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Abstract: Thinning is a forest management activity that regulates the competition between the
trees within a forest. However, the effect of different thinning treatments on competition is largely
unexplored, especially because of the difficulty in measuring crown characteristics. This study
aimed to investigate how different type and intensity thinning treatments affect the stem- and crown-
based competition of trees based on terrestrial laser scanning (TLS) point clouds. The research was
conducted in three study sites in southern Finland where the Scots pine (Pinus sylvestris L.) is the
dominant tree species. Nine rectangular sample plots of varying sizes (1000 m2 to 1200 m2) were
established within each study site, resulting in 27 sample plots in total. The experimental design of
each study site included two levels of thinning intensities and three thinning types, resulting in six
different thinning treatments. To assess the competition between the trees, six distance-dependent
competition indices were computed for each tree. The indices were based on diameter at breast height
(DBH) (CIDBH), height (CIH), maximum crown diameter (CIMCD), crown projection area (CICA),
crown volume (CICV), and crown surface area (CICS). The results showed that for both moderate and
intensive intensities, the competition decrease was 45.5–82.5% for thinning from below, 15.6–73.6%
for thinning from above, and 12.8–66.8% for systematic thinning when compared with control plots.
In most cases, the crown- and stem-based metrics were affected by thinning treatments significantly
when compared with control plots at a 95% confidence interval. Moreover, moderate from-below and
from-above thinning showed no statistical difference with each other in both crown- and stem-based
competition indices except for CIDBH (p-value ≤ 0.05). Our results confirm the great potential of
TLS point clouds in quantifying stem- and crown-based competition between trees, which could be
beneficial for enhancing ecological knowledge on how trees grow in response to competition.

Keywords: ground-based LiDAR; competition indices; growth and yield; forest management; silvi-
culture; crown architecture

1. Introduction

Growth is one of the important ecological processes that closely interact with and
respond to the local environment of trees within forest stands. It is the main driver of
tree structure at any given time [1]. The limited amount of sufficient growth resources
such as light, soil nutrients, water, temperature, and growing space leads to increasing
competition between trees [2–5]. Hence, different levels of competition will cause variation
in tree growth [6] due to the individual ability of trees to respond to their local environment
with structural changes [1]. Overall, there are two types of size-symmetric or asymmetric
competitions that are defined based on resource acquisitions. Size-symmetric competition
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occurs when the competitive effect is proportional to some measure of size, while in
asymmetric competition larger trees obtain a disproportionate share of resources [7–9].
Competition plays a crucial role in determining tree size, especially diameter, height, and
crown attributes as a neighborhood process [10,11]. So, it is effective in the individual
tree structure and forest dynamics [10]. In forest stands, the competition caused by the
neighboring trees can be characterized quantitatively by calculating different kinds of
competition indices (CIs) [12]. Generally, CIs of individual trees are categorized into two
main groups: distance-dependent [13,14] and distance-independent [15–17]. Distance-
dependent indices quantify competition by considering the distance between a subject
tree and its neighbors, whereas distance-independent indices do not need tree individual
locations [16]. Distance-dependent indices may meet the requirements for presenting a
more trustworthy estimation of the growth of individual trees [14,18]. In addition, they are
considered the distance from a subject tree to its neighbor trees that can quantify the value
of competition on a fine scale [3]. The use of CIs has been improving the ability to simulate
the response of individual trees to silvicultural treatments [16]. Especially, by increasing the
effects of global warming and loss of biodiversity, more attention has been paid to diverse
silvicultural treatments.

In forestry, thinning is the most substantial silvicultural treatment that decreases the
competition within neighborhood trees by reducing the tree density (i.e., trees/ha) [19,20].
As a result, the remaining trees uptake more available resources for promoting individual
tree growth [21]. In fact, controlling the competition among individual trees by reducing
tree density is the main goal of various thinning treatments [22]. Thinning treatments have
different effects on growth and yield, wood quality, mortality, and ecological functions
(i.e., understory vegetation, nutrient cycle, etc.) [21,23]. There are some studies that have
used traditional forest mensuration methods to examine the effects of thinning treatments
on growth and yield [1,24,25], stand stability [21,26], adaptiveness to droughts [27–29],
evaporation [30,31], provision of ecosystem services [32–35], carbon and nutrients [36,37],
and even biodiversity [38,39] at both the tree and stand levels. However, mapping trees is a
labor-intensive task, and it is a key aspect of the computation of distance-dependent CIs.
These methods are costly and only applicable on small scales. Moreover, they concentrate
on easy-to-measure parameters such as diameter at breast height (DBH), while crown
characteristics are critical in quantifying the tree’s response to thinning and spacing [40,41].
In contrast, airborne laser scanning data have been found to be effective in individual
tree-level analysis and crown characterization [42–45]. Moreover, close-range terrestrial
laser scanning (TLS) data can even provide millimeter-level details on the tree’s structure,
including stem forms, branches, and various crown characteristics using millions to billions
of 3D points [46,47]. Their effectiveness has been proved in the prediction of forest structure
attributes [48–50]. Moreover, with the ability to create tree maps, CIs can be predicted
by TLS data efficiently [3,51–55]. Moreover, they provide a reliable solution for forest
monitoring by collecting explicit in situ information [56]. For instance, Saarinen et al. [57]
have assessed the effects of thinning treatment on stem growth allocation of individual
Scots pine trees using TLS. They showed that the size and shape of individual Scots pine
trees are affected by different thinning types and intensities. Calder et al. [56] concluded
that TLS is a viable alternative to the traditional forest mensuration methods for collecting
tree and forest characteristics such as crown attributes and spatial distribution.

