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Abstract: Wood density is well known to vary between tree species as well as within and between
trees of a certain species depending on the growing environment causing uncertainties in forest
biomass and carbon storage estimation. This has created a need to develop novel methodologies
to obtain wood density information over multiple tree communities, landscapes, and ecoregions.
Therefore, the aim of this study was to evaluate the dependencies between structural characteristics of
Scots pine (Pinus sylvestris L.) tree communities and internal wood property (i.e., mean wood density
and ring width) variations at breast height. Terrestrial laser scanning was used to derive the structural
characteristics of even-aged Scots pine dominated forests with varying silvicultural treatments.
Pearson’s correlations and linear mixed effect models were used to evaluate the interactions. The
results show that varying silvicultural treatments did not have a statistically significant effect on the
mean wood density. A notably stronger effect was observed between the structural characteristics and
the mean ring width within varying treatments. It can be concluded that single time terrestrial laser
scanning is capable of capturing the variability of structural characteristics and their interactions with
mean ring width within different silvicultural treatments but not the variation of mean wood density.

Keywords: terrestrial laser scanning; wood density; tree architecture; remote sensing; forest structure

1. Introduction

Wood density of a tree species is widely expressed as a value on basic wood density
-tables existing in scientific literature where it is determined as an oven-dry mass per green
volume (kg m−3) even though it is rather well known to have major variation within and
between trees [1]. Wood density is predominantly determined by the cell wall thickness
and lumen size that are known to vary annually depending on the early- and latewood ratio
and to change as the tree ages and grows in size. Especially, the amount of thick-walled
latewood tracheids and ring width have shown the highest influence on wood density [1,2].
In addition, the transition from pith towards bark (i.e., between juvenile and mature wood)
has shown to be a major source of variation of wood density [1].

Wood density is also known to be a site-specific parameter as a result of each individual
tree adapting to its growing environment. Different tree species typically have their unique
growth rhythm depending on their need for light (i.e., pioneer or shade tolerant trees),
and the plasticity of their crowns [3], but competition from water, nutrients and space
causes individual trees to deviate from it and allocate growth differently within a forest [4].
Primary growth of a tree occurs at the apex (tips) of stem, branches and roots increasing
their length. Thus, by increasing height and crown area for photosynthesis, trees try to
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improve their status regarding competition within a forest stand. Secondary growth occurs
in cambium or in lateral meristems producing secondary xylem and causing diameter
growth of a stem, branches, and roots. Secondary xylem (or sapwood) is responsible for
the flow of water between functional parts of a tree, as well as structural support. The
properties of the secondary xylem (i.e., wood properties) adapt to the increasing tree size
and height, in other words to maintain the transportation of water and carry the increasing
weight of the crown. Secondary growth is also strongly affected by competition and
especially the spatial distribution of trees (i.e., growth space) causing variation in diameter
growth allocation and wood properties in different parts of a stem.

Silviculture is a way to influence the spatial distribution of trees within a forest creating
space and increase growth, as well as to select tree individuals with the most desired
properties. However, the way trees adapt to changes caused by human interventions (i.e.,
silvicultural operations) within a forest can vary and create considerably different outcomes
of external characteristics of trees even between stands with similar stand establishment
procedures. Silvicultural activities may aim to produce high quantities of high quality
sawn timber to provide the maximum economical value for the owner and the industry.
However, many previous studies suggest that the increased growth has caused reduction
in wood quality through affecting several influential wood properties such as wood density
and knottiness [5–8].

Previous research has also shown that wood density can decrease due to acceleration in
earlywood formation in relation to latewood caused by increased tree radial growth [9,10].
However, the reduction in wood density through accelerated growth after silvicultural
activities is not unambiguous. For example, Mäkinen and Hynynen [11] found only a
rather low reduction in wood density after intensive thinning that supports the suggestion
by Jaakkola et al. [12] that more intensive thinning than is conventional is required to
substantially decrease wood density. Similar findings were reported by Peltola et al. [13]
where less than a 2% decrease on average in wood density was observed after heavy
thinning. Due to the differences in growth allocation and wood formation within and
between years, wood density exhibits variable trends with respect to tree species, age
and geographical region [14–18]. For example, Piispanen et al. [18] showed that change
in competition status of a tree (suppressed or dominant) in uneven-aged forests resulted
in fluctuations of wood density from stem pith towards bark, due to its effects on the
maturation of wood properties.

At the moment, the only viable way to measure wood density requires destructive sam-
pling or boring samples from standing trees and laboratory measurements. In addition, the
lack of methods to characterize the external architecture of trees and their competition sta-
tus within a forest has been limiting our understanding on tree growth allocation and wood
formation. Therefore, previous research has mainly focused on linking growth characteris-
tics (e.g., diameter increment) to wood density variation [11,13,19,20] and rarely utilized
detailed size or shape characteristics, or competition status of a tree. The methodological
development within the last two decades using terrestrial laser scanning (TLS) acquired
three-dimensional data to describe the external architecture of an individual tree [21–26]
or tree communities [27–32] has reached the point where characterization of tree crown
and branch properties [33–37] in addition to the stem taper measurements [21,25,38–40] are
possible. However, Pyörälä et al. [35,36] concluded that comprehensive branch distribution
of a tree remains challenging to capture due to the occlusion effect and increasing distance
to the scanner at higher parts of the living crown, thus, reducing the quality of a TLS point
cloud. The results in Pyörälä et al. [36] demonstrated that the branch detection accuracy
decreases dramatically above living crown base height.

