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J. Hyyppä c, M. Vastaranta a 

a School of Forest Sciences, University of Eastern Finland, 80101 Joensuu, Finland 
b Department of Forest Sciences, University of Helsinki, 00790 Helsinki, Finland 
c Department of Photogrammetry and Remote Sensing, Finnish Geospatial Research Institute, National Land Survey of Finland, 02430 Masala, Finland   

A R T I C L E  I N F O   

Keywords: 
Terrestrial laser scanning 
Close-range sensing 
Time-series analyses 
Carbon allocation 
Growth and yield 

A B S T R A C T   

Tree growth is a physio-ecological phenomena of high interest among researchers across disciplines. Observing 
changes in tree characteristics has conventionally required either repeated measurements of the characteristics of 
living trees, retrospective measurements of destructively sampled trees, or modelling. The use of close-range 
sensing techniques such as terrestrial laser scanning (TLS) has enabled non-destructive approaches to recon-
struct the three-dimensional (3D) structure of trees and tree communities in space and time. This study aims at 
improving the understanding of tree allometry in general and interactions between tree growth and its neigh-
bourhood in particular by using two-date point clouds. We investigated how variation in the increments in basal 
area at the breast height (Δg1.3), basal area at height corresponding to 60% of tree height (Δg06h), and volume of 
the stem section below 50% of tree height (Δv05h) can be explained with TLS point cloud-based attributes 
characterizing the spatiotemporal structure of a tree crown and crown neighbourhood, entailing the competitive 
status of a tree. The analyses were based on 218 trees on 16 sample plots whose 3D characteristics were obtained 
at the beginning (2014, T1) and at the end of the monitoring period (2019, T2) from multi-scan TLS point clouds 
using automatic point cloud processing methods. The results of this study showed that, within certain tree 
communities, strong relationships (|r| > 0.8) were observed between increments in the stem dimensions and the 
attributes characterizing crown structure and competition. Most often, attributes characterizing the competitive 
status of a tree, and the crown structure at T1, were the most important attributes to explain variation in the 
increments of stem dimensions. Linear mixed-effect modelling showed that single attributes could explain up to 
35–60% of the observed variation in Δg1.3, Δg06h and Δv05h, depending on the tree species. This tree-level ev-
idence of the allometric relationship between stem growth and crown dynamics can further be used to justify 
landscape-level analyses based on airborne remote sensing technologies to monitor stem growth through the 
structure and development of crown structure. This study contributes to the existing knowledge by showing that 
laser-based close-range sensing is a feasible technology to provide 3D characterization of stem and crown 
structure, enabling one to quantify structural changes and the competitive status of trees for improved under-
standing of the underlying growth processes.   

1. Introduction 

Tree growth is a physio-ecological phenomenon affected by the 
availability of growth resources, such as temperature, nutrients, water, 
and sunlight, and regulated by competition between trees (e.g., Tomé 
and Burkhart 1989; Ericsson et al. 1996). In general, competitive in-
teractions occur when individuals at close proximity deploy the same 

growth resources and space to enable growth (Gillet 2008). Competition 
pressure on an individual tree increases when its neighbours occupy 
empty space around the crown, resulting in reduced accumulation of 
biomass (Weigelt and Jolliffe 2003; Pretzsch 2014). When limited 
availability of sunlight, a tree prioritizes enhancing light interception by 
reaching its crown upwards within the canopy while reducing growth 
allocation to its supporting structures such as the stem (Oliver and 
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Larson 1996; Kellner et al., 2014). Responses to better light conditions 
and canopy space vary between trees of different species (Aaltonen 
1925; Pretzsch et al. 2015). Thus, competition for canopy space entails 
interspecific (i.e., between individuals of different species) and intra-
specific (i.e., between individuals of the same species) variation in the 
allometric relationship between tree stem and crown characteristics of 
trees, being a key structuring feature of forest ecosystems (Oliver and 
Larson 1996; Thorpe et al. 2010). 

Growth of trees is characterized with repeated observations of tree 
characteristics to capture increments in its dimensions (Kershaw et al. 
2016). Conventional forest mensuration tools such as callipers, cli-
nometers and tape measures can be used for observing increments in 
rather easily measurable tree characteristics such as diameter at breast 
height (dbh), tree height, and height of the crown base, for example. 
Destructive sampling or modelling have been used instead to observe 
tree characteristics that cannot be directly accessed by conventional 
means, such as volumetric increments in stem and crown structure 
(Weiskittel et al. 2011; Burkhart and Tomé 2012). Nonetheless, the use 
of close-range sensing techniques such as terrestrial laser scanning (TLS) 
has enabled non-destructive approaches to reconstruct the detailed 
three-dimensional (3D) structure of trees and tree communities in space 
and time (Dassot et al. 2011; Liang et al. 2016). Prior studies have shown 
that the characteristics of both stem (Liang et al. 2013; Olofsson and 
Holmgren 2016; Saarinen et al. 2017) and crown structure (Henning and 
Radtke, 2006; Seidel et al. 2011, 2015a,b; Metz et al. 2013; Lin et al. 
2017; Uzquiano et al. 2021) can be characterized using point cloud- 
based methods. Changes in the structure of trees and tree communities 
can then be analysed when the point cloud acquisition campaign and 
related analyses are repeated (Luoma et al. 2019, 2021; Yrttimaa et al. 
2020a). 

Growth and yield modelling have enabled the ability to predict 
future conditions of trees and forests (Weiskittel et al. 2011), which is 
the cornerstone of sustainable forest management (Pretzsch et al. 2008; 
Twery and Weiskittel 2013). Models attempt to describe the process of 
tree growth with factors affecting it, such as the age, size, and compet-
itive status of a tree (Pacala et al. 1996; Weiskittel et al. 2011). 
Aboveground competition between trees, primarily for light, is often 
expressed as competition indices that mathematically describe the level 
of competition experienced by an individual tree (Tomé and Burkhart 
1989; Weiskittel et al. 2011). In general, competition indices are divided 
into two classes based on whether the indices incorporate the locations 
of the competitors or not. Distance-independent indices quantify the 
competitive interactions through the size and number of trees consid-
ered as competitors for the target tree while distance-dependent indices 
also take the competitors’ distance into account (Hegyi 1974; Weigelt 
and Jolliffe 2003; Kuehne, Weiskittel and Waskiewicz 2019; Sun et al. 
2019). 

With the ability to provide detailed characterization of trees and tree 
communities, the use of point cloud-based methods has shown to be 
feasible for quantifying the competitive status of trees. Regarding 
terrestrial point clouds, this has most often involved analysing the 
structure of tree crowns as well as the characteristics of competitors 
(Seidel et al. 2011, Seidel et al. 2015a; Metz et al. 2013; Juchheim et al., 
2017a; Juchheim et al., 2017b; Burkardt et al., 2021; Georgi et al. 2021; 
Owen et al. 2021, Saarinen et al. 2022) and canopy occupancy around 
the crown (Seidel et al. 2015b; Olivier et al. 2016; Hess et al. 2018). 
Prior studies have brought evidence regarding the feasibility of using 
point cloud-derived attributes characterizing crown structure and 
competition status of trees when explaining tree growth (Metz et al. 
2013; Seidel et al. 2015a; Burkardt et al., 2021). However, the experi-
ments have been most often carried out in mature broadleaved forests, 
and without making use of point clouds in assessing changes in the tree 
stem, crown structure, and its competitive status as well as their rela-
tionship altogether. 