Therefore, this study aimed to investigate how different type and intensity thinning
treatments affect the stem and crown competition of trees based on terrestrial laser scanning
point clouds. It is hypothesized that the removal of large trees (i.e., thinning from above)
will reduce the competition more than the removal of smaller trees (i.e., thinning from
below) (H1), systematic thinning from above has no difference in competition with thinning
from above (H2), and higher intensity thinning decreases the competition increasing growth
space (i.e., distance to the closest neighboring trees) (H3). Two different types of CIs were
considered based on 1) DBH (CIDBH) and height (CIH) and 2) maximum crown diameter
(CIMCD), crown projection area (CICA), crown volume (CICV), and crown surface area (CICS).
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We focused on Scots pine (Pinus sylvestris L.) stands subjected to different thinning types
(i.e., from below (or low thinning), from above (or crown thinning), and systematic) and
intensities (i.e., moderate and intensive).

2. Materials and Methods
2.1. Study Site

This study was conducted in three sites including Vesijako (61◦21.8′N 25◦6.3′E), Pollari
(62◦4.4′N 24◦30.1′E), and Palomäki (62◦3.6′N 24◦19.9′E), located in the southern boreal
forest zone (Figure 1A). These study sites were established and are managed by the Natural
Resources Institute Finland (Luke). Experiments to investigate the effect of different
thinning treatments in the Scots pine dominant stands were established in 2006 in Pollari
and Vesijako, whereas experiments in Palomäki were established in 2005. All experiments
are considered even aged, and the age at the time of establishment was about 50 years. They
are also characterized as mesic heath forests (i.e., Myrtillus forest site type according to a
theory by A. K. Cajander [58]). The mean elevation above sea level in Vesijako, Pollari, and
Palomäki is 120 m, 155 m, and 135 m, respectively (characterized as flat), with respective
temperature sums of 1256, 1130, and 1195 days.
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2.2. Designing Thinning Experiments

Nine rectangular sample plots were established with varying sizes (1000 m2 to 1200 m2)
for each study site in 2005–2006, resulting in 27 sample plots in total. The experimental
design for each study site included two levels of thinning intensity and three thinning types,
resulting in six different thinning treatments (Figure 1B), namely: (I) moderate thinning
from below (3 plots), (II) intensive thinning from below (3 plots), (III) moderate thinning
from above (4 plots), (IV) intensive thinning from above (4 plots), (V) moderate systematic
thinning from above (5 plots), and (VI) intensive systematic thinning from above (5 plots).
Moreover, one control plot for each study site (3 plots in total) was established without
thinning treatment (un-thinned sample plots). The exact location of each sample plot had
been recorded by VRS-corrected GNSS. Duration after the thinning treatments and the
period for competition response on the remaining individual trees was 12 years in Pollari
and Vesijako study sites and 13 years in Palomäki. According to the latest field inventory
campaign that was carried out from autumn 2018 to spring 2019, there were 2102 individual
trees in all 27 plots. Plot-level comparison of different thinning treatments characteristics
including control plots before thinning treatments (2005–2006), after thinning treatments
(2005–2006), and after growth period (2018–2019) has been provided in Table 1.

Table 1. Mean plot-level characteristics before thinning treatments (2005–2006), after thinning treat-
ments (2005–2006), and after growth period (2018–2019). G = basal area (m2/ha), N = stem number
per hectare, V = volume (m3/ha), Dw = mean diameter weighted by basal area (cm), Hw = mean
height weighted by basal area (m).

Before Thinning (2005–2006)

No Treatment Thinning from Below
(Moderate/Intensive)

Thinning from Above
(Moderate/Intensive)

Systematic Thinning
(Moderate/Intensive)

G (m2/ha) 27.6 26.9/26.9 27.8/24.7 25.4/26.0

N/ha 1336 1285/1260 1417/1201 1256/1218

V (m3/ha) 224.4 215.4/216.6 216.9/191.0 199.7/210.6

Dw (cm) 17.8 17.5/18.0 17.3/17.6 17.5/18.0

Hw (m) 16.1 16.1/16.3 15.9/15.6 15.9/16.2

After thinning (2005–2006)

No Treatment Thinning from Below
(Moderate/Intensive)

Thinning from Above
(Moderate/Intensive)

Systematic Thinning
(Moderate/Intensive)

