derived values and the reference measurements. 

Considering all three analyzed networks, the tendency to deviate from the mean value (Bias) was 
negative, with values ranging between −1.76 m (AM network, beech species) and −2.65 m (FA network), 
indicating a systematic underestimation of tree heights derived from terrestrial laser scanning. The 
root mean square error (RMSE) ranged between 4.31 m and 5.24 m, while the mean absolute error 
(MAE) varied between 3.35 m and 4.28 m. In relative terms, the RRMSE ranged from 16.9% to 23.8% 
(Table 4.7), values significantly higher than those obtained for dbh. 

Considering all three analyzed networks, the level of agreement between tree height values estimated 
through terrestrial laser scanning and those measured in the field for the reference trees was high in 
all cases (Table 4.7). The CCC values ranged between 0.712 and 0.829, indicating good to very good 



29 
 

agreement between the two datasets. The highest values were recorded in the AM network (0.829 for 
beech species and 0.858 for spruce species), followed by the MO network (0.817), while a lower value 
was obtained for the FA network (0.712). 

Table 4.7 – Accuracy indicators for the height of trees segmented from terrestrial laser scanning data 
Inventory 
network 

Species Bias 
[m] 

RMSE 
[m] 

MAE 
[m] 

RRMSE 
[%] 

R2 r CCC 

network AM beech -1,76 4,37 3,35 18,3 0,707 0,841 0,829 
spruce -2,20 4,54 3,61 16,9 0,719 0,885 0,858 

network FA beech -2,65 5,64 4,28 23,8 0,565 0,752 0,712 
network MO spruce -2,51 4,57 3,49 18,3 0,784 0,848 0,817 

 
Tree height estimates obtained through terrestrial laser scanning (TLS) were generally characterized 
by a tendency toward underestimation across all investigated networks. This tendency was less 
pronounced in the AM network and more evident in the FA network, while in the MO network it 
remained relatively consistent. However, the deviation from the reference values was not uniform 
across the entire range of tree height variation. 

In the AM network, for beech species, the error was minimal within the 35–40 m range, while above 
this interval a slight overestimation was observed. In contrast, for spruce species, the estimates were 
underestimated throughout the entire analyzed range (Figure 4.23). Regarding the FA network, tree 
heights estimated through TLS were underestimated up to approximately 33 m, after which an 
overestimation trend emerged. Conversely, in the MO network (spruce species), TLS estimates showed 
a consistent underestimation without a reversal of the trend. 

The overestimation observed for beech species may be associated with the difficulty of identifying the 
actual tree top in irregular crowns. Under such conditions, the local maximum point within the point 
cloud may correspond to a lateral branch or to segmentation errors, leading to slightly overestimated 
height values. In contrast, for spruce, where the apex is well defined and clearly positioned above the 
crown, such situations (overestimation) are less frequent, and the estimates are predominantly 
characterized by underestimation. This behavior reflects a specific limitation of TLS technology, which 
scans trees laterally and from the base toward the top, thereby reducing the probability of fully 
capturing the upper part of the crown. 

To assess the statistical significance of the observed differences between the inventory networks, the 
distribution of absolute height errors was analyzed using the Kruskal–Wallis test. The obtained results 
revealed statistically significant differences between groups (χ² = 62.50; df = 3; p < 0.001). Absolute 
height error varied among the networks, with higher median values recorded in the FA network, the 
difference being statistically significant (p < 0.001) (Figure 4.14). 

Regarding the tendency to deviate from the mean value (Bias), all networks exhibited a systematic 
underestimation of tree height, reflected by negative residual values (Table 4.7), ranging between −1.76 
m and −2.65 m, indicating that TLS estimates consistently underestimated the reference values. 
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(a)                                                                                                   (b) 

Figure 4.14 – Distribution of tree height estimation errors: absolute error (a) and residual values (b). 

The systematic underestimation of the estimated tree heights can be explained by inherent 
technological limitations and by the structural complexity of the analyzed stands. In the case of 
terrestrial laser scanning (TLS), detection of tree tops is frequently affected by occlusion effects 
generated by neighboring trees, canopy stratification, and the irregular geometry of tree crowns. 

It should also be noted that, in dense or multi-layered stands, the laser beam is not always able to 
intercept the tree apex, particularly when it is partially obscured by lateral branches or vertically 
overlapping trees. This situation leads to an incomplete reconstruction of the upper third of the crown 
and, consequently, to underestimated total tree height values. 

 The higher RMSE and RRMSE values recorded in the FA network (RMSE = 5.64 m; RRMSE = 23.8%) 
suggest a stronger influence of stand structure on estimation performance compared to the AM 
network (RMSE = 4.37 m; RRMSE = 18.3%), where the errors were lower. The negative dependence of 
residual values on reference height confirms that the underestimation becomes more pronounced for 
taller trees, indicating a structural rather than random nature of the error. 

To evaluate the accuracy of tree height estimation derived from the co-registration of point clouds 
obtained from terrestrial laser scanning and UAV data, individual tree height values were compared 
with reference values obtained through field-based forest inventories for the corresponding correctly 
identified trees. 

The analysis of Pearson correlation coefficients (r) revealed a strong relationship between tree heights 
estimated from remote sensing data and the reference tree values. The (r) values were high across all 
analyzed networks, ranging from 0.921 (MO network) to 0.938 (AM network), confirming a very strong 
linear association between the two datasets. The coefficient of determination (R2) supports this trend, 
indicating that approximately 85% of the variation in the reference heights is explained by the estimated 
values (Table 4.8). 

In addition, the concordance correlation coefficient (CCC) showed values ranging between 0.862 and 
0.903, indicating estimates very close to the reference tree values (Table 4.8). Regarding estimation 
accuracy, the root mean square error (RMSE) varied between 2.79 m and 2.96 m, while the mean 
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absolute error (MAE) ranged from 2.23 m to 2.36 m. The Bias values were low, ranging between −0.33 
m and 0.98 m, indicating the absence of a significant systematic tendency toward overestimation or 
underestimation of tree heights. 

Table 4.8 – Accuracy indicators for tree height derived from the co-registration of point clouds obtained from 
terrestrial laser scanning (TLS) and UAV data 

Inventory 
network 

Species 
Bias 
[m] 

RMSE 
[m] 

MAE 
[m] 

RRMSE 
[%] 

R2 r CCC 

network AM 
beech 0,98 2,94 2,36 12,3 0,857 0,925 0,893 

spruce -0,07 2,96 2,36 11,9 0,881 0,938 0,903 
network FA beech 0,96 2,87 2,27 12,1 0,856 0,925 0,865 

network MO spruce -0,33 2,79 2,23 10,4 0,849 0,921 0,862 
 
Tree height estimates obtained through the integration of TLS and UAV data were generally 
characterized by a high level of agreement with the reference tree height values across all analyzed 
networks (Figure 4.25). Compared to estimates based exclusively on terrestrial laser scanning (TLS), 
the differences were smaller and the general tendency toward underestimation was substantially 
reduced, without evidence of a clear systematic bias. 