This study aims at improving the understanding of tree allometry in 
general and the interaction between tree stem and crown characteristics 

in particular in southern boreal forests using two-date TLS point clouds 
to analyse the dependencies. As presented in prior studies (e.g., Seidel 
et al. 2015a; Pretzsch 2021), tree growth is seemingly affected by stem 
and crown structure that can be assessed in space and time using point 
cloud-based methods. The objective of this study was thus to investigate 
how tree crown neighbourhood and crown structure entail changes in 
stem characteristics. We hypothesize that attributes characterizing in-
crements in tree stem dimensions are related to attributes characterizing 
the spatiotemporal structure of the tree crown and its neighbourhood. 
This hypothesis is validated using TLS point cloud-based observations 
made from 218 trees at the beginning and at the end of a monitoring 
period that lasted from the spring/summer of 2014 to the autumn of 
2019. Changes in the stem basal area and volume are used to charac-
terize increments in stem dimensions. Besides stem basal area measured 
at the breast height (g1.3), we use basal area measured at 60% height 
(g06h), which has been noticed to be closely related to competition 
(Seidel et al. 2015b). For stem volume estimation, we focus on the stem 
section below 50% of total tree height (v05h), which is expected to be 
well characterized with TLS and not influenced by tree height mea-
surement accuracy. The crown structure is characterized using geo-
metric attributes such as the projection area, perimeter, surface area, 
volume, and length. Volumetric analysis of the crown neighbourhood, 
including canopy occupancy and space around the crown, is carried out 
to characterize the competitive status of trees. To explain the observed 
variation in stem growth, we compare attributes that can be, at least 
theoretically, obtained using conventional forest mensuration tech-
niques (i.e., 2D representation of crown structure and tree neighbour-
hood) to those only accessible using point cloud-based methods (i.e., 3D 
representation of crown structure and volumetric attributes character-
izing crown neighbourhood). Thus, we also hypothesize that the use of 
point cloud-based methods benefits tree growth monitoring by 
providing a more elaborate, 3D characterization of the crown structure 
and the competitive status of a tree. 

2. Materials and methods 

2.1. Experimental design and study materials 

The experimental design of this study consists of 218 trees from 16 
different tree communities, represented by rectangular sample plots (32 
m × 32 m) that has been digitized with two-date TLS point clouds in 
2014 and 2019. The sample plots were located in the Evo study site in 
southern Finland (61◦19.6′ N 25◦10.8′ E). The study site encompasses 
diverse southern boreal forest structures including both managed and 
single-layered as well as unmanaged and multi-layered forests. Scots 
pine (Pinus sylvestris L.), Norway spruce (Picea abies (L.) H. Karst.), 
birches (Betula sp.) and aspen (Populus tremula) are the dominant tree 
species, and the site types vary from groves to barren heaths. 

A multi-scan TLS campaign was first carried out in the spring/sum-
mer of 2014 (T1) and repeated in the autumn of 2019 (T2) to capture at 
least a five-year monitoring period in between the observations. The 
multi-scan setup consisted of five individual scans per each sample plot 
including one scan from the sample plot centre and four auxiliary scans 
distributed evenly around the plot centre. Point clouds from individual 
scans were co-registered and merged at the sample plot level using 
artificial reference targets attached to trees during the data acquisition 
campaigns. A Leica HDS6100 (Leica Geosystems, St. Gallen, 
Switzerland) and a Faro Focus 3D X330 (Faro Technologies Inc., Lake 
Mary, FL, USA) phase-shift scanners with an angular resolution of 0.018◦

were used in the T1 TLS campaign, while a Leica RTC360 3D time-of- 
flight scanner with an angular resolution of 0.009◦ was used in the T2 
TLS campaign (for more details, see Yrttimaa et al. 2020a; Luoma et al. 
2021). The TLS point cloud data was provided by the SCAN FOREST 
research infrastructure (Scanforest 2021a, 2021b). 

Considering the acquired TLS point cloud data, it is well known that, 
due to the hemispherical scanning geometry and a limited number of 
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scanning positions, it is often a challenging task even for a multi-scan 
TLS to capture the complete structure of tree crowns in dense forests 
with closed canopies (Liang et al. 2016, Wang et al. 2019). Prior studies 
have brought evidence that this challenge can be solved at least to some 
extent by using mobile platforms for the terrestrial laser scanner 
(Hyyppä et al., 2020) or by using a combination of terrestrial and aerial 
point clouds (Aicardi et al., 2017; Yrttimaa et al., 2020c). However, the 
geometric accuracy and density of a point cloud acquired using mobile 
laser scanning currently still falls short of that of TLS point clouds 
(Balenović et al., 2021) although in favourable conditions being com-
parable to that of TLS (Chen et al., 2019; Caboet al., 2018; Gollob et al., 
2020; Hyyppä et al., 2020). Therefore, as the aim of this study was to 
investigate the allometric relationship between tree stem and crown 
characteristics, we wanted to eliminate the effect of incomplete char-
acterization of tree crown structure which is not a desired point cloud 
characteristic nor expected to be an issue in the future when the new 
mobile scanning technology is applied in acquiring terrestrial point 
clouds on-the-move. Thus, the sampling included visually ensuring that 
the trees and especially their crowns were completely characterized by 
the point clouds at both T1 and T2. Tree locations near the centre of the 
original 32 m × 32 m sample plots were preferred to ensure that also the 
tree neighbourhood was completely captured in the point clouds. Alto-
gether, a subsample of 218 trees including both coniferous (Scots pine, 
Norway spruce) and broadleaved trees (birches, aspen) on 16 sample 
plots was selected for further analyses (Table 1). 

2.2. Point cloud-based methods to characterize the spatiotemporal 
structure of stem and crown 

Prior to detecting individual trees and extracting stem and crown 
characteristics for all the trees, the two-date multi-scan TLS point clouds 
were normalized, that is, the topography was removed from the point 
cloud by converting the Z-coordinates into heights above the ground. 
The lasground-tool from the LAStools-software was used to label points 
representing ground to be able to compute height coordinate trans-
formation using lasheight-tool (rapidlasso 2021). Then, a point cloud 
classification procedure presented in Yrttimaa et al. (2020b) and 
available in Yrttimaa (2021) was applied to detect trees and to separate 
points originating from the tree stem (i.e., stem points) from points 

originating from branches and foliage (i.e., non-stem points). The sam-
ple plot point cloud was partitioned into smaller processing units using 
canopy segments that were extracted from a detailed canopy height 
model rasterized from the TLS point cloud. A series of point cloud pro-
cessing techniques including grid average downsampling, surface 
normal filtering, point cloud clustering, and RANSAC-cylinder filtering 
were then applied to identify smooth, vertical, and cylindrical surfaces 
that were the distinguishing features separating points representing tree 
stem surfaces from points representing branches and foliage (see Yrtti-
maa et al. 2020b for more details). 

After completing point cloud classification, the stem points and a 
point cloud processing method initially developed in Yrttimaa et al. 
(2019) and available in Yrttimaa (2021) was used to derive stem attri-
butes such as basal area and stem volume at T1 and T2. The stem 
structure was modelled with geometric primitives such as circles and 
cylinders to obtain a taper curve that characterizes stem profile and was 
further used in obtaining stem characteristics at T1 and T2 (see Table 2). 
Point cloud-based estimates for g1.3 and g06h were computed from the 
respective diameters obtained from the taper curve by using the geo-
metric equation for circle area. Then, v05h was determined as a piece-
wise integral of the taper curve by considering the stem as a sequence of 
vertical cylinders up to the height corresponding to 50% of tree height. 
Changes in g1.3, g06h, and v05h (i.e., Δg1.3, Δg06h, and Δv05h) were 
quantified by subtracting the T1 value from the T2 value, thus positive 
change indicating increment in the respective stem attribute, and vice 
versa. 