G (m2/ha) 27.6 18.3/8.9 18.5/9.1 18.2/8.7

N/ha 1336 719/292 955/479 988/522

V (m3/ha) 224.4 148.8/72.9 144.0/69.1 141.3/67.3

Dw (cm) 17.8 18.7/20.4 16.9/16.5 16.5/15.7

Hw (m) 16.1 16.5/16.9 15.7/15.3 15.6/15.5

After growth period (2018–2019)

No Treatment Thinning from Below
(Moderate/Intensive)

Thinning from Above
(Moderate/Intensive)

Systematic Thinning
(Moderate/Intensive)

G (m2/ha) 37.1 28.4/15.9 28.3/16.1 27.6/15.9

N/ha 1249 705/286 915/446 937/466

V (m3/ha) 380.3 291.8/160.8 282.3/150.5 267.9/150.4

Dw (cm) 21.2 23.5/27.5 21.2/22.3 20.7/22.2

Hw (m) 21.3 21.7/21.6 21.0/19.5 20.3/20.0
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The three thinning types involved different methods for selecting the trees to be
removed. In thinning from above, mostly dominant trees were removed, whereas in
thinning from below suppressed and co-dominant trees were removed. In both thinning
from above and from below, small and damaged (e.g., forked, crooked) trees were removed,
and the regular spatial distribution of the remaining trees was pursued. In systematic
thinning from above, only dominant trees were removed while small and suppressed trees
were left to grow. Moreover, the regularity of spatial distribution of remaining individual
trees was not underlined, although large gaps were avoided. However, large canopy gaps
were avoided. The intensity of thinning represents the proportion of the basal area that was
removed by a thinning treatment. After the moderate thinning intensity, approximately
68% of the stocked stand basal area remained. Respectively, after the intensive thinning
intensity, approximately 34% of the stocked stand basal areas remained compared to the
basal area before the thinning.

2.3. Terrestrial Laser Scanning Point Cloud Data

TLS point cloud data were acquired with a Trimble TX5 3D phase-shift laser scanner
for all three study sites between September and October 2018. The used scanner works at a
905 nm wavelength and measures up to 976,000 points per second with a beam divergence
of 0.19 m rad. One scan covers 360 degrees horizontally and 300 degrees vertically. A
multi-scan approach was used in the TLS data acquisition to ensure that all of the trees
were characterized by the point clouds. That is, the scanner was placed, and the point
clouds collected from eight different scan locations evenly distributed around each of the
sample plots. Two of the scan locations (i.e., center scans) were placed near the center of the
sample plot a few meters apart from each other while the remaining six scan locations (i.e.,
auxiliary scans) were distributed evenly around the sample plot, preferring locations near
the plot borders. In each scan location, the scanner was placed on a tripod at the height
of approximately 1.6–1.8 m. Point clouds from different scan locations were registered
and merged together using artificial reference targets (i.e., constant-sized white spheres
with a diameter of 198 mm attached to tripods). It was carried out in the FARO Scene
software with a mean distance error of 2.9 mm, mean vertical error of 2.3 mm, and mean
horizontal error of 1.3 mm [57]. Point clouds from different scan locations were registered
together using artificial reference targets (i.e., white spheres with a diameter of 198 mm)
attached to tripods and distributed around the sample plot. With the applied scan setup,
most of the trees became scanned from multiple directions, enabling geometrically accurate
3D reconstruction of the tree structures using the obtained multi-scan point clouds. The
maximum horizontal distance between a scanner and a tree was approximately 7 m, at
which distance the applied scanning parameters resulted in a point spacing of 2.7 mm
in a single scan point cloud. Considering the fact that, in the registered multi-scan point
cloud, point clouds from individual scans were overlapping, and that mostly the trees
were located closer to the scanners, the resulting point cloud featured a point spacing of a
few millimeters. Depending on the structure of a sample plot, the obtained overall point
density was 52,000–91,000 points/m2.

2.3.1. Deriving Individual Tree Structural Metrics from Point Clouds

An automatic workflow was adopted to segment individual trees, classify point clouds
into stem and non-stem points, and estimate tree metrics that is explained in detail.

First, registered multi-scan point cloud data were segmented into individual trees
using raster-based canopy segmentation method. Topography removal workflow pre-
sented by Ritter et al. [59] was used to obtain height-normalized point cloud data, which
were further used for generating canopy height models (CHMs) with 20 cm resolution in
LAStools software (Rapidlasso GmbH, Gilching, Germany) [60]. A Variable Window Filter
approach was applied to obtain the preliminary location of treetops [61]. Then, CHMs were
segmented into individual tree crowns using a marker-controlled watershed segmenta-
tion [62]. The obtained individual tree crown segments were used in a point-in-polygon
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approach applied to the XY plane to extract the initial set of points belonging to the individ-
ual tree. Out of 2102 trees, 2076 (98.8%) were detected automatically by TLS data. Notably,
no significant difference at 95% confidence interval was achieved in completeness of tree
detection in different thinning treatments including control plot [2].