However, the deviation from the reference values was not constant across the entire range of tree 
height variation. In the AM network, the estimated values were close to the reference values. Thus, for 
beech species, both in the AM and FA networks, a slight tendency toward overestimation was 
observed, more evident for large trees (over 25 m). For spruce species, the estimated values remained 
close to the reference values, without a clear tendency toward underestimation or overestimation. 

These results indicate that the integration of TLS and UAV data improves tree height estimation by 
compensating for limitations specific to TLS technology. UAV data capture the upper third of tree 
crowns more effectively, allowing a more accurate identification of tree tops. By complementing 
information from the upper crown area and reducing the occlusion effect, the specific differences 
observed in estimates based exclusively on TLS scans are reduced, and the agreement between 
estimated and reference values becomes higher across the entire range of tree height variation. 

To evaluate the statistical significance of the differences between the inventory networks, the 
distribution of absolute height errors was analyzed using the Kruskal–Wallis test. The obtained results 
did not indicate statistically significant differences between groups (χ² = 0.802; df = 3; p = 0.848). 
Absolute height error was similar among the networks, with median values around 2.4 m. The FA 
network showed slightly higher variability, although the differences were not statistically supported 
(Figure 4.15). 
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Figure 4.15 - Distribution of tree height estimation errors obtained from the co-registration of TLS and UAV 

point clouds. 

The assessment of competition intensity at the individual tree level was performed using the 
algorithms implemented in the TreeCompR package (Rieder et al. 2024). The analysis of Pearson 
correlation coefficients (r) revealed negative relationships between the calculated competition indices 
and the main dendrometric characteristics of trees, including diameter at breast height, tree height, 
and crown projection area (Figure 4.16). 

The obtained results indicate that the competition index CI_RK3 (Rieder et al. 2024) has a significant 
negative effect (p < 0.001) on tree dendrometric characteristics. Trees subjected to intense competition 
exhibited lower values of diameter at breast height (dbh) and height (h), as well as more limited crown 
development. The identified correlations were more pronounced for dbh (r = −0.655, p < 0.001) and h 
(r = −0.686, p < 0.001) compared to crown projection area (r = −0.304, p < 0.001). In the case of radial 
growth, the correlation with CI_RK3 was moderate (r = −0.466, p < 0.001), indicating a reduction in 
growth rate under conditions of high competition (Figure 4.17). 

 
Figure 4.16 - Matrix of Pearson correlation coefficients (r) between competition indices and the main 
dendrometric characteristics of trees 
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Figure 4.17 – Matrix of Pearson correlation coefficients (r) between the RK3 competition index and the main 
dendrometric characteristics of trees 

4.3. ANALYSIS OF RADIAL GROWTH INCREMENT CORE SAMPLES 
Following the collection of radial growth samples, a total of 1,180 valid individual samples were 
obtained from 96 permanent sample plots distributed across the three statistical inventory networks 
(AM network, FA network, and MO network). In the AM network (48 permanent sample plots), radial 
growth samples were collected from 667 trees, of which 356 belonged to spruce species and 311 to 
beech species. In the FA network (38 permanent sample plots), a total of 405 growth samples were 
collected, while in the MO network (10 permanent sample plots), 108 samples were obtained. 
Therefore, at the level of the entire dataset, 716 increment cores were collected for beech species, 
representing 60.6% of the total number, while 464 cores (39.4%) were collected for spruce species. 

To analyze differences in species distributions of the number of increment cores collected across 
diameter at breast height classes (2 cm intervals) between the inventory networks, the Kolmogorov–
Smirnov (KS) significance test was applied. For beech species, no significant differences were identified 
between the FA and AM networks (D = 0.040; p = 0.942). Similarly, for spruce species, the comparison 
between the MO and AM networks did not reveal statistically significant differences (D = 0.379; p < 
0.001). In contrast, within the AM network, statistically significant differences were identified between 
beech and spruce species (D = 0.379; p < 0.001) (Figure 4.18). 

 
Figure 4.18 – Distribution of increment cores by diameter at breast height classes (2 cm), according to the 
statistical inventory network and species. 
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Within the statistical inventory networks, the mean radial growth over the last 10 years (2015–2024) 
showed variable values depending on species and network. In the AM network, beech exhibited a mean 
annual growth of 0.83 mm*year⁻¹, while spruce recorded 0.99 mm*year⁻¹. Comparing the same species 
between networks, the differences were smaller than the interspecific variation. In the FA network, the 
mean annual growth was 0.70 mm*year⁻¹, corresponding to an approximately 15% reduction compared 
to beech in the AM network. The nonparametric Wilcoxon test indicated statistically significant 
differences between the two networks for beech species (W=69296; p < 0.001), confirming the 
existence of a network effect (mixed population effect) on the mean radial growth level. 

For spruce species, the mean annual growth was 0.99 mm*year⁻¹ in the AM network and 1.10 
mm*year⁻¹ in the MO network, representing approximately 14% higher growth in the MO network 
compared to the AM network. In this case, the nonparametric Wilcoxon test did not reveal statistically 
significant differences between the two networks (W=16100; p = 0.080). The application of the ANOVA 
test highlighted the existence of statistically significant differences (F=78.83; p < 0.001) between the 
mean radial growth values recorded for the two analyzed species (beech and spruce) across the three 
research networks.  

4.4. MODELING TREE RADIAL GROWTH IN RELATION TO CROWN DIMENSIONS AND TREE 
COMPETITION 

The comparative analysis of tree crown dimensional characteristics (diameter and length) and radial 
growth indicators, in relation to the statistical inventory networks (AM, FA, and MO networks), revealed 
the existence of statistically significant differences between networks, both for radial growth and 
crown characteristics (p < 0.05). Regarding radial growth indicators, the coefficient of variation of tree-
ring width (cvTRW) showed significant differences among networks (p = 0.021), highlighting the 
presence of network-specific variations in tree growth patterns. In addition, the mean tree-ring width 
(TRW) differed significantly among the statistical inventory networks (p = 0.012). 

At the same time, significant differences were also identified for crown characteristics. The asymmetry 
index (asim), crown projection area (CPA), crown radius (CR), and the ratio between crown length and 
crown radius (CSLC) showed significant variation among the statistical inventory networks (p < 0.001), 
indicating that, at the individual tree level, trees from the three inventory networks were characterized 
by different crown shapes, reflecting distinct competition conditions and vertical structural 
organization of the forest stands. 