Extraction of attributes characterizing tree crown structure is usually 
based on the use of some geometric primitives that aim to generalize the 
point cloud structure, making its dimensions quantifiable (e.g., Seidel 
et al. 2011; Fernández-Sarría et al. 2013). Considering the possible point 
cloud occlusion and structural incompleteness at the top of the tree 
crown, we used a 2D/3D convex hull object to envelope the non-stem 
points and to characterize the crown structure with a set of geometric 
features obtained for the respective geometric object. This way, crown 
attributes such as 2D projection area (A2D) and perimeter (Pcrown), 3D 
volume (Vcrown) and surface area (A3D) were extracted. Perimeter-to- 
area ratio (P2A) and surface-to-volume ratio (S2V) were computed to 
characterize the trees’ architectural benefit-to-cost ratio. Heights of the 
crown base (Hmin) and top of the tree (Hmax) as well as crown length 
(Lcrown) and crown ratio (CR) were determined based on the vertical 
extent of the 3D crown object (see Fig. 1). These attributes were also 
derived at both T1 and T2, and their changes computed by subtracting 
the T1 value from the T2 value (Δ = T2 − T1). 

2.3. Quantification of the competitive status of trees 

The competitive status of a tree was characterized by analysing 
canopy occupancy within the crown neighbourhood and the geometry 
between the tree and its competitors at T1. A search cone method, 
previously introduced with TLS data by Metz et al. (2013) was applied in 
this study to determine the competitive neighbourhood space around 
each tree. An upside-down cone with a vertical orientation and an 
opening angle of 60◦ was fixed at the height corresponding to 60% of the 
total tree height, as suggested by Seidel et al. (2015b) (see Fig. 2). 
Diameter of the small-end of the search cone was determined as the 
crown diameter at that height, which was obtained by enveloping a 
cross section of non-stem points with a 2D convex hull. Points of the 
normalized and non-classified sample plot point cloud acquired at T1, 
falling inside the search cone but remaining outside the 3D convex hull 
of the crown of the study tree, were extracted and voxelized to a 0.1 m ×
0.1 m × 0.1 m grid and considered as a competitor point cloud. Thus, 
each point in the competitor point cloud represented 1 dm3 of the study 
tree’s crown space that was occupied by competitors. 

Several metrics quantifying the competitive status of a tree, hereafter 
referred to as competition metrics, were computed using the competitor 
point clouds, the geometry of the search cone, and the characteristics of 

Table 1 
Descriptive statistics of the sample tree characteristics based on point cloud 
observations at the beginning of the monitoring period (T1). dbh = stem 
diameter at the breast height, d06h = stem diameter at the height corresponding 
to 60% of tree height, v05h = volume of the stem section reaching the height 
corresponding to 50% of tree height. Minimum (min), mean, maximum (max) 
and standard deviation (std) of each characteristic is provided.  

tree species dbh (cm) tree height (m) d06h (cm) v05h (dm3) 

All trees 
n = 218 

min: 7.2 mean: 
21.6 max: 44.4 
std: 6.6 

min: 8.0 mean: 
19.1 max: 29.5 
std: 4.2 

min: 3.8 
mean: 
13.7 
max: 30.5 
std: 4.5 

min: 3.2 
mean: 92.8 
max: 555.2 
std: 83.5 

Scots pine 
n = 108 

min: 7.2 mean: 
20.1 max: 44.1 
std: 6.3 

min: 8.8 mean: 
17.5 max: 25.9 
std: 3.9 

min: 3.8 
mean: 
12.6 
max: 27.5 
std: 4.3 

min: 3.2 
mean: 73.5 
max: 414.4 
std: 62.7 

Norway 
spruce 
n = 77 

min: 11.7 mean: 
24.5 max: 44.4 
std: 6.9 

min: 8.0 mean: 
21.2 max: 29.5 
std: 4.2 

min: 7.9 
mean: 
15.6 
max: 30.5 
std: 4.8 

min: 16.1 
mean: 
127.9 
max: 555.2 
std: 107.3 

Broadleaved 
n = 33 

min: 12.2 mean: 
19.9 max: 29.4 
std: 4.5 

min: 12.8 mean: 
19.6 max: 22.5 
std: 2.1 

min: 7.9 
mean: 
12.7 
max: 21.2 
std: 3.4 

min: 17.4 
mean: 74.4 
max: 211.3 
std: 47.8  
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the tree crown itself (see Table 2). First, volumetric analyses of the 
occurrence of vegetative structures within the competitive space were 
carried out. Volume of the space occupied by competitors (CV) was 
quantified as the number of competitor points (with Z ≤ height of the 
study tree) multiplied by 0.001 m3 (i.e., crown space each of them 
represented). Relative volume of the space occupied by competitors, i.e., 
the canopy density index (CDI) was obtained as a ratio between CV and 
the volume of the search cone whose top surface was restricted to the 
height corresponding to the tree height (Vcone) without the volume of 
the crown itself (Vcrown). The search cone volume was computed by 
using the geometric equation of truncated cone volume. Competitive 
volume ratio (CVR) was computed as a proportion of CV to Vcrown as in 
Olivier et al. (2016). Then a 3D-modified version of a competitive 
pressure index (CPI; introduced in 2D by Olivier et al. 2016) was applied 
to take the distance of the competitors into account. In this study, CPI 
was computed as a mean inverse Euclidean distance between each 
competitor point and the surface of the 3D convex hull of the crown of 
the study tree. 

To emphasize the quantification of the canopy occupancy of 
competitor trees larger than the study tree, the CV and CVR were 
computed also for the part of the neighbourhood extending above the 
crown of the study tree (with Z > tree height). For this task, the 
competitor points were delineated from above the height of the crown of 
the study tree and the estimates for CVabove, CVRabove, and CPIabove were 
derived accordingly. 

Alongside the volumetric analyses of the canopy occupancy, the 
geometry between the tree and its competitors was analysed to assess 
the competitive stress faced by the tree. Vertical angle of competition 
(αcomp), in other words, the angle between the horizontal plane and a 
line intersecting the top of the study tree and the highest point in the 
competitor point cloud, was derived from the horizontal and vertical 
Euclidean distances between the two (see Table 2). Then, a 0.2 m buffer 
around the 2D polygon representing tree crown boundaries was estab-
lished to assess physical interaction between the tree and its competi-
tors. Interaction area ratio (IAR) was computed to quantify the 
proportion of the crown buffer area that was occupied by competitor 
points projected onto the XY plane and rasterized in a 0.1 × 0.1 m grid. 
Direction of interaction (DI) was computed as an azimuth angle (0… 
360◦) between the XY centroid of the 2D crown polygon and the XY 
centroid of competitor points within the buffer. 

In addition to describing the competitive status of trees at the 
beginning of the monitoring period, the respective attributes were 
extracted at the end of the monitoring period to be able to also assess 
changes that have occurred during the monitoring period (Δ = T2 − T1). 

Table 2 
Description of attributes characterizing stem and crown structure as well as the 
competitive status of a tree through its crown neighbourhood. Point cloud-based 
estimates for the stem and crown characteristics were extracted at both at the 
beginning (T1) and at the end of the monitoring period (T2) to be able to assess 
changes that have occurred during the monitoring period (Δ = T2-T1).  