Second, the initial set of points for each tree was then further classified into stem points
and non-stem points using an algorithm developed by Yrttimaa et al. [2] and available
in Yrttimaa [63]. It is based on a general assumption that stem points have more planar,
vertical, and cylindrical characteristics than points representing branches and foliage [64].
The algorithm acts from tree stem towards top of the tree by partitioning individual
trees point clouds into different bins of 0–4 m to access stem origin and others 0.5 m bin
afterwards until reaching to the treetop. Then, an iterative process is employed in each
point clouds bin including grid average down-sampling, surface normal filtering, point
cloud clustering, and RANSAC-cylinder filtering to identify the distinguishing features
separating stem points from foliage points (see Yrttimaa et al. [2] for more details).

Third, after completing point cloud classification, seven metrics characterizing the
structure of the stem and crown of individual trees were computed from the classified stem
and non-stem point clouds, respectively. They are diameter at breast height (DBH), the
height of trees (H), maximum crown diameter (MCD), crown projection area (CA), crown
volume (CV), and crown surface area (CS) (Table 2).

Table 2. Stem and crown metrics were extracted from TLS point clouds.

Metric (Unit) Description/Calculation

XY Location (m) Center of a vertical cylinder fitted into stem points around the breast height

DBH (cm) Diameter at breast height (1.3 m) of the individual trees obtained from taper curve

Height (m) The maximum height of individual tree point cloud

Maximum crown diameter (m) Maximum crown diameter based on the 2D convex hull

Crown projection area (m2) Area of the crown 2D convex hull projected onto XY plane

Crown volume (m3) Volume of the 3D convex hull enveloping crown points

Crown surface area (m2) Surface area enveloping crown points based on the 3D convex hull

Tree stem metrics, namely DBH and tree height (H), were obtained from the classified
stem points following the procedure originally presented in Yrttimaa et al. [64]. H was
determined as the vertical distance between the highest and lowest points for each tree.
A taper curve (i.e., stem diameter as a function of tree height) was obtained for stem
characterization by first dividing the stem points into horizontal point cloud slices at
10 cm intervals and then estimating the diameter of each stem section through circle fitting.
Cubic spline smoothing was applied to these diameter-height observations to remove false
observations and to interpolate missing observations as proposed in Saarinen et al. [65].
DBH was then obtained from the point-cloud-based taper curve as a diameter at 1.3 m
height. XY location was determined as the center of a vertical cylinder fitted into stem
points around the breast height. The RMSE of TLS-derived height and DBH was 0.89–2.22
and 0.63–0.76 cm in different thinning treatments including control plot. Additionally,
field-measured and TLS estimates of H and DBH were in similar distribution regardless of
applied thinning treatments [2].

Crown metrics, namely MCD, CA, CV, and CS, were computed from non-stem indi-
vidual tree point clouds using the rLiDAR package of R [66]. To accomplish this, 2D convex
hull was applied by identifying the crown point clouds lying on the 2D convex hull, and
CA was measured. Moreover, MCW was obtained as a distance between two outer points
in the XY plane [57], whereas 3D convex hull by applying Delaunay triangulations to the
outer points of the closed convex surfaces boundary of crown point clouds was used to
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derive CV and CS [67]. Table 3 summarizes the descriptive statistics of the TLS-derived
metrics characterizing the structure of the stems and crowns.

Table 3. Minimum (Min), maximum (Max), mean, and standard deviation (Std) of the terrestrial
laser scanning (TLS) measurements for diameter at breast height (DBH), height (H), maximum crown
diameter (MCD), crown projection area (CA), crown volume (CV), and crown surface area (CS) for
each thinning treatment.

TLS Metrics Statistics No Treatment Thinning from Below
(Moderate/Intensive)

Thinning from Above
(Moderate/Intensive)

Systematic Thinning
(Moderate/Intensive)

DBH (cm)

Min 8 12.6/17.9 9.6/13.4 7.5/10.9

Mean 18.6 22.1/3 19.2/20.9 18.7/20.2

Max 33.7 33.2/36.3 31.3/30.8 32.9/30.4

Std 4.8 3.5/3.8 4.1/3.3 4.1/4.1

H (m)

Min 3.6 3.9/17.4 15.1/15.1 8.4/13.4

Mean 19.7 20.7/20.8 20.1/18.8 19.2/18.5

Max 28.3 25.7/25.2 25.4/23.2 25.6/23.7

Std 3 2.1/1.9 1.6/1.6 2.2/2.5

MCD (m)

Min 0.7 1/3 1.2/2.1 0.5/1.5

Mean 3.1 3.9/5.1 3.5/4.1 3.5/3.9

Max 6.7 6.5/7.5 6.4/6 7.1/7.1

Std 0.9 1.1/0.9 0.9/0.7 1/0.8

CA (m2)