Pearson correlation analysis revealed the existence of moderate correlations between growth 
indicators and crown characteristics. Radial growth (TRW) was positively correlated with crown length 
(CL; r = 0.460), tree height (h; r = 0.480), and crown diameter (CD; r = 0.250), and negatively correlated 
with competition indices (CI; r = −0.330) (Figure 4.19). In addition, basal area increment (BAI) showed 
moderate to strong positive correlations with crown dimensions, especially crown length (CL; r = 
0.570), but also with tree height (r = 0.590), as well as a moderate negative correlation with competition 
indices (CI; r = −0.400). 
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The coefficient of variation of radial growth (cvTRW) showed weak to moderate correlations with crown 
dimensions, presenting negative correlations with crown length (r = −0.110) and tree height (r = 
−0.120), as well as weak positive correlations with competition indices (r = 0.070). These results 
suggest that trees with more developed crowns tend to exhibit more stable radial growth, while 
competition is associated with slightly higher variability in radial growth. 

Overall, it can be highlighted that crown variables, particularly crown length (CL), are positively 
associated with TRW, whereas the competition index (CI) has a moderate negative effect. Pearson 
correlation coefficient (r) values ranging between 0.3 and 0.6 reflect moderate to strong linear 
associations between crown variables and radial growth indicators. These results indicate that a 
significant proportion of radial growth variation is associated with crown dimensions. 

 
Figure 4.19 – Correlation between crown variables and growth indicators: radial growth – TRW; coefficient of 
variation of radial growth – cvTRW; basal area increment – BAI; diameter at breast height – dbh; tree height – h; 
crown projection area – CPA; crown radius – CR; crown diameter – CD; crown asymmetry – asim; ratio between 
crown length (CL) and crown radius (CR) – CSLC; height to crown base – HCB; coefficient of variation of crown 
radius – cvCR. 

To evaluate, at the level of each inventory network (AM, FA, MO), the interaction between crown 
characteristics and radial growth, linear mixed models were applied, taking into account the hierarchical 
structure of the data at the permanent sample plot (SP) level. 

The obtained results highlighted that crown length (CL) has a positive and significant effect (p < 0.001) 
on radial growth. Across all analyzed stand types, trees with longer crowns exhibited, on average, 
higher radial growth values. Although the strength of the relationship varied among the networks, its 
direction remained consistently (positive). 

A comparative analysis revealed that the linear relationship between crown length (CL) and radial 
growth was significantly stronger in mixed stands (AM network) than in beech stands (FA network; β = 
0.0138; p < 0.001). The differences recorded between the regression lines specific to the AM and MO 
networks were at the limit of statistical significance (p = 0.055), while no significant differences were 
identified between those corresponding to the FA and MO networks (p = 0.925). Thus, stand type was 
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found to influence the strength of the relationship between crown length (CL) and radial growth, 
without altering its direction. 

A similar pattern was observed for crown diameter (CD), which also had a positive and statistically 
significant effect (p < 0.001) on radial growth. Therefore, crown dimensions, expressed through CL and 
CD, were positively associated with radial growth, and this relationship was present across all 
statistical inventory networks, with moderate differences in intensity among them. 

Regarding the explanatory capacity of the adopted models, the model including the interaction CL × 
network (AM, FA, MO) explained 26.4% of the variation in radial growth (R2= 0.264), and 37.1% when 
variation among sample plots within each network was also included (R2= 0.371). The model including 
CD explained 20.6% of the variation in radial growth (R2= 0.206), and 36.0% when variation among 
permanent sample plots (SP) was additionally considered (R2= 0.360). Thus, crown length (CL) showed 
higher explanatory power, while crown diameter (CD) had larger coefficients, suggesting a stronger 
sensitivity of radial growth to variation in crown width. 

To evaluate the simultaneous contribution of CL and CD to radial growth (TRW), a linear mixed model 
of the following form (3) was applied: 

𝑇𝑅𝑊𝑖~ 𝐶𝐿 ∗ 𝑟𝑒ț𝑒𝑎 + 𝐶𝐷 ∗ 𝑟𝑒ț𝑒𝑎 + (1|𝑆𝑃)   (3) 

where: 
TRWi represents tree-ring width, mm; 
CL  - crown length, m; 
CD - crown diameter, m; 
network – statistical inventory network (AM, FA, MO); 
SP - permanent sample plot. 

The obtained results showed that the model simultaneously including crown length (CL), crown 
diameter (CD), and their interactions with stand type (AM, FA, MO networks) revealed positive effects 
of both variables on radial growth (Figure 4.20). The estimated coefficient (β) for CL was 0.044 (p < 
0.001), while for CD it was 0.057 (p < 0.001), indicating that each of the two crown dimensions 
independently contributes to explaining TRW variation. The interaction terms showed that the effect 
of CL varies among networks, whereas the effect of CD is more stable across the statistical inventory 
networks. 

The comparison of candidate models based on the AIC criterion showed that the model including both 
CL and CD described the data considerably better than the model including CL as the sole variable (ΔAIC 
= 123), indicating that CD improves the model and contributes positively to explaining radial growth. 
The model explained 28.7% of the variation in radial growth (R² = 0.287) and approximately 40% when 
variation among sample plots was also considered (R² = 0.404). Furthermore, the variance inflation 
factor values for the explanatory variables (crown length and crown diameter) (VIF < 2.1) satisfied the 
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collinearity condition, supporting the stability of the obtained estimates and justifying their 
simultaneous use in the model. 

  

  

  

Figure 4.20 – Impact of stand types on the relationship between radial growth and the crown variables CL/CD. 
The graphs on the left illustrate the estimated relationships based on the combined model simultaneously 

including crown length (CL) and crown diameter (CD). 

To quantify the effect of local competition on radial growth, a linear mixed model (4) was applied, 
including the standardized crown variables previously used (CLz, CDz), as well as the standardized value 
of the competition index (CIz). Prior to modeling, the variables were scaled to the 0–1 interval using the 
min–max transformation f(x) = (xi – xmin) / (xmax-xmin), where represents the estimated value of the 
variable, and xmin and xmax represent its minimum and maximum values, respectively. The model 
included interactions between the explanatory variables and the statistical inventory networks, as well 
as a random intercept at the permanent sample plot (SP) level. 