Point cloud-derived 
attribute 

Abbrev. 
[Unit] 

Description/Equation 

Stem characteristics 
basal area at the breast 

height (i.e., at 1.3 m 
height) 

g1.3 

[cm2] 
(π * dbh2)/4 
where dbh refers to stem diameter at the 
breast height, derived from the taper 
curve 

basal area at height 
corresponding to 60% of 
tree height 

g06h 

[cm2] 
(π * d06h

2 )/4 
where d06h refers to stem diameter at 
the height corresponding to 60% of tree 
height, derived from the taper curve 

volume of the stem section 
below 50% of tree height 

v05h 

[dm3] 
Derived by considering the stem as a 
sequence of vertical cylinders 
∑n

i=1
πhi

16
(di + di+1)

2where hi is the 

height and di the diameter of the 
cylinder i, and n is the number of 
cylinders required to reach the height 
corresponding to 50% of tree height. 

Crown characteristics 
crown projection area A2D [m2] Area of a 2D polygon enveloping crown 

points projected onto the XY plane. 
crown perimeter Pcrown 

[m] 
Perimeter of a 2D polygon enveloping 
crown points projected onto the XY 
plane. 

crown perimeter-to-area 
ratio 

P2A Pcrown/A2D 

crown volume Vcrown 

[m3] 
Volume of a 3D convex hull object 
enveloping crown points. 

crown surface area A3D [m2] Area of a 3D convex hull object 
enveloping crown points. 

crown surface-to-volume 
ratio 

S2V A3D/Vcrown 

height of the crown base Hmin [m] Height at which the 3D convex hull 
object enveloping crown points reaches 
its lowest point. 

height of the crown top Hmax [m] Height at which the 3D convex hull 
object enveloping crown points reaches 
its highest point (=tree height) 

crown length L [m] Vertical extent of a 3D convex hull 
object enveloping crown points. 

crown ratio CR L/Hmax 

Competition metrics 
volume of the space 

occupied by competitors 
CV [m3] 0.001 m3 * N 

where N is number of competitor points 
(Z ≤ tree height), each representing the 
centroid of a 1 dm3 voxel occupying 
crown space around the tree 

volume of the space above 
the tree height level 
occupied by competitors 

CVabove 

[m3] 
0.001 m3 * N 
where N is number of competitor points 
(Z > tree height), each representing the 
centroid of a 1 dm3 voxel occupying 
crown space around the tree 

canopy density index CDI CV/(Vcone − Vcrown) where Vcone is the 
volume of the search cone with the top 
surface restricted to the height 
corresponding to the tree height 

competitive volume ratio CVR CV/Vcrown 

competitive volume ratio 
above the tree 

CVRabove CVabove/Vcrown 

competitive pressure index    

competitive pressure 
index above the tree 

CPI    

CPIabove 

1
N
∑i=1

N
D− 1

i , where Di is the minimum 

Euclidean distance between the 
competitor point Pi and the surface of 
the 3D convex hull of the crown of the 
study tree, and N is the number of 
competitor points within the search 
cone, either reaching from the 60% 
height until the top of the tree (CPI) or 
from the top of the tree until the highest 
competitor point (CPIabove)  

Table 2 (continued ) 

Point cloud-derived 
attribute 

Abbrev. 
[Unit] 

Description/Equation 

vertical competitive 
distance 

Dvert vertical Euclidean distance between the 
top of the tree and the highest point in 
the competitor point cloud. 

horizontal competitive 
distance 

Dhori horizontal Euclidean distance between 
the top of the tree and the highest point 
in the competitor point cloud. 

vertical angle of 
competition 

αcomp 

[deg] 
αcomp = atan(Dvert/Dhori)

interaction area ratio IAR Aint/Abuf, where Aint refers to the area of 
competitor points projected onto the XY 
plane and rasterized in a 0.1-m grid, and 
Abuf refers to a 0.2-m buffer around the 
2D crown polygon. 

direction of interaction DI [deg] Defined as an azimuth angle (0…360◦) 
between the XY centroid of the 2D 
crown polygon and the XY centroid of 
competitor points within the buffer.  
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Fig. 1. Illustration of the point cloud-based methods to characterize stem and crown structure at the beginning (T1) and at the end of the monitoring period (T2). For 
more detailed description of the characteristics and their abbreviations, the reader is referred to Table 2. 

Fig. 2. Illustration of the point cloud-based methods to characterize the competitive status of trees at the beginning of the monitoring period. For more detailed 
description of the characteristics and their abbreviations, the reader is referred to Table 2. 
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2.4. Analyses to be carried out to investigate the relationship between stem 
growth and dynamics in crown structure and neighbourhood 

Prior to analysing relationships between stem and crown dynamics, 
consistency of point cloud-based observations was analysed. In other 
words, it was investigated how well the stem, crown, and neighbour-
hood characteristics derived at T1 corresponded to, or were in line with 
the respective attributes derived at T2. This included investigating the 
relationship between the attributes derived at T1 and the respective 
attributes derived at T2 by using the Pearson coefficient of correlation 
(r) as a measure of the strength of the relationship. The analyses were 
carried out by tree species (i.e., Scots pine, Norway spruce, and broad-
leaved trees). 

Then, relationships between each stem characteristics of interest (i. 
e., Δg1.3, Δg06h, and Δv05h) and each attribute characterizing the crown 
structure and the competitive status of the trees were investigated by 
using r as a measure of the strength of the relationship. The aim was to 
find out which crown characteristic and competition metric could be 
used in explaining variation in the stem growth characteristics of in-
terest. The analyses were carried out by tree species and by sample plots, 
assuming there could be variation in the allometric relationships be-
tween tree species and tree communities. 

Linear mixed-effect modelling was applied to finally investigate the 
capacity of the point cloud-derived attributes characterizing the 
spatiotemporal structure of the crown and competition to explain vari-
ation in the increments of stem characteristics. The explanatory power 
of each attribute (i.e., crown characteristics and competition metrics 
presented in Table 2) was investigated separately, one attribute at a time 
to explore the dependencies individually and to keep the analyses sim-
ple. For this task, linear mixed-effect models were established: 

yij = β1 + β2xij + b(1)
i + b(2)

i xij + εij (1)  

where yij is the response variable of interest (i.e. Δg1.3, Δg06h, and 
Δv05h), xij is the explanatory variable of interest for tree j within a 
sample plot i, β1 and β2 are fixed regression coefficients, bi

(1) and bi
(2) are 

normally distributed random effects for sample plot i with mean zero 
and unknown, unrestricted variance–covariance matrix, εij is a residual 
error for tree j within a sample plot i with mean zero and unknown 
variance of σ2. The random effects were independent across sample plots 
and residual errors were independent across observations. The models 
were fitted using Restricted Maximum Likelihood using the Statistics 
and Machine Learning Toolbox for MATLAB (version 9.11.0, R2021b). 

3. Results 

3.1. Consistency of point cloud-based observations at T1 and T2 

Strong correlation (r > 0.85) was recorded between the point cloud- 
based estimates for g1.3, g06h and v05h derived at T1 and T2. The rela-
tionship was the strongest among Scots pine trees, followed by Norway 
spruce and broadleaved trees (Fig. 3). The same seems to apply with 
crown characteristics of coniferous trees for which a generally strong 
correlation (r > 0.8) was recorded between the point cloud-based esti-
mates for A2D, Pcrown, Vcrown, A3D, Hmin, and Hmax of coniferous trees at 
T1 and T2 (Fig. 4). For broadleaved trees the respective relationships 
were somewhat lower (r ~ 0.7). In the case of Lcrown the strongest cor-
relation between the point cloud-based estimates obtained at T1 and T2 
was recorded for Norway spruces (r = 0.88) followed by Scots pine and 
broadleaved trees (r ~ 0.6). The point cloud-based estimates for both 
stem and crown characteristics were thus considered to be repeated 
consistently in time. This enabled then the estimation of attributes 
characterizing changes in the respective structures. On average, an 
increment of 56.2 cm2 (14.0%) was recorded for g1.3, 52.8 cm2 (32.3%) 
for g06h, and 52.1 dm3 (56.1%) for v05h (Table 3). 