Min 0.2 1/6.8 1/3.9 1/1.8

Mean 6.4 10.8/18.2 8.9/12 8.3/11

Max 25.4 24.7/42.4 24.8/25 27.7/29.7

Std 3.6 5.3/6.2 4.5/4.8 4.4/4.7

CV (m3)

Min 0.67 1/46.2 5.5/24.6 1/10.2

Mean 54.3 89.56/150.6 69.1/85.7 63.9/78.9

Max 22.8 224.46/366.3 221.3/181.8 214.9/232.6

Std 34.9 47.16/58.2 37.9/34.5 36.7/39.5

CS (m2)

Min 8.6 1/87.2 30.1/61.7 4/38.9

Mean 100.5 131.1/171.1 113/120.8 106.3/115

Max 231.4 229.2/287.8 227.3/192.9 211.5/2

Std 38.4 41.7/38.3 34.9/27.9 35.8/35.8

2.3.2. Computation of Competition Indices

Considering the ability of TLS data in providing tree maps, the distance-dependent
competition indices (CIs) can be quantified in an easier way than traditional field measure-
ments. They are well-known indices to count competition status based on the size and
distance of the neighbors. Hegyi equation [61] is one of them that could present different
combinations of tree characteristics. Moreover, it is easy to compute while explaining
variation in growth within the similar level of accuracy than other indices [16]. For this
reason, we applied the Hegyi equation [68] using the stem metrics of DBH and H and
crown metrics of MCD, CA, CV, and CA (Equation (1)). CIs were computed for all the trees
in the original rectangular sample plots by a fixed 8 m search radius around the subject
tree. The 8 m search radius has been suggested by previous studies [13,69,70]. If all trees
within the original plot would be included, the competition evaluation for trees at the outer
edge of the plots would have been insufficient due to the lack of data outside of the plot.
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Therefore, to reduce the edge effect, a circular plot of the 11 m radius was placed at the
center of the original plots, and trees within that were included in the analyses, resulting in
720 trees (Table 4).

CI =
n

∑
i=1

Xi/(X× disti) (1)

Here, CI is the competition index for an individual tree; n refers to number of neighbors
within the 8 m radius search; Xi is considered structural metrics (i.e., DBH, H, MCD, CA,
CV, and CS) of the ith neighbor tree, X refers to structural metrics of the subject tree; disti is
horizontal distance from the subject tree to ith neighbor tree (m). Relative differences (%)
were determined by subtracting the mean of competition estimated in thinned plots from
the mean of competition estimated in control plots and dividing the result of subtraction
with the mean competition index of control plots and multiplying by 100.

Table 4. Summary statistics of sample trees in each treatment measured by TLS data.

Attribute Statistics
No Treatment

n = 129

Thinning from Below Thinning from Above Systematic Thinning

Moderate
n = 76

Intensive
n = 34

Moderate
n = 141

Intensive
n = 62

Moderate
n = 183

Intensive
n = 95

DBH (cm)

Min 9.75 14.25 17.9 11 14.3 9 11.75
Mean 16.56 21.77 26.19 19.05 21.87 19.03 21.1
Max 34.4 31.35 34.65 32.25 28.35 28.8 29.1
Std 4.76 3.81 4.04 4.15 2.96 3.74 3.96

H (m)

Min 14.94 16.98 18.2 16.7 14.9 13.7 13.9
Mean 20.76 21.13 21.18 20.38 19.28 19.7 19.14
Max 30.3 25.2 24.8 24.7 22.7 24.9 23.3
Std 3.06 2.24 1.66 1.47 1.49 1.85 2.24

Volume (m3)

Min 0.06 0.13 0.23 0.08 0.12 0.04 0.07
Mean 0.33 0.39 0.56 0.3 0.36 0.29 0.34
Max 1.27 0.89 1.03 0.92 0.66 0.73 0.72
Std 0.2 0.16 0.19 0.14 0.11 0.12 0.14

2.4. Statistical Analyses

To examine whether competition indices are different between thinning treatments,
a mixed effect model was used. It is useful in analyzing multiple observations that are
usually correlated within independent sampling units [71]. As we conducted different
thinning treatments in multiple plots at three study sites, a nested two-level linear mixed-
effects model fitted using Restricted Maximum Likelihood included in package nlme of the
R-software was used [72] (Equation (2)):

yij = β1No treatment1 + β2Moderate belowi + β3 Intensive belowi
+β4Moderate abovei + β5 Intensive abovei
+β6Moderate systematici + β7 Intensivesy stematici + αi + cij
+ ∈ij

(2)

where yij is each competition index at a time, β1, . . . , β7 refers to fixed parameters, I, i = 1,
. . . , M, are study site, j = 1, . . . , ni, refers to a sample plot, αi and cij are normally distributed
random effects for study site i and sample plot j within study site i, respectively, with mean
zero and unknown, unrestricted variance–covariance matrix, and ∈ij is a residual error
with mean zero and unknown variance. Tukey’s honest significance test was used for
revealing the statistically significant difference in the CIs affected by the different thinning
treatments.
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3. Results
3.1. Descriptive Statistics

Table 5 shows the statistics related to CIs in different types and intensities of thinning
treatments when compared with control plots. Generally, the competition decreased for
all different treatment types ranging by 12.8–52.7% in moderate thinning and 63.1–82.5%
in intensive thinning. The mentioned decreasing trend was observed for both crown- and
stem-level CIs.