𝑇𝑅𝑊𝑧𝑖~ 𝐶𝐿𝑧 ∗ 𝑟𝑒ț𝑒𝑎 + 𝐶𝐷𝑧 ∗ 𝑟𝑒ț𝑒𝑎 + 𝐶𝐼𝑧 + 𝐶𝐿𝑧: 𝐶𝐼𝑧 + 𝐶𝐷𝑧: 𝐶𝐼𝑧 + (1|𝑆𝑃) (4) 

where: 
TRWzi represents the standardized value of annual ring width, mm; 
CLz  - standardized value of crown length, m; 
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CDz – standardized value of crown diameter, m; 
network – statistical inventory network (AM, FA, MO); 
CIz - standardized value of the competition index, m; 
SP - permanent sample plot. 

The analyses revealed that the competition index (CIz) had a strong and significant negative effect on 
the standardized radial growth values (TRWz) (β = −0.194, SE = 0.022, t = −8.97, p < 0.001), indicating 
a reduction in radial growth with increasing local competition intensity. Crown length (CLz) showed the 
strongest positive effect on TRWz (β = 0.329, p < 0.001), while crown diameter (CDz) also had a 
significant positive effect (β = 0.159, p < 0.001), highlighting that trees with more developed crowns 
exhibit higher radial growth values (Table 4.9). 

The interaction between crown length and competition (CLz : CIz) was negative and significant (β = 
−0.110, p < 0.001), indicating that the favorable effect of a long crown is reduced under conditions of 
high competition. In contrast, the interaction between crown diameter and competition (CDz : CIz) was 
not significant (p = 0.920), suggesting that the influence of crown diameter on radial growth is not 
conditioned by competition intensity in the same way. 

The effects associated with the statistical inventory networks indicate structural differences among 
stand types. Compared to the AM network, the FA network recorded significantly lower TRWz values 
(β = −0.334, p < 0.001), while the MO network showed significantly higher values (β = 0.317, p = 0.013). 
The interaction CLz : FA network was negative and significant (β = −0.100, p = 0.003), indicating a 
weaker relationship between crown length and radial growth. 

Table 4.9 - Estimated coefficients of the fixed effects from the linear mixed model 

Fixed effect 
Estimated 

coefficient [β] 
Standard 

error 
t-statistic p-value 

(Intercept) 0,021 0,052 0,412 p = 0,681 
CLz 0,329 0,023 13,738 p < 0,001 
networkFA -0,334 0,078 -4,260 p < 0,001 
networkMO 0,317 0,125 2,519 p = 0,013 
CDz 0,159 0,025 6,125 p < 0,001 
CIz -0,194 0,021 -8,967 p < 0,001 
CLz: networkFA -0,099 0,034 -2,923 p = 0,003 
CLz: networkMO -0,109 0,057 -1,913 p = 0,056 
networkFA:CDz 0,024 0,034 0,693 p = 0,488 
networkMO:CDz -0,019 0,067 -0,292 p = 0,770 
CLz:CIz -0,109 0,016 -6,614 p < 0,001 
CDz:CIz -0,001 0,017 -0,099 p = 0,920 

 
To quantify how local competition modifies the relationship between crown parameters and radial 
growth, the standardized values of the competition index (CIz) were summarized into three different 
levels using the p10, p50, and p90 percentiles. To verify the structural relevance of these thresholds, 
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the distribution of trees according to sociological position (Kraft class) was analyzed in relation to the 
standardized competition index (CIz). 

The χ2 test revealed a strong and significant association between CIz and sociological position (χ2 = 
1019.4; df = 9; p < 0.001). Under low competition conditions, trees predominantly belonged to the 
upper classes (Kraft I–II), whereas under high competition conditions, Kraft classes III–V predominated. 
The proportion of trees in Kraft class III increased from 2.5% under low competition to more than 46% 
under high competition, highlighting a coherent structural gradient between sociological position and 
competition intensity. 

The relationship between radial growth and crown length revealed an effect dependent on competition 
intensity. Under low competition conditions, the strength of the relationship was higher, indicating a 
stronger positive response of radial growth to increasing crown length. As competition intensity 
increased, the strength of the relationship progressively decreased, reflecting the reduction of the 
positive effect of crown length under conditions of high competition. This trend results from the 
previously identified significant negative interaction between CLz and CIz (β = −0.109, p < 0.001) (Figure 
4.21). 

 
Figure 4.21 – Effect of competition (CIz) on the relationship between crown length (CLz) and radial growth 

(TRWz). 

In contrast, the relationship between TRWz and CDz showed a relatively constant positive effect across 
competition levels, without evident changes in the strength of the relationship. The absence of a 
significant interaction between CDz and CIz (β = −0.001, p = 0.920) confirms that the influence of crown 
diameter (CD) on radial growth is not conditioned by competition intensity in the same way as crown 
length (CL). Independently of these interactions, the direct effect of competition remained negative and 
highly significant (β = −0.194, p < 0.001), indicating a systematic reduction in radial growth with 
increasing competition intensity (Figure 4.22). 
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Figure 4.22 - Effect of competition (CIz) on the relationship between crown diameter (CDz) and radial growth 

(TRWz). 

 

To evaluate the direct and indirect effects of competition on radial growth, a structural equation model 
(SEM) was applied and estimated at the permanent sample plot (SP) level. The structure of the fitted 
model included the relationships between competition (CI), crown variables (CL, CD), and radial growth. 
The adopted model proved to be appropriate and highly effective, showing a very good fit to the data 
(χ² = 0.066; p = 0.798; CFI = 1.00; SRMR = 0.005). 

The obtained results indicate that competition intensity exerts a significant negative effect on vertical 
crown development (β = −0.462, p < 0.001). At the same time, CL positively influences crown diameter 
growth (β = 0.324, p < 0.001), highlighting the direct dependency between the two variables (Figure 
4.23). The model explained 32% of the variation in crown length (R2= 0.321) and 17% of the variation in 
crown diameter (R2= 0.169). 

Regarding radial growth (TRW), competition had a significant direct negative effect (β = −0.257, p < 
0.001). Crown length (CL) showed a positive contribution to radial growth (β = 0.236, p < 0.029), 
whereas crown diameter (CD) did not have a significant direct effect on TRW (β = −0.068, p < 0.435). 
However, the indirect effect of competition on radial growth (TRW), mediated through CL, was 
significant (β_indirect = −0.109, p < 0.044). The total effect of competition on TRW was β = −0.356 (p 
< 0.001), indicating that approximately one-third of the influence on radial growth is exerted through 
crown length (CL), while the direct component remains predominant. At the permanent sample plot 
(SP) level, the variables included in the model accounted for 47.5% of the variation in radial growth (R² 
= 0.475) (Figure 4.23). 
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Figure 4.23 – Graphical representation of the structural equation model (SEM). 