3.2. Relationship between stem growth and attributes characterizing 
crown structure and competition 

Correlation analyses showed that generally stronger relationships 
were recorded between Δg1.3 and the attributes characterizing crown 
structure and competition, compared to those of Δg06h and Δv05h. The 
relationship between the stem growth and the crown structure seemed 
to be the strongest for Scots pine trees, followed by Norway spruces and 
broadleaved trees. In general, there was a positive correlation recorded 
between the stem dimensions and crown dimensions at T1. Negative 
relationships were always recorded between the stem growth attributes 
of interest and competition metrics except for CPI, which indicates that 
the increased crown competition tends to decrease stem growth. The 
strength of the relationships varied by sample plots, indicating that 
sample plot characteristics may have some influence on the allometric 
relationships between stem growth and crown characteristics. 

When all the Scots pine trees across all the sample plots were 
considered, |r| = 0.5…0.6 was recorded between Δg1.3 and the most 
correlating crown characteristics (i.e., A3D, Pcrown, A2D, Vcrown, Hmax, 
SVR, PAR) and competition metrics (CDI, CVR, CVRabove). On the other 
hand, ΔHmax was the only attribute to characterize changes in the crown 
structure with statistically significant (p < 0.05) relationship (r = 0.3) 
with Δg1.3. However, the strength of the relationships varied by sample 
plots, reaching up to |r| = 0.8…0.9 on certain sample plots. The direc-
tion of the relationships remained consistent between sample plots with 
attributes characterizing crown structure at T1 and the competitive 

Fig. 3. Consistency of point cloud-based estimates for stem characteristics derived at the beginning (T1) and at the end of the monitoring period (T2) by tree species. 
The investigated characteristics include basal area at the breast height (g1.3), basal area at the height corresponding to 60% of tree height (g06h) and volume of the 
section of the stem below height corresponding to 50% of total tree height (v05h). Coefficient of correlation (r) indicates the relationship between the estimates 
derived at T1 and T2. 
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status of the trees but varied with some attributes characterizing 
changes in the crown structure during the monitoring period. For 
example, the relationship between Δg1.3 and ΔP2A as well as Δg1.3 and 
ΔSVR were of equal strength with |r| = 0.6…0.8 but either positive or 
negative depending on the sample plot in question. Similar findings of 
the relationships between stem and crown characteristics of Scots pine 
trees were obtained for Δg06h and Δv05h as well. The observed re-
lationships to attributes characterizing crown structure and competition 
(|r| = 0.3…0.4) were somewhat lower than those of Δd1.3 when all the 
Scots pine trees were considered. However, as in the case of Δd1.3, the 
strength of the relationships varied between the sample plots, reaching 
up to |r| = 0.7…0.9 on certain sample plots. 

The findings obtained for Scots pine trees were more or less appli-
cable to those of Norway spruce trees. When all the trees across all the 
sample plots were considered, generally weaker relationships with |r| =
0.4…0.5 were recorded between Δg1.3 and the most correlating point 
cloud-derived characteristics of crown structure (i.e., CR, Hmin, PAR, 
A3D, Pcrown, A2D, Vcrown, Hmax, SVR) and competition (CDI, CVR, CVRa-

bove). On the other hand, ΔA2D (r = -0.35) and ΔVcrown (r = -0.3) were 
the attributes characterizing changes in the crown structure to best 
correlate with Δg1.3. A2D was the only attribute with statistically sig-
nificant (p < 0.05) relationship (r = -0.22) with Δg06h. In the case of 
Δv05h, on the other hand, ΔHmin was the best correlating point cloud- 
based attribute to characterize changes in the crown structure with r 
= 0.46, Hmin to characterize crown structure at T1 (r = 0.25) and CDI to 
characterize competition (r = -0.3). Yet again, the strength of the re-
lationships varied between tree communities, reaching up to |r| = 0.8… 
0.95 on certain sample plots regardless of the stem growth attribute in 
question. 

For broadleaved trees, no statistically significant (p < 0.05) re-
lationships were recorded between the stem growth attributes of interest 
and point cloud-derived attributes characterizing crown structure at T1 
and changes in it during the monitoring period. Instead, |r| = 0.4…0.5 
was recorded between αcomp and the stem growth attributes, with the 
strongest relationship to Δg1.3 followed by Δg06h and Δv05h, respec-
tively. However, as with the other tree species, the strength of the re-
lationships varied between tree communities, reaching up to |r| = 0.7… 
0.8 on certain sample plots. 

3.3. Capacity of crown structure and competition characteristics to 
explain variation in stem growth 

Point cloud-derived estimates characterizing crown structure and 
competition could explain up to 53%, 58%, and 42% of the observed 
variation in Δg1.3 of Scots pine, Norway spruce, and broadleaved trees, 
respectively (Fig. 5, Table 4). For Scots pine trees, competition metrics 
(CPI and Dvert) were the most important explanatory variables, followed 
by attributes characterizing crown structure at T1 (A3D and Hmax). 

Fig. 4. Consistency of point cloud-based estimates for crown characteristics derived at the beginning (T1) and at the end of the monitoring period (T2) by tree 
species. The investigated characteristics include 2D projection area (A2D) and perimeter (Pcrown), 3D volume (Vcrown) and surface area (A3D), perimeter-to-area ratio 
(P2A), surface-to-volume ratio (S2V), height of the crown base (Hcrown), height of the crown top (Hmax), crown length (Lcrown), and crown ratio (CR). Coefficient of 
correlation (r) indicates the relationship between the estimates derived at T1 and T2. 

Table 3 
Descriptive statistics of the point cloud-derived changes of the basal area at the 
breast height (Δg1.3), basal area at height corresponding to 60% of tree height 
(Δg06h), and volume of the stem section reaching the height corresponding to 
50% of tree height (Δv05h). Minimum (min), maximum (max) and mean of each 
characteristic is provided by tree species. The relative values in parenthesis 
represent the proportion of the mean observed change to the mean of the 
respective attribute at the beginning of the monitoring period (T1).  

tree species Δg1.3 (cm2) Δg06h (cm2) Δv05h (dm3) 

All trees 
n = 218 

min: − 62.1 max: 370.4 
mean: 56.2 (14.0%) 

min: − 64.2 
max: 255.4 
mean: 52.8 
(32.3%) 

min: − 9.6 max: 
398.5 
mean: 52.1 
(56.1%) 

Scots pine 
n = 108 

min: − 11.3 max: 187.6 
mean: 55.5 (15.9%) 

min: − 45.9 
max: 183.9 
mean: 46.3 
(33.2%) 

min: − 9.6 max: 
157.0 
mean: 38.6 
(52.5%) 

Norway 
spruce 
n = 77 

min: − 62.1 max: 370.4 
mean: 60.8 (12.0%) 

min: − 64.2 
max: 255.4 
mean: 61.8 
(29.6%) 

min: − 6.9 max: 
398.5 
mean: 72.4 
(56.6%) 

Broadleaved 
n = 33 

min: − 4.6 max: 112.2 
mean: 48.0 (14.7%) 

min: − 38.5 
max: 235.1 
mean: 53.0 
(38.8%) 

min: − 4.5 max: 
170.6 
mean: 48.8 
(65.5%)  
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Attributes characterizing changes in the crown structure (ΔS2V and 
ΔP2A) reached a similar explanatory power although not being 
considered statistically significant (p < 0.05) predictors for Δg1.3. In the 
case of Norway spruce, attributes characterizing crown structure at T1 
(CR, A3D) as well as its change (ΔHmin) had the most explanatory power 
in explaining variation in Δg1.3 with R2 = 0.55…0.58. CVR was the most 
important attribute to characterize competition, with statistically sig-
nificant (p < 0.05) parameter estimate. For broadleaved trees, αcomp 
remained the only attribute with statistically significant (p < 0.05) 
parameter estimate. 