Table 5. Minimum (Min), mean, maximum (Max), and standard deviation (Std) and relative difference
(bolded, in brackets) of competition indices among thinning treatments. CIDBH = competition index
based on DBH, CIH = competition index based on height, CIMCD = competition index based on maxi-
mum crown diameter, CICA = competition index based on crown projection area, CICV = competition
index based on crown volume, CICS = competition index based on crown surface area.

Competition
Index Statistics No Treatment Thinning from Below

(Moderate/Intensive)
Thinning from Above
(Moderate/Intensive)

Systematic Thinning
(Moderate/Intensive)

CIDBH

Min 2 1.3/0.3 1.7/0.7 1.5/0.5

Mean/
(Relative difference) 5.5 2.6 (52.7%)/

1 (82.5%)
4.1 (25%)/
1.5 (73.2%)

4.2 (24.2%)/
1.8 (66.8%)

Max 10.7 4.6/1.4 9.8/2.6 9.8/5.3

Std 1.8 0.6/0.3 1.7/0.4 1.4/0.9

CIH

Min 2.4 1.4/0.3 2.1/0.7 1.8/0.5

Mean
(Relative difference) 5.2 2.5 (50.7%)/

0.9 (81.6%)
4 (23%)/

1.5 (71.2%)
4.1 (21.3%)/
1.8 (64.9%)

Max 7.6 4.1/1.4 7.3/2.4 8.1/4.2

Std 1.1 0.6/0.2 1.3/0.4 0.9/0.8

CIMCD

Min 1.8 1.3/0.3 1.5/0.6 1.5/0.4

Mean
(Relative difference) 5.2 2.7 (49.2%)/

1 (82%)
4.2 (19.5%)/

1.5 (72%)
4.2 (18.9%)/
1.8 (64.7%)

Max 10.3 5.1/1.7 10.7/2.7 10.4/5.4

Std 1.7 1/0.3 1.9/0.4 1.5/0.9

CICA

Min 1.1 1/0.3 1.1/0.4 1/0.4

Mean
(Relative difference) 5.6 3.1 (45.5%)/

1.1 (81.3%)
4.7 (15.6%)/
1.5 (73.1%)

4.9 (12.8%)/
2 (64.1%)

Max 15.9 11.3/3 15/3.2 15/8.3

Std 3 2/0.5 2.9/0.6 2.8/1.3

CICV

Min 1.2 1/0.3 1.2/0.4 1/0.4

Mean
(Relative difference) 5.8 3.1 (46.3%)/

1.1 (81.7%)
5 (16.3%)/
1.5 (73.6%)

5.1 (13.3%)/
2.1 (63.2%)

Max 17.7 12.2/3.2 18.6/3.4 17.1/9.6

Std 3.3 2.2/0.6 3.1/0.7 3.1/1.6

CICS

Min 1.8 1.3/0.3 1.7/0.6 1.4/0.5

Mean
(Relative difference) 5.2 2.7 (48.3%)/

1 (80.8%)
4.2 (19.3%)/
1.5 (71.5%)

4.2 (18%)/
1.9 (63.1%)

Max 11.1 6.4/2 10/2.6 9.7/6.4

Std 1.8 1/0.4 1.8/0.5 1.6/1.1

Intensive thinning from below followed by intensive thinning from above mainly
resulted in smaller mean and standard deviation compared to the other thinning treatments
with different types and intensities (Table 5). It was 50.7% to 52.7% in moderate and
81.6% to 82.5% in intensive intensities of thinning from below for stem-based competitions
(Figure 2 and Table 5), while the reduction in stem-based CIs was 23% to 25% and between
71.2% and 73.2% for moderate and intensive thinning from above, respectively. The
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maximum decrease in crown-based CIs was 82% for CIMCD with implementing intensive
thinning from below. Our results showed that the decrease in crown-based competition
by implementing moderate from-below thinning ranged from 45.5% to 49.2%, while it
was 15.6% to 19.5% for moderate from above. Intensive systematic thinning treatment
resulted in a decrease in CIDBH by 66.8% and in CIH by 64.9%. It was 24.2% and 21.3% in
moderate systematic thinning, respectively. The standard deviation (Std.) of crown metrics
for intensive systematic thinning treatment was 0.9 to 1.6, while it was higher for moderate
intensity with a Std. of 1.5 to 3.1. Notably, systematic treatment and thinning from above
with moderate intensities mainly resulted in a similar level of competition when compared
with control plots in terms of mean and standard deviation (Table 5).
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3.2. Individual Tree Competitiveness