To evaluate the extent to which crown characteristics and competition intensity can explain the 
temporal dynamics of radial growth, growth curves were modeled and predicted based on tree 
characteristics. For this purpose, radial growth (TRW) was modeled in relation to crown dimensions, 
namely crown length (CL) and crown diameter (CD), as well as the competition index (CI), variables 
reflecting tree position within the stand and access to resources. The temporal component of radial 
growth was integrated by including the year of observation as an explanatory variable, together with 
interactions between the year of observation and the crown and competition variables, allowing the 
estimation of how the influence of crown characteristics and competition on radial growth changes 
over time. 

To evaluate the direct effect of competition, two candidate models were applied. The first model 
considered exclusively crown variables and the temporal growth component, together with the variable 
defining the statistical inventory network. In the second model, the competition index (CI) and its 
interaction with the temporal variable were additionally included (5). 

𝑇𝑅𝑊𝑧𝑖~ 𝐶𝐷𝑧 + 𝐶𝐿𝑧 + 𝐶𝐼𝑧 + 𝑦𝑒𝑎𝑟 + 𝐶𝐿𝑧: 𝑦𝑒𝑎𝑟 + 𝐶𝐷𝑧: 𝑦𝑒𝑎𝑟 + 𝐶𝐼𝑧: 𝑦𝑒𝑎𝑟 + 𝑟𝑒𝑡𝑒𝑎 +

(1|𝑡𝑟𝑒𝑒_𝑖𝑑)        (5) 

where: 
TRWzi represents the standardized value of annual ring width, mm; 
CLz  - standardized value of crown length,, m; 
CDz - standardized value of crown diameter, m; 
CIz - standardized value of the competition index, m; 
network – statistical inventory network (AM, FA, MO); 
year – year of observation; 
tree_id – tree identification number. 
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The comparison of the two models revealed a slight improvement in performance for the model 
including the competition index (CI). The extended model presented a lower Akaike Information 
Criterion value (AIC = 10536.7) compared to the model excluding CI (AIC = 10552.3). The Likelihood 
Ratio Test (LRT) indicated that this difference was statistically significant (χ2= 19.68; df = 2; p < 0.001). 
The cumulative radial growth curve, expressed using crown shape parameters, reproduced the 
trajectories of the measured growth values for each of the three analyzed statistical inventory 
networks (AM, FA, MO), with predicted values comparable to the observed ones (Figure 4.24).  

 
Figure 4.24 – Observed and predicted cumulative radial growth for the three statistical inventory networks 

(AM, FA, MO). 

Although the inclusion of the competition index improves model performance, its contribution to 
explanatory capacity remains relatively low compared to crown variables. The marginal coefficient of 
determination (R2m) increased slightly from 0.169 (AM network) in the model without the competition 
index to R2m = 0.177 in the model including the competition index, while the conditional coefficient of 
determination (R2c) remained approximately constant (R2c = 0.686) in both cases. Similarly, the marginal 
coefficient of determination increased from 0.189 (FA network) and 0.215 (MO network), respectively, 
in the model without the competition index, to R2m = 0.209 (FA network) and R2m = 0.220 (MO network), 
respectively, in the model including the competition index. In contrast, the conditional coefficient of 
determination (R²c) remained approximately constant, with values of R2c = 0.643 (FA network) and R2c 
= 0.743 (MO network) for both cases (Figure 4.25). 
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Figure 4.25 – Relationship between observed and predicted radial growth (TRW) values estimated based on 

crown variables (CL; CD) for the three statistical inventory networks (AM, FA, MO). 

These results indicate that crown shape variables represent the main predictors of radial growth (TRW). 
The evaluation of model accuracy, performed through the comparison of measured and predicted radial 
growth values, indicates that crown variables can effectively estimate annual ring growth dynamics. 
Considering all analyzed networks, the model based exclusively on crown variables recorded an RMSE 
value of 0.49 mm, while the inclusion of the competition index led to a marginal reduction in error 
(RMSE = 0.48 mm). These findings indicate that crown variables can efficiently predict growth patterns 
and validate the results obtained through the application of the structural equation model (SEM). 
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5. CONCLUSIONS 
Based on the research conducted during the doctoral thesis and the results obtained in relation to the 
proposed aim and objectives regarding the determination of tree dendrometric characteristics and the 
analysis of radial growth in forest stands from the western Southern Carpathians, using integrated 
remote sensing data acquired from active and passive sensors, the following conclusions can be drawn: 

❖ Regarding the estimation of tree dimensional characteristics through the use of remote 
sensing techniques. 

• For the estimation of tree dimensional characteristics, the analysis of point cloud co-
registration errors showed that, at the level of most permanent sample plots (SPP), 
point cloud co-registration was achieved within low error limits, with most values 
falling below the thresholds considered acceptable (below 10 mm in approximately 
two-thirds of the cases and below 20 mm in more than 90% of them). At the same time, 
the comparative analysis among the investigated research networks highlighted the 
best performance in trees from the beech network (FA), where most permanent sample 
plots (SPP) were characterized by low error ranges. In contrast, the mixed network (AM) 
and the spruce network (MO) showed similar values and greater variability, indicating 
the influence of stand structural conditions and acquisition methods on point cloud co-
registration quality. Furthermore, in permanent sample plots (SPP) where higher co-
registration errors (≥20 mm) were recorded, the errors were frequently associated with 
a low degree of overlap between scans, emphasizing the critical role of scan overlap in 
the stability of the co-registration process and the need to ensure appropriate remote 
sensing data acquisition conditions in order to obtain accurate estimates. 

• Regarding the relationship between the number of inventoried trees and detection 
accuracy, the results showed that, as the total number of trees inventoried within the 
permanent sample plots (SPP) increased, the number of correctly detected trees (TP) 
followed the same trend, reflecting the ability of the method to identify a high 
proportion of the reference trees (field-inventoried trees). However, detection accuracy 
decreased with increasing tree density within the PSPs, indicating a reduction in the 
efficiency of the tree segmentation process under high-density conditions. This 
demonstrates that, in permanent sample plots with a large number of trees, the 
increase in structural complexity caused by crown overlap and reduced spacing 
between trees leads to a higher frequency of omissions (FN), thereby affecting overall 
detection performance. 