The capacity of point cloud-derived attributes characterizing crown 
structure and competition in explaining variation in Δg06h remained 
short of that of Δg1.3. Up to 27% of the variation in Δg06h of Scots pine 
trees could be explained by the variation in crown structure and 
competition with ΔVcrown, A3D and CPI being the most important 
explanatory variables (Fig. 5, Table 5). However, the respective 
parameter estimates were not statistically significant (p < 0.05). In the 
case of Norway spruces, up to 35% of the variation in Δg06h could be 

explained with attributes characterizing crown structure at T1, with 
Hmin and CR being the most important ones. Competition metrics (CDI, 
CPI) reached an R2 of 0.17, while no statistically significant (p < 0.05) 
explanatory power was recorded for attributes characterizing changes in 
crown structure. Hmax was the only attribute to explain variation in 
Δg06h of broadleaved trees (R2 of 0.23) with statistically significant (p <
0.05) parameter estimates (Table 5). 

The point cloud-based attributes characterizing crown structure and 
competition could explain 38–59% of the observed variation in Δv05h 
depending on tree species (Table 6). The allometric relationship was the 
strongest among Norway spruces with Hmin (R2 = 0.59) and CR (R2 =

0.52) being the most important attributes with statistically significant (p 
< 0.05) parameter estimates. Competition metrics (CPI, CDI, αcomp) 
seemed to follow with R2 = 0.33–0.38 depending on tree species. 
However, in the case of Scots pine and broadleaved trees, height-related 
crown metrics (ΔHmax and Hmax, respectively) were the only attributes 
with statistically significant parameter (p < 0.05) estimates. 

Fig. 5. Relationship between the observed and estimated increments in basal area at the breast height (Δg1.3), basal area at height corresponding to 60% of tree 
height (Δg06h) and volume of the stem section below 50% of tree height (Δv05h) by tree species. Coefficient of determination (R2) indicates the proportion of variation 
in the observed attribute that could be explained by the linear mixed-effect model. 

Table 4 
Summary of the fit of the single-parameter linear mixed-effect models explaining variation in the increment in basal area at the breast height, Δg1.3, with sample plot ID 
used as the grouping variable (i.e., the random effect). The models are arranged in descending order by their performance, measured by coefficient of determination 
(R2) and root-mean-square-error (RMSE). The best-performing model from each attribute category, in other words, attributes characterizing crown structure at T1 
(crown T1), attributes characterizing changes in the crown structure (crown Δ), and attributes characterizing the competitive status of the trees (competition), are 
reported. The p-value from F-statistics indicates statistical significance of each variable. Alongside the parameter estimate (est.), the 95% coefficient intervals (95% CI−
and 95% CI+) are provided to facilitate model interpretation. Models with statistically significant (p < 0.05) parameter estimates are highlighted.  

 crown T1 crown Δ competition R2 RMSE (%) p 95% CI - est. 95% CI +

Scots pine

CPI x 0.53 45.5 <0.001 14.67 28.66 29.08

ΔS2V x 0.50 46.7 0.366 -41.35 34.94 16.54

A3D x 0.49 47.1 <0.001 0.31 0.53 0.37

Norway spruce

CR x 0.58 65.4 <0.001 -1067.32 -703.69 -599.26

ΔHmin x 0.56 66.3 0.048 0.85 85.36 43.43

CVR x 0.40 76.3 0.002 -68.59 -42.63 -17.56

Broadleaved trees

Hmax x 0.42 46.1 0.416 -6.15 4.18 13.56

αcomp x 0.36 49.0 <0.001 -1.71 -1.16 -0.12

ΔA2D x 0.09 56.4 0.866 -3.23 -0.25 0.68
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4. Discussion 

This study aimed at improving understanding of allometric re-
lationships between stem growth and the structure and dynamics of 

crown and its neighbourhood. The main hypothesis (H1) was that the 
growth of attributes characterizing tree stem dimensions such as Δg1.3, 
Δg06h and Δv05h is related to attributes characterizing tree crown 
structure and the competitive status of trees. The results of this study 

Table 5 
Summary of the fit of the single-parameter linear mixed-effect models explaining variation in the increment in basal area at the height corresponding to 60% of tree 
height, Δg06h, with sample plot ID used as the grouping variable (i.e., the random effect). The models are arranged in descending order by their performance, measured 
by coefficient of determination (R2) and root-mean-square-error (RMSE). Two best-performing models from each attribute category, in other words, attributes 
characterizing crown structure at T1 (crown T1), attributes characterizing changes in the crown structure (crown Δ), and attributes characterizing the competitive 
status of the trees (competition), are reported. The p-value from F-statistics indicates statistical significance of each variable. Alongside the parameter estimate (est.), 
the 95% coefficient intervals (95% CI− and 95% CI+) are provided to facilitate model interpretation. Models with statistically significant (p < 0.05) parameter es-
timates are highlighted.  

 crown T1 crown Δ competition R2 RMSE (%) p 95% CI - est. 95% CI +

Scots pine

ΔVcrown x 0.27 70.8 0.268 -0.20 0.26 0.72

A3D x 0.26 71.3 0.198 -0.13 0.25 0.62

CPI x 0.26 71.0 0.462 -13.59 8.07 29.74

Norway spruce

Hmin x 0.35 95.5 <0.001 13.89 25.91 37.94

CDI x 0.17 109.9 <0.001 -1604.37 -1062.45 -520.54

ΔA3D x 0.08 112.5 0.878 -1.02 -0.07 0.87

Broadleaved trees

ΔA3D x 0.31 77.2 0.723 -0.82 -0.12 0.57

αcomp x 0.26 80.7 0.062 -2.52 -1.22 0.07

Hmax x 0.23 82.4 0.010 2.74 10.71 18.68

Table 6 
Summary of the fit of the single-parameter linear mixed-effect models explaining variation in the increment in volume of the stem section below the height corre-
sponding to 50% of the tree height, Δv05h, with sample plot ID used as the grouping variable (i.e., the random effect). The models are arranged in descending order by 
their performance, measured by coefficient of determination (R2) and root-mean-square-error (RMSE). The best-performing models from each attribute category, in 
other words, attributes characterizing crown structure at T1 (crown T1), attributes characterizing changes in the crown structure (crown Δ), and attributes charac-
terizing the competitive status of the trees (competition), are reported. The p-value from F-statistics indicates statistical significance of each variable. Alongside the 
parameter estimate (est.), the 95% coefficient intervals (95% CI− and 95% CI+) are provided to facilitate model interpretation. Models with statistically significant (p 
< 0.05) parameter estimates are highlighted.  

 crown T1 crown Δ competition R2 RMSE (%) p 95% CI - est. 95% CI +

Scots pine

ΔHmax x 0.38 62.0 0.004 5.57 16.88 28.20

CPI x 0.33 64.4 0.147 -4.39 12.34 29.08

A3D x 0.29 66.4 0.261 -0.10 0.13 0.37

Norway spruce

Hmin x 0.59 69.3 <0.001 29.11 37.92 46.73

CDI x 0.38 83.4 0.002 -3294.98 -2036.17 -777.37

ΔA3D x 0.31 87.5 0.846 -1.03 0.11 1.25

Broadleaved trees

αcomp x 0.38 57.5 0.078 -2.14 -1.01 0.12

Hmax x 0.22 65.4 0.004 2.74 8.15 13.56

ΔHmax x 0.15 65.9 0.376 -9.47 7.44 24.35
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showed that, within certain tree communities, strong relationships (|r| >
0.8) occurred between increments in the stem structure and attributes 
characterizing initial crown structure and competition. Single attributes 
could explain up to approximately 35–60% of the observed variation in 
Δg1.3, Δg06h and Δv05h, depending on tree species, when all the tree 
communities were considered. Thus, the validity of H1 was confirmed. 