Understanding the relationship between competition around the target tree and its size
can provide additional insights into the internal tree competitiveness in different thinning
treatments. The relationship between CIs against the stem and crown size metrics for all
thinning treatments is provided in Figure 3. Generally, there is an inverse relationship
between measured stem and crown size of trees and the CIs based on them. This means
that there is less competition around a big tree and vice versa. In addition, the results
showed that intensive thinning treatments led to notable competition reduction, especially
intensive thinning from below. So, the effect of internal tree size was less visible. It could
be explained that lower competition tended to increase the growth of the trees in size of
stem and crown compared to control plots in intensive thinnings (Figure 3A–F). As shown,
sample plots with moderate treatments tend to have more similar trends with control plots
when compared with intensive treatments.
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Figure 3. Relationship of tree metrics including (A) diameter at breast height (DBH), (B) height
(H), (C) maximum crown diameter (MCD), (D) crown projection area (CI) (E) crown volume (CV),
and (F) crown surface area (CS) with their corresponding competition indices in different thinning
treatments over 720 individual trees. 1, no treatment (i.e., un-thinned); 2, moderate thinning from
below; 3, intensive thinning from below; 4, moderate thinning from above; 5, intensive thinning from
above; 6, moderate systematic thinning from above; 7, intensive systematic thinning from above.

3.3. The Effect of Thinning Treatments on CIs

The results of the nested two-level linear mixed-effect model representing quantitative
details of differences in CIs between different thinning treatments and intensities have been
reported in Table 6. The moderate and intensive thinning from below, intensive thinning
from above, and intensive systematic thinning had statistically significant differences with
control plots in aspects of all crown- and stem-based competitions (p-value ≤ 0.05). Only
stem-based CIs in moderate thinning from above were statistically different from control
plots at 95% confidence interval, decreasing the CIDBH by 25% and CIH by 23%, respectively.
There was no statistical difference between control plots and moderate systematic thinning
in the aspect of CIs (p-value ≥ 0.05). Different intensities of systematic thinning showed
statistically significant differences with each other in all CIs. Intensive intensities in different
thinning of systematic and from above, systematic and from below, and from above and
from below were observed to be not statistically different. Moderate and intensive thinning
from below were statistically different in their stem-based CIs only. In moderate intensity,
the thinning from below resulted in significantly smaller CIDBH than thinning from above
(p-value ≤ 0.05), while they showed no statistical difference for other CIs. On the contrary,
from below and systematic thinning with moderate intensities resulted in a statistically
significant difference for all CIs (Table 6), while the difference between moderate intensities
of systematic and from above were statistically insignificant.
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Table 6. Statistically significant difference (p-value ≤ 0.05) was caused by different thinning treat-
ments based on Tukey’s honest significance test. CIDBH = competition index based on DBH, CIH =
competition index based on height, CIMCD = competition index based on maximum crown diameter,
CICA = competition index based on crown projection area, CICV = competition index based on crown
volume, CICS = competition index based on crown surface area.

Compared Competition Indices Caused
by the Thinning Treatments

Competition Indices with Statistically
Significant Difference (p ≤ 0.05)