• For the estimation of tree diameter at breast height (dbh) using terrestrial laser 
scanning (TLS), the results highlighted the existence of a strong agreement (very high 
correspondence) between the estimated values and the values measured in the field 
for the reference trees, characterized by very strong linear relationships and low error 
variability. It can therefore be stated that the use of TLS provided highly accurate 
estimates of the diameter at breast height measured in the field for the reference trees 
across all analyzed networks (AM, FA, MO), indicating high methodological stability 
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under different stand conditions. The high level of agreement between estimated and 
reference values confirms the capability of TLS technology to accurately reproduce 
individual tree stem dimensions. The tendency to deviate from the reference values 
was low and systematically positive, indicating a slight overestimation of dbh, although 
of small and consistent magnitude, without a significant impact on overall accuracy. 
This tendency highlights the presence of a minor systematic bias that does not affect 
the robustness or precision of the estimates. Thus, tree diameter at breast height can 
be determined with a high level of accuracy, confirming the strong potential of TLS for 
estimating tree dbh within forest stands. 

• The estimation of total tree height using terrestrial laser scanning (TLS) is characterized 
by lower accuracy compared to the estimation of diameter at breast height (dbh), as 
well as by higher error variability. Tree height estimates are predominantly 
characterized by a systematic tendency toward underestimation, observed across all 
investigated networks (AM, FA, MO), although with varying intensity depending on the 
structural characteristics of the stands. This tendency is not constant across the entire 
tree height range, and in some situations overestimations were also observed, 
associated with incorrect identification of the tree top caused by specific crown 
characteristics. 
The systematic underestimation of tree heights is determined by the inherent 
limitations of TLS technology, the performance of segmentation algorithms, and stand 
complexity, particularly through occlusion effects generated by neighboring trees and 
crown stratification. Under such conditions, the laser beam does not always intercept 
the tree apex, resulting in an incomplete reconstruction of the upper part of the crown 
and, consequently, in the underestimation of total tree height. In this context, tree 
height estimation errors are not random in nature, but depend on stand structure and 
tree dimensions, indicating a systematic limitation of terrestrial laser scanning (TLS) in 
fully representing the upper third of tree crowns. 

• The estimation of tree height through the integration of TLS and UAV data highlights 
an improvement in accuracy compared to estimates based exclusively on terrestrial 
laser scanning, characterized by a high level of agreement with the reference values 
and by reduced estimation errors. The systematic tendency toward underestimation 
observed in TLS-based estimates is substantially diminished, without evidence of a 
consistent overestimation or underestimation bias, indicating an effective correction of 
errors specific to terrestrial laser scanning. The improvement in performance is mainly 
determined by the contribution of UAV data, which enable a more complete 
representation of the upper part of the crown and a more accurate identification of tree 
tops, thereby reducing the occlusion effects characteristic of terrestrial laser scanning. 
Under these conditions, tree height estimates obtained through the integrated use of 
TLS and UAV techniques become more stable across the entire range of tree height 
variation, while the differences compared to the reference values measured in the field 
are smaller and more uniformly distributed, including in the case of large trees. At the 
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same time, estimation accuracy remains relatively constant among the analyzed 
networks (AM, FA, MO), without significant differences in error levels, indicating high 
applicability of the method under varying stand conditions. Thus, the integration of TLS 
and UAV data emerges as an effective approach for tree height estimation by 
compensating for TLS limitations and improving the complete representation of tree 
crowns. 

• Regarding the relationship between competition intensity and tree dimensional 
characteristics (diameter at breast height, tree height, crown projection area), the 
results showed that increasing competition intensity is associated with a reduction in 
individual tree dimensions. Trees subjected to intense competition tended to exhibit 
lower values of diameter at breast height and height, as well as more limited crown 
development. This trend reflects the restrictions imposed by competition for essential 
resources such as light, water, and nutrients, leading to a reduced allocation of 
resources to radial growth (TRW) and overall tree development. At the same time, the 
identified relationships highlighted that crown dimensions play an essential role in 
mitigating the effects of competition, as trees with more developed crowns are able to 
partially reduce its negative impact. Therefore, competition intensity represents a 
determining factor in tree growth and development, especially under conditions of high 
stand density. 
 

❖ Regarding the determination of tree crown characteristics through remote sensing data 
processing and the use of radial growth models in relation to these characteristics. 

• The estimation of tree crown characteristics derived from remote sensing data 
highlighted the existence of a positive correlation between crown dimensions and tree 
radial growth, as well as a negative correlation between the competition index and 
radial growth. Thus, radial growth (TRW) was moderately positively correlated with 
crown length (CL) and tree height, while the correlation with crown diameter (CD) was 
weaker. In contrast, radial growth showed a moderate negative correlation with the 
competition index (CI). These findings support the hypothesis that trees with more 
developed crowns tend to exhibit higher radial growth values. 

• The analysis of radial growth variability revealed the existence of weaker correlations 
between the coefficients of variation of radial growth (cvTRW) and crown 
characteristics. The coefficient of variation of radial growth was negatively correlated 
with crown length (CL) and tree height, and positively, although with lower intensity, 
correlated with the competition index (CI). These results indicate that trees with more 
developed crowns tend to exhibit more stable radial growth, whereas higher 
competition intensity is associated with slightly increased variability in radial growth 
(TRW) values. 

• Regarding the explanatory capacity of the applied models, which included the 
interaction between crown length (CL) and radial growth across the research networks 
(AM, FA, MO), the results showed that CL had a greater contribution to explaining radial 
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growth variation compared to crown diameter (CD), particularly when variation among 
sample plots (SP) was also considered. At the same time, the coefficients associated 
with crown diameter indicated a stronger sensitivity of TRW to lateral crown variation, 
suggesting that the two crown dimensions (length and diameter) play complementary 
roles in explaining radial growth. The application of a mixed model including both crown 
length (CL) and crown diameter (CD), together with their interactions across the three 
research networks, revealed positive effects of both variables on radial growth (TRW), 
indicating that they contribute both independently and complementarily to explaining 
its variation. The inclusion of crown diameter (CD) improved model performance by 
approximately 12% compared to the use of crown length (CL) alone. 

• Regarding the relationship between crown variables and radial growth (TRW) within 
the investigated inventory networks (AM, FA, MO), the application of the linear mixed 
model highlighted that crown length (CL) has a positive and significant effect on growth 
across all analyzed stand types (pure beech stands, pure spruce stands, and mixed 
spruce–beech stands). The relationship between CL and TRW was more pronounced in 
mixed spruce–beech stands (AM) compared to pure beech stands (FA), while for pure 
spruce stands (MO), the differences were small or non-significant. Tree crown diameter 
(CD) also exerted a positive and significant effect on radial growth (TRW), present 
across all analyzed networks (AM, FA, MO), with moderate variations in the strength of 
the relationship. The application of the structural equation model (SEM), which 
considered the relationships among crown characteristics, the competition index, and 
radial growth, demonstrated that the effect of competition on radial growth was not 
exclusively direct, but was partially mediated through changes in crown dimensions, 
particularly through the reduction of crown length (CL). Consequently, competition 
acted both through the direct limitation of growth and through the modification of 
crown dimensions, leading to a more complex overall effect on radial growth (TRW). In 
this context, the obtained results highlighted that crown length (CL) represents the 
main indicator through which competition influences radial growth, whereas crown 
diameter did not show a significant direct contribution. 