The findings obtained in this study regarding the allometric rela-
tionship between stem growth and crown characteristics were mostly in 
line with prior studies where similar topics have been investigated. 
Vertical characteristics of a tree crown have been noticed to entail trees’ 
adaptability to competitive growth conditions, thus affecting radial stem 
growth (e.g., Ilomäki et al. 2003). In this study, attributes characterizing 
vertical characteristics of a tree crown (i.e., CR, Hmin, ΔHmin, ΔHmax) 
were among the most important characteristics to explain variation in 
the stem increments of trees, especially Norway spruces, with R2 

reaching up to 0.4…0.6 (see Tables 4–6). However, the list of most 
important attributes also included 3D crown characteristics such as A3D, 
Vcown, and SVR that can only be derived from point clouds rather than 
conventional field measurements. In the study by Seidel et al. (2015a), 
point cloud-derived crown radius, crown projection area and height of 
the maximum crown projection area (R2 = 0.42…0.44) as well as crown 
volume and crown area exposed to sunlight (R2 = 0.29) were the most 
important crown characteristics to explain variation in basal area 
increment of Fagus sylvatica (L.) trees. In general, this study showed that 
the physical dimensions of a tree crown were found to be closely related 
with radial tree growth, which is supported by knowledge gained from 
prior studies (e.g., Seidel et al. 2015a; Pretzsch 2021). 

Using the search cone method, Metz et al. (2013) found out that the 
combined surface area of competitor trees was in relation with basal 
area increments (r = -0.5) of Fagus sylvatica (L.) trees. Seidel et al. 
(2015b) reported that the number of voxels of 1 dm3, representing the 
abundance of competitive vegetation around the crown, was in relation 
(r ~ − 0.7) with increments in dbh and d06h of Metasequoia glyptos-
troboides (Hu.) trees. In both studies, the increased competition resulted 
in decreased growth, and a similar finding was also obtained in this 
study. The results of this study showed that, most often, attributes 
characterizing the competitive status of a tree, and the initial crown 
structure at T1, were the most important attributes to explain variation 
in stem growth. Altogether, these findings confirm the validity of the 
second hypothesis (H2) suggesting that, alongside 2D characteristics of 
crown structure, stem growth monitoring benefits from 3D reconstruc-
tion of tree crown and quantification of the competitive status of a tree, 
which is not possible to be carried out using conventional forest 
mensuration tools. 

Regarding the extraction of competition metrics from point clouds, it 
should be noted that normalized point clouds were used in this study. 
Unlike Metz et al. (2013), Seidel et al. (2015b), Olivier et al. 2016) and 
Hess et al. (2018), we used automated point cloud processing methods 
for all point cloud-based analyses, including tree detection and point 
cloud classification as well as the extraction of stem and crown char-
acteristics and competition metrics. A normalized multi-scan TLS point 
cloud is a common input data type for a point cloud-based procedure 
aiming at characterizing trees and tree communities (Liang et al., 2018). 
Nevertheless, the use of normalized point clouds for characterizing 
canopy occupancy will lead to distorted estimates of the competitive 
status of trees when applied in forest stands with non-flat terrains. 
However, the terrain of the sample plots used in this study was rather 
flat and thus removing topography from the point clouds prior to the 
analyses is not expected to distort the characterization of the competi-
tion between trees. Anyway, this aspect should be taken into consider-
ation in the future regardless of the terrain characteristics. 

The results of this study showed that generally stronger relationships 
between stem growth and attributes characterizing crown structure and 
competition were recorded for coniferous trees compared to broad-
leaved trees (Tables 4–6). This can be due to somewhat unbalanced 
sampling of different tree species, as the proportion of broadleaved trees 

was approximately ½ of that of Norway spruces and 1/3 of that of Scots 
pine trees (Table 1). It should be also worth noting that the TLS cam-
paigns were carried out mostly during leaf-off conditions of deciduous 
trees, which may affect the characteristics of point clouds reconstructing 
the crowns of broadleaved trees explored in this study. Compared to 
coniferous trees, the leafless branches of broadleaved trees have less 
surface visible for the laser to hit, leaving the crown structure more 
spacious. Thus, certain parts of the tree crown could more easily remain 
occluded in the resulting point cloud, which may lead to uncertainties in 
crown characterization, compared to coniferous trees. When consid-
ering coniferous trees, the allometric relationships for Δg1.3 and Δg06h 
were generally similar for Scots pine and Norway spruce trees while 
being somewhat stronger in the case of Δv05h of Norway spruces 
(Tables 4–6). This could be explained by different site conditions and 
growth strategies that distinct the two species from one another. For 
example, Scots pine requires more growing space than the more shade- 
tolerant Norway spruce (Aaltonen 1925; Pretzsch et al. 2015) and thus, 
at least in theory, similar competition pressure affects differently on the 
structure of Scots pine trees than that of Norway spruce trees. 

When all the trees within all the tree communities were considered, 
the allometric relationship between increments in the stem dimensions 
and attributes characterizing the crown structure and the competitive 
status of a tree was the strongest for Δg1.3, followed by Δv05h and Δg06h, 
respectively. Seidel et al. (2015b) reported a stronger relationship be-
tween the increment in Δd06h and competition metrics compared to that 
of Δd1.3. However, they investigated different tree species and used 
destructively sampled diameter measurements as reference observa-
tions. Regarding the use of point cloud-based observations as in this 
study, it is obvious that the reliability of diameter estimates decreases 
when moving higher along the stem due to increased abundance of 
branches that block the visibility from the laser scanner to the stem 
surface (Liang et al., 2018). Stronger agreement (r ≥ 0.98) between g1.3 
estimates derived from the point clouds at T1 and T2 (see Fig. 3) entail 
more reliable estimates for Δg1.3 estimates compared to Δv05h (r ≥ 0.88) 
and Δg06h (r ≥ 0.85). Erroneous diameter observations could result in 
distorted estimates for Δv05h and Δg06h as well. In the case of Δv05h the 
effect of tree height measurement accuracy was eliminated, as the vol-
ume was only computed up until a certain height that remained the same 
at both time points. Although the point cloud-based estimates for g1.3, 
g06h, and v05h were generally consistently obtained at T1 and T2 (see 
Fig. 3), the observed changes in the stem attributes were not always 
positive as could have expected (Table 3). It is obvious that the precision 
of the applied point cloud-based methods to provide estimates for 
characteristics of interest affects the reliability of further analyses as 
well. Anyway, it should be kept in mind that there is also variation in the 
precision of conventional human-operated tree measurements as well 
(Luoma et al. 2017). 