Moderate below No Treatment CIDBH, CIH, CIMCD, CICA, CICV, CICS

Intensive below No Treatment CIDBH, CIH, CIMCD, CICA, CICV, CICS

Moderate above No Treatment CIDBH, CIH,

Intensive above No Treatment CIDBH, CIH, CIMCD, CICA, CICV, CICS

Moderate systematic No Treatment -

Intensive systematic No Treatment CIDBH, CIH, CIMCD, CICA, CICV, CICS

Intensive below Moderate below CIDBH, CIH

Moderate above Moderate below CIDBH

Moderate systematic Moderate below CIDBH, CIH, CIMCD, CICA, CICV, CICS

Intensive above Intensive below -

Intensive systematic Intensive below -

Intensive above Moderate above CIDBH, CIH, CIMCD, CICA, CICV, CICS

Moderate systematic Moderate above -

Intensive systematic Intensive above -

Intensive systematic Moderate systematic CIDBH, CIH, CIMCD, CICA, CICV, CICS

4. Discussion

The aim of this study was using the TLS point clouds of trees to investigate how
thinning types (i.e., from below, from above, and systematic) with different intensities (i.e.,
moderate and intensive) were affected in competition among individual Scots pine trees.
The competition was the highest in control plots, as could be expected. This is in line with
previous studies such as Baniya and Mandal [73] and del Río et al. [21]. It can be explained
by tree density leading to excessively diminished space for individual tree growth, resulting
in the reduction in tree sizes (Figure 1B) [11,22,57,74,75]. Intensive thinning treatments lead
to lower competition compared with moderate thinning treatments. So, the H3 hypothesis
was accepted. Thus, we expect higher growth resource availability such as space, nutrients,
water, and light in intensive thinning treatments by increasing the growing space around
each individual tree [6]. Our results showed that thinning from below greatly reduced the
competition when compared with thinning from above and systematic thinning treatments.
It led to rejection of the H1 hypothesis. It can be explained by the significant contribution
of smaller trees to uptake existing growth resources which were removed in from-below
thinning treatment [11]. As a result, other competitors are able to utilize the released growth
resources and competition for canopy space occurs less than the competition for water and
soil nutrients (i.e., tree crowns vs. root system) [11]. In other words, if root architecture is
constant, with the removal of intermediate and suppressed trees, the taller trees can uptake
more water and nutrients from the soil [76,77]. Notably, by decreasing the interception
as the result of thinning, the available water in the soil will be increased [27]. In contrast,
Mäkinen and Isomäki [25] and Pukkala et al. [78], who addressed the effect of thinning
on growth, reported that thinning affected co-dominant and medium-sized Scots pine
trees more than dominant trees. Similarly, del Rio et al. [79] indicated that in Scots pine
stands, after the thinning from below, intermediate (in terms of DBH) individual trees can
uptake more released resources than dominant trees. Nevertheless, more caution should
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be taken in interpreting the results, as the time lag between thinning treatments and TLS
measurements in our study was 13 years at most.

When comparing the effects of different thinning treatments on the competition with
control plots, all CIs showed a statistically significant difference at a 95% confidence
interval, except for moderate systematic thinning (see Table 6). There was no statistically
significant decrease in the competition of moderate thinning treatments from above and
systematic when compared with each other, i.e., the H2 hypothesis was accepted. It could
be caused by the similarity in these treatments in removing larger individual trees [57],
due to the moderate intensity of systematic thinning, although it led to more growing
space for the remaining trees but could not affect the competition responses to the thinning
in individual Scots pine trees. Individual tree crowns are not only the main factor of
light penetration in the sub-canopy [80] but also the determinant of seedling and sapling
dynamics [81]. Therefore, understating the effect of thinning on competitive interaction
among the crown of individual trees is critical. Results of this study indicated that different
thinning types tend to decrease the crown competition from 12.8% (moderate systematic
thinning) to 82% (intensive thinning from below) in comparison with control plots (see
Table 5). It was 45.5% to 49.2% and 15.6% to 19.5% for moderate thinning treatments from
below and from above, respectively. When comparing the effects of different thinning
treatments on the competition with each other, all CIs showed statistically significant
differences, except four thinning treatment pairs. They include the comparison between
intensive thinning from below with both of intensive systematic and from-above thinning
treatments, comparison between moderate systematic and from-above thinning treatments,
and comparison between intensive systematic and from-above thinning treatments (Table 6).
It is worth mentioning that from-below thinning with two intensities only differed by CIDBH
and CIH. Similarly, moderate from-below and from-above thinning treatments showed no
statistical difference with each other in both crown- and stem-based CIs, except for CIDBH.

We evaluated stem- and crown-based TLS-derived competition indices against six
management procedures, and significant differences were achieved in competition status
of individual trees in the comparison with control plots. However, it should be considered
that TLS accuracy in characterizing the 3D structure of a forest depends on multiple factors.
Scanning setup, the algorithms used in tree detection and reconstruction of trees, and
completeness of point clouds are the main sources of error limiting TLS application in forest
measurements [2,82].

Although competition can be reduced by thinning treatments and thus lead to in-
creased tree growth, it must be considered that too intensive thinning treatment may cause
undesirable and harmful effects such as low stability of the trees against wind and snow
in the early years after the thinning, decreasing in the wood quality and total volume,
biodiversity reduction, nutrient budget imbalance, soil erosion, and losing other ecosystem
services [21,83,84]. Therefore, despite their permissibility, too intensive thinning treatments
are not proposed for the Finnish Scots pine forests. Heavy thinning treatments can be used
when forest managers decide to increment the cutting incomes in a short period [83,85].

5. Conclusions

Thinning treatments have different effects on growth and yield, wood quality, mor-
tality, and ecological functions by controlling the competition among individual trees.
However, CIs are mainly extracted from easy-to-measure parameters such as DBH and
height, while tree crown characteristics are critical in quantifying the tree’s response to
thinning. In addition, distance-dependent CIs are rarely studied because of the difficulty in
creating tree maps. To fill the mentioned gap, this study aimed to evaluate CIs against man-
agement strategies in Scots pine stands using TLS point clouds. Our results demonstrate
the effects of different type and intensity thinning treatments on TLS-derived individual
tree stem- and crown-based CIs. Intensive thinning from below led to a maximum decrease
in competition indices by 82.5% when compared with other treatments. Unlike others, there
was no statistical difference between control plots and moderate systematic thinning in the
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aspect of CIs (p-value ≥ 0.05), although only stem-based CIs in moderate thinning from
above were statistically different from control plots at a 95% confidence interval, decreasing
the CIDBH by 25% and CIH by 23%, respectively. Moreover, we found no statistically
significant decrease in the competition of moderate thinning treatments from above and
systematic when compared with each other. This study provides novel insights into forest
ecology and management strategies, especially in boreal forests. However, further analysis
is needed to understand the contribution of each growth resource on CIs variation under
mixed forest stand conditions.
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