• Regarding the temporal modeling of radial growth (TRW) dynamics, two candidate 
models were applied. The first model considered exclusively the standardized crown 
variables (CLz, CDz) together with the year of observation, while the second model 
additionally integrated the standardized competition index and its interaction with the 
temporal variable (year of observation). The comparison of the two models revealed an 
improvement in the performance of the model including the standardized competition 
index. Although the inclusion of the competition index improved model performance, 
its contribution to explanatory capacity remained relatively low compared to crown 
variables. At the same time, the results highlighted that crown variables derived from 
remote sensing data represent the main predictors of growth variation, being capable 
of reproducing the trends observed across the inventory networks. These findings 
indicate that crown dimensions estimated through remote sensing integrate the 
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effects of competition and reflect the level of competition among trees, constituting 
key variables for explaining and modeling radial growth. 

 
❖ Regarding the analysis of tree radial growth based on data obtained through remote sensing 

techniques in comparison with data derived from measurements collected during field 
inventories. 

• The analysis of the correlation between crown characteristics (crown length and crown 
diameter), the competition index, and radial growth revealed that the influence of 
crown dimensions on radial growth is not uniform, but depends on competition 
intensity. While crown diameter exerts a relatively constant positive effect on radial 
growth regardless of competition intensity, crown length exhibits an effect dependent 
on competition intensity, with its contribution progressively decreasing under 
conditions of high competition. This differentiation indicates that horizontal crown 
development acts as a stable growth factor, whereas vertical crown development 
(crown length) is more sensitive to the constraints imposed by local competition. It was 
also found that competition intensity among trees exerts a direct negative effect on 
radial growth, systematically reducing growth levels as competition intensifies. At the 
same time, the structural equation model (SEM) highlighted that this effect is not 
exclusively direct, but is partially mediated through changes in crown characteristics, 
particularly through the reduction of crown length (CL). Thus, competition influences 
radial growth both through the direct limitation of space and light resources and 
indirectly through modifications in tree crown dimensions. 

• The analysis of mean annual radial growth highlighted the existence of statistically 
significant differences between the values recorded for the two analyzed species 
(beech and spruce) across the three research networks (AM, FA, MO). Beech recorded 
lower annual growth values in pure beech stands (FA network), by approximately 15%, 
compared to those observed in the AM network. This result can be explained by the 
intensification of intraspecific competition in pure stands compared to mixed stands, 
where interspecific interactions may lead to more efficient resource utilization. These 
findings further demonstrate the superiority of mixed stands, predominantly those 
containing beech, in terms of the growth recorded for this species. For spruce, higher 
annual growth values (approximately 14%) were recorded in the MO network compared 
to the AM network; however, the differences observed between the networks were not 
statistically significant. 

• Regarding the way competition modifies the relationship between crown parameters 
and radial growth (TRW), the results highlighted that the standardized values of the 
competition index (CIz) were significantly associated with the sociological position of 
trees, exhibiting a coherent gradient of competition intensity (low, moderate, high). 
Thus, the relationship between TRW and crown length (CL) revealed an effect 
dependent on competition intensity, in the sense that its positive influence was more 
pronounced under conditions of low competition and progressively decreased as 
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competition intensity increased. In contrast, crown diameter (CD) showed a relatively 
constant positive effect on radial growth, without significant variation in relation to 
competition intensity, indicating a stable contribution of CD. At the same time, 
independently of these relationships, competition intensity exerted a direct and 
negative effect on radial growth, causing its reduction as competition intensity 
increased. 

* 

*                     * 

The research conducted during the preparation of the doctoral thesis and the obtained results highlight 
that the integrated use of remote sensing data enables not only the accurate estimation of tree 
dendrometric characteristics, but also the explanation of the mechanisms influencing radial growth in 
relation to crown dimensions and competition intensity. In this context, the obtained results 
demonstrate that crown variables have higher explanatory capacity compared to the competition 
index, with crown length emerging as the main predictor of radial growth, exerting a positive and 
consistent effect across all analyzed stand types. Crown diameter plays a complementary role, 
characterized by a more stable influence and lower sensitivity to variations in competition intensity. 
The analysis of the relationships among crown characteristics indicates that the effect of competition 
on radial growth is not manifested predominantly through direct mechanisms, but largely through 
changes occurring at the crown level, particularly through the reduction of crown length. At the same 
time, the influence of crown length on radial growth progressively decreases under conditions of high 
competition, whereas the effect of crown diameter remains relatively constant, highlighting 
differentiated control mechanisms of radial growth. Furthermore, the identified relationships vary 
according to stand type, being more pronounced in mixed spruce–beech stands compared to pure 
stands (beech or spruce), indicating a clear dependence on stand structure and composition. 

At the same time, the inclusion of tree volume in the analyses represents a logical next step for 
completing the evaluation of radial growth and productivity, especially through its integration with 
crown characteristics. Considering tree volume would allow a clearer understanding of tree 
development processes. In this regard, the inclusion of tree volume in future analyses may contribute 
to the development of models with broader applicability in forest stand assessment and management. 
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6. ORIGINAL CONTRIBUTION  
During the research conducted for the preparation of the doctoral thesis in forest stands from the 
western Southern Carpathians, focused on the determination of tree dendrometric characteristics and 
the analysis of radial growth through the use of integrated data acquired by remote sensing techniques 
(active and passive sensors). Based on the obtained results and the conclusions drawn, the following 
original contributions can be formulated: 

❖ The first development of a unified geospatial database containing common tree-level 
information specific to forest stands from the western Southern Carpathians, obtained through 
the integration of remote sensing data acquired by active and passive sensors with field 
measurements collected through inventories in permanent sample plots. 

❖ Improvement of the terrestrial laser scanning (TLS) data acquisition process through the 
implementation of a workflow based on multiple scans (four scan positions) and the uniform 
distribution of spherical targets, aimed at minimizing occlusion effects at the stem level and 
within the lower canopy layer, thereby ensuring a more complete stand-level representation. 

❖ Optimization of the individual tree identification process through the application of a 
processing workflow based on point cloud segmentation and the integrated use of remote 
sensing data acquired by active and passive sensors, resulting in precise tree delineation in pure 
beech stands, pure spruce stands, and mixed beech–spruce stands. 

❖ The first determination of the contribution of crown variables to explaining radial growth in 
pure beech stands, pure spruce stands, and mixed beech–spruce stands, highlighting the 
predominant role of crown length compared to crown diameter within specific models 
accounting for variation among permanent sample plots. 