Taking a closer look at the results of linear mixed-effect modelling 
(Tables 4–6), in some cases the parameter estimates for the explanatory 
variables were not statistically significant. This can be interpreted from 
Tables 4–6 that the confidence interval for the specific variable includes 
zero. This is because the plot-level relationship between stem growth 
and attributes characterizing crown structure and competition could be 
rather strong (|r| > 0.7) but either negative or positive, depending on the 
sample plot in question. This could be also due to the limited number of 
study trees used in the analyses which, after all, could have been even 
higher to cover more of the natural variation of the investigated phe-
nomena. It also should be noted that the monitoring period covered a 
relatively short period of time with respect to the lifespan of trees in 
boreal forests. As per the general knowledge, a tree prioritizes reaching 
its living crown upwards for enhanced lighting conditions before allo-
cating growth to its supporting structures (Oliver and Larson 1996). 
Thus, changed growing conditions first affect the dynamics of crown 
structure with stem growth following with a delay. Regarding linear 
mixed-effect modelling used in this study, we explored the explanatory 
variables separately to investigate their individual dependencies to the 
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response variables. No interaction effects were considered to keep the 
analysis simple. However, it could be of interest to further investigate 
dependencies between tree growth and its structural characteristics, 
including interaction effects between different explanatory variables, to 
gain better understanding of the phenomenon. 

According to the results obtained in this study, the crown charac-
teristics and the competition metrics derived from the point clouds at T1 
were the most important attributes to explain variation in stem growth. 
Meanwhile, contrary to initial expectations, the explanation power of 
attributes characterizing changes in the crown structure generally 
remained short of that obtained with T1 attributes. In tree communities 
with dense canopies, it is difficult to obtain complete characterization of 
the horizontal and vertical structure of trees (Liang et al. 2016; Wang 
et al. 2019). For this reason, the studied trees were sampled based on 
visual interpretation of point clouds to eliminate the effect on incom-
plete characterization of trees, which is expected to be managed in the 
future with mobile close-range sensing techniques (Hyyppä et al., 2020). 
However, the 3D characterization of tree crowns did not remain iden-
tical in time due to differences in the point cloud acquisition campaigns 
that were carried out using different sensors and slightly differing 
scanning geometries. Compared to the point clouds acquired in 2014 
using a phase-shift scanner, the point clouds acquired in 2019 using a 
time-of-flight but single-return recording scanner had a five-times 
higher initial point density. However, such a difference in the point 
cloud quality due to technological development can be seen as a positive 
challenge in characterization of forest structures. Even though the point 
clouds were downsampled into the same density prior to analysing 
crown structure and the attributes characterizing crown structure were 
based on analyses of the physical extent of the crown instead of point 
cloud properties itself, differences in the point cloud completeness be-
tween T1 and T2 were inevitable and thus prone to affect inconsistencies 
in the point cloud-based observations. However, strong agreement (r >
0.8) between almost all the attributes chacaterizing crown structure at 
T1 and T2 was recorded for conifers, which is expected to justify the 
investigations carried out in this study. 

This study is among the first attempts to investigate the allometric 
relationships between stem growth and the spatiotemporal character-
istics of crown structure and competition. Previous studies regarding the 
investigation of tree growth allometry using point clouds have been 
based on a small sample of trees, mostly broadleaved species, that have 
been characterized with close-range sensing technology at one time 
point only. Two-date TLS point clouds enabled non-destructive obser-
vations of the characteristics of 218 trees on 16 sample plots in varying 
southern boreal forest conditions that formed the basis of the in-
vestigations carried out in this study. With this experimental setup we 
were able to investigate the validity of the hypothesis suggesting that 
increments in tree stem dimensions can be monitored through crown 
spatiotemporal structure and neighbourhood characteristics, which 
entail that the competitive status of a tree is closely related to stem 
growth. 

5. Conclusions 

To better understand the underlying processes of tree growth, ac-
curate observations of tree characteristics and its neighbourhood are 
needed to be carried out in space and time. Point cloud-based methods 
have been shown to be feasible tools for characterizing trees and tree 
communities, but the capacity of the methods for characterizing struc-
tural changes of trees have yet remained unexplored to a large extent. 
This study aimed at filling in the knowledge gap and improving the 
understanding of tree allometry in general and the relationship between 
tree stem and crown characteristics in particular in southern boreal 
forests using two-date TLS point clouds. This study contributes to the 
existing knowledge by showing that laser-based close-range sensing is a 
feasible technology to provide 3D characterization of stem and crown 
structure, enabling one to analyse respective structural changes. We 

demonstrated that the previously proposed point cloud-based method-
ologies for quantifying the competitive status of a tree can be applied in 
southern boreal forests as well, and that the obtained information can 
further be used to characterize and better understand tree growth pro-
cesses. The results of this study showed that increments in the stem 
structure are closely related to attributes characterizing initial crown 
structure and competition, which supports the general ecological 
knowledge of trees’ adaptation to changing growing conditions and 
competition. This tree-level evidence of the allometric relationship be-
tween stem growth and crown dynamics could further be used to, for 
example, justify landscape-level analyses based on airborne remote 
sensing technologies to indirectly monitor stem growth through direct 
observations of the structure and development of crown and its 
neighbourhood. 
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stem density on crown architecture Scots pine trees. Front. Plant Sci. Sect. Tech. Adv. 
Plant Sci. (accepted Jan 17, 2022).  

Scanforest, 2021a Terrestrial laser scanning point clouds from Evo test site, 37 sample 
plots, spring/summer 2014 (Version 1). 10.23729/e417a814-5fde-45fb-9b4e- 
1a878366f662. 

Scanforest, 2021b. Terrestrial laser scanning point clouds from Evo test site, 37 sample 
plots, autumn 2019 (Version 1). 10.23729/b6e7c1bc-69a9-401d-aad2- 
af4b0c062a25. 

Seidel, D., Leuschner, C., Müller, A., Krause, B., 2011. Crown plasticity in mixed 
forests—quantifying asymmetry as a measure of competition using terrestrial laser 
scanning. For. Ecol. Manage. 261 (11), 2123–2132. https://doi.org/10.1016/j. 
foreco.2011.03.008. 

Seidel, D., Schall, P., Gille, M., Ammer, C., 2015a. Relationship between tree growth and 
physical dimensions of Fagus sylvatica crowns assessed from terrestrial laser 
scanning. iForest-Biogeosci. Forest. 8 (6), 735. https://doi.org/10.3832/ifor1566- 
008. 

Seidel, D., Hoffmann, N., Ehbrecht, M., Juchheim, J., Ammer, C., 2015b. How 
neighborhood affects tree diameter increment–New insights from terrestrial laser 
scanning and some methodical considerations. For. Ecol. Manage. 336, 119–128. 
https://doi.org/10.1016/j.foreco.2014.10.020. 

Sun, S., Cao, Q.V., Cao, T., 2019. Evaluation of distance-independent competition indices 
in predicting tree survival and diameter growth. Can. J. For. Res. 49 (5), 440–446. 
https://doi.org/10.1139/cjfr-2018-0344. 

Thorpe, H.C., Astrup, R., Trowbridge, A., Coates, K.D., 2010. Competition and tree 
crowns: a neighborhood analysis of three boreal tree species. For. Ecol. Manage. 259 
(8), 1586–1596. https://doi.org/10.1016/j.foreco.2010.01.035. 
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Hyyppä, J., Vastaranta, M., 2020b. Performance of terrestrial laser scanning to 
characterize managed Scots pine (Pinus sylvestris L.) stands is dependent on forest 
structural variation. ISPRS J. Photogramm. Remote Sens. 168, 277–287. https://doi. 
org/10.1016/j.isprsjprs.2020.08.017. 

Yrttimaa, T., Saarinen, N., Kankare, V., Viljanen, N., Hynynen, J., Huuskonen, S., 
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