❖ Adoption of a mixed modeling framework integrating both crown length and crown diameter, 
together with their stand-level interactions, allowing the evaluation of their contribution to 
radial growth at the individual tree level. 

❖ The first application of a structural equation model (SEM) in pure beech stands, pure spruce 
stands, and mixed beech–spruce stands for analyzing the relationships among tree crown 
characteristics (crown length and crown diameter), the competition index, and radial growth, 
enabling the evaluation of both direct and indirect effects of competition on radial growth at 
the individual tree level. 

❖ Characterization of the way competition among trees modifies the relationship between crown 
parameters and radial growth by defining and applying three competition intensity levels (low, 
moderate, high), established according to the percentiles of the competition index (p10, p50, 
and p90), thereby highlighting variations in radial growth response to changes in crown length 
and crown diameter. 

❖ Demonstration that crown length (CL) represents the main indicator through which competition 
among trees influences radial growth, while crown diameter does not exert a significant direct 
influence on tree growth and development. 

❖ The first determination of the direct effect exerted by competition among trees on radial 
growth through the adoption of two linear mixed models including both tree crown 
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characteristics and a temporal component (year of observation), and additionally, the 
competition index and its interaction with the year of observation.  

❖ Identification of the essential role played by crown dimensions in mitigating the effects of 
competition, demonstrating the capacity of trees with more developed crowns to partially 
reduce the negative impact of competition on radial growth, particularly under conditions of 
high stand density. 
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SHORT ABSTRACT RO 
Cercetările efectuate cu ocazia elaborării prezentei teze de doctorat au avut drept scop fundamentarea 
științifică și aplicarea tehnicilor de teledetecție privind utilizarea integrată a datelor achiziționate de 
senzori activi și pasivi cu măsurătorile din teren efectuate prin inventarieri în suprafețe de probă 
permanente, pentru determinarea caracteristicilor dendrometrice ale arborilor și ale coroanelor 
acestora și analiza creșterii radiale, în arborete din vestul Carpaților Meridionali. În acest sens, au fost 
analizate un număr de 96  sondaje permanente aparținând unor tipuri diferite de arborete (amestecate 
și pure), utilizând date obținute prin scanarea cu laser terestru (TLS) și platforme UAV, în vederea 
estimării parametrilor dimensionali ai arborilor și a caracteristicilor coroanei, precum și pentru 
evaluarea relațiilor dintre creșterea radială și intensitatea competiției. Rezultatele obținute au 
evidențiat faptul că procesul de coregistrare a norilor de puncte se realizează, în majoritatea cazurilor, 
în limite reduse ale erorilor de coregistrare, fiind influențat în principal de gradul de suprapunere între 
scanări și de complexitatea structurală a arboretelor. De asemenea, s-a constatat faptul că acuratețea 
detecției arborilor scade odată cu creșterea desimii arboretului, pe fondul suprapunerii coroanelor 
arborilor și al creșterii frecvenței omisiunilor. Estimarea diametrului de bază a indicat o concordanță 
ridicată cu valorile de referință, măsurate în teren, confirmând stabilitatea metodei în condiții variate, 
în timp ce estimarea înălțimii arborilor a fost afectată de limitări specifice scanării cu laser terestru, în 
special de efectele de ocluzie, limitări care au fost diminuate prin integrarea datelor UAV. Analiza 
relațiilor dintre creșterea radială, caracteristicile coroanei arborilor și competiție a evidențiat faptul că 
dimensiunile coroanei au un rol determinant  în explicarea variației creșterii radiale, lungimea coroanei 
evidențiindu-se ca principal predictor, în timp ce diametrul coroanei are un rol complementar, iar 
indicele de competiție o contribuție mai redusă. În același timp, s-a pus în evidență faptul că efectul 
competiției asupra creșterii radiale nu este exclusiv direct, ci se manifestă în mare parte prin 
modificarea dimensiunilor coroanei, în special prin reducerea lungimii acesteia. Totodată, relațiile 
identificate variază în raport cu tipul de arboret, fiind mai pronunțate în arboretele de amestec (molid 
cu fag) comparativ cu cele pure (fag, molid). Modelele utilizate au confirmat capacitatea caracteristicilor 
coroanei de a explica dinamica creșterii radiale.  Rezultatele obținute evidențiază potențialul utilizării 
integrate a datelor de teledetecție achiziționate de senzori activi și pasivi  în determinarea 
caracteristicilor dendrometrice ale arborilor și analiza creșterii radiale a acestora. 
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SHORT ABSTRACT EN 
The research conducted within the framework of this doctoral thesis aimed at the scientific 
substantiation and application of remote sensing techniques, focusing on the integrated use of data 
acquired by active and passive sensors together with field measurements obtained through forest 
inventories in permanent sample plots, for the determination of tree dendrometric characteristics and 
crown attributes, as well as for the analysis of radial growth in forest stands located in the part of the 
Southern Carpathians. In this context, a total of 96 permanent sample plots across to different types 
of stands (mixed and pure) were analyzed, using data obtained from terrestrial laser scanning (TLS) and 
UAV platforms, with the aim of estimating tree dimensional parameters and crown characteristics, as 
well as assessing the relationships between radial growth and competition intensity. The results 
showed that the co-registration process of point clouds is generally achieved within low error limits, 
being mainly influenced by the degree of overlap between scans and structural complexity of the 
stands. It was also found that tree detection accuracy decreases with increasing stand density, due to 
crown overlap and  the higher frequency of omission errors. The estimation of diameter at breast height 
showed a high level of concordance with reference values measured in the field, confirming the 
robustness of the method under different conditions. While tree height estimation was affected by 
limitations specific to terrestrial laser scanning, particularly due to occlusion effects, these limitations 
were reduced through the integration of UAV data. The analysis of relationship between radial growth, 
crown characteristics and competition highlighted the determinant role of crown dimensions in 
explaining radial growth variation, with crown length emerging as the main predictor, while crown 
diameter played a complementary role and the competition index had a lower contribution. At the same 
time, it was demonstrated that the effect of competition on radial growth is not exclusively direct, but 
is largely mediated through changes in crown dimensions, especially through the reduction of crown 
length. Moreover, the identified relationships vary depending on stand type, being more pronounced in 
mixed stands (spruce-beech) compared to pure stands (beech, spruce). The applied models confirmed 
the capacity of crown characteristics to explain the dynamics of radial growth. Overall, the results 
highlight the strong potential of integrating remote sensing data acquired from active and passive 
sensors for the determination of tree Dendrometric characteristics and for the analysis of radial 
growth. 

 

 
 
 
 