In addition to the characterization of external structural attributes, the benefit of TLS
data is its capability to capture details of the competition status and location of individual
trees (i.e., spatial distribution) within a forest. However, it is known that forest structure
and data acquisition strategy has a significant effect on the comprehensiveness of the point
cloud [29,32] and thus affect the outcome of forest characterization. In Liang et al. [29],



Forests 2022, 13, 397 3 of 18

18 different state-of-the-art algorithms in detecting and characterizing trees were evaluated
using 24 structurally varying sample plots. In addition, Yrttimaa et al. [32] evaluated a
newly developed algorithm with 91 sample plots within the same study site as Liang
et al. [29]. The results in both studies concluded that the complexity of the forest correlated
negatively with tree detection accuracy. In addition, Wilkes et al. [31] suggested that the
most uniform point distribution with sufficient point cloud quality could be achieved with
a systematic grid (e.g., 10× 10 m) of scanning locations. Recent results in Yrttimaa et al. [41]
suggested that high accuracy in characterizing forest structure can be achieved in managed
forest stands due to favorable conditions for TLS data acquisition (i.e., ground vegetation
removal). They concluded that stem density (number per hectare) and the proportion of
suppressed trees were the main factors affecting outcome.

Recently, the interest in wood density information has increased for example due to
the uncertainty it is causing to forest biomass and carbon storage estimation. In addition,
wood density and ring width are also important determinants of timber quality creating
a need to obtain wood density information over multiple tree communities, landscapes
and ecoregions. However, there has been a lack of technologies and methods capable of
characterizing tree architecture and the structure of the surrounding forest that could be
linked to the wood density variation. Previous studies have shown that tree growth and
wood formation processes determine the external tree architecture and variation in tree
growth process causes variation to wood density. Additionally, with TLS, it is possible
to characterize the structure of tree communities. Therefore, the aim of this study was
to evaluate the dependencies between TLS-derived structural characteristics and internal
wood property (i.e., mean wood density and ring width) variation at breast height (1.3 m)
of Scots pine trees. The main research questions (RQ) were: (RQ1) How do varying
silvicultural (i.e., thinning) treatments affect wood property variation of trees and tree
communities (RQ1)? What are the most influential characteristics explaining internal wood
property variation of the trees and how much of the internal wood property variation can be
explained with these characteristics (RQ2)? To explore the research questions the following
hypotheses were set: Intensive silvicultural treatment will cause lower and more variable
wood density values due to increased tree growth (H1); Increased growth, characterized by
indicators describing the structural characteristics of a tree and tree community derived
from TLS point clouds, could be used to explain most of the internal wood property
variation within and between tree communities (H2).

2. Materials and Methods
2.1. Study Site

The three study sites were established in southern Finland in 2005 (Palomäki (62◦3.6′ N
24◦19.9′ E)) and in 2006 (Pollari (62◦4.4′ N 24◦30.1′ E) and Vesijako (61◦21.8′ N 25◦6.3′ E))
(Figure 1) and maintained by Natural Resources Institute Finland (Luke). Study sites
consist of even-aged (approximately 50 years) Scots pine (Pinus sylvestris L.)-dominated
forests. Each study site is characterized as mesic heath forest (i.e., Myrtillus forest site type
according to a theory by A. K. Cajander [42]). At the time of establishment, nine rectangular
sample plots for each study site (i.e., 27 sample plots in total) with a size varying from
1000 m2 to 1200 m2 were placed. The experimental design included three thinning types
with two different levels of thinning intensity (i.e., moderate and intensive) resulting in six
different treatments in total. The three different thinning types were, namely: thinning from
below, thinning from above, and systematic thinning. In thinning from below, suppressed
and co-dominant trees were removed, whereas in thinning from above mostly dominant
trees were removed with the limitation of maintaining regular spatial distribution of trees.
In addition, unsound and damaged trees were removed in both thinning treatments. In
systematic thinning, only dominant trees were removed and small, suppressed trees were
left to grow. Additionally, the regularity of spatial distribution of the remaining trees
was not emphasized similarly to other thinning types, although large gaps were avoided.
Moderate thinning intensity refers to thinning guidelines applied in Finland [43], whereas
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intensive thinning intensity resulted in 50% lower remaining basal area (m2/ha) compared
to moderate. In addition, one control plot without a thinning treatment for each study site
was established.

Figure 1. Location of three study sites namely Palomäki (62◦3.6′ N 24◦19.9′ E), Pollari (62◦4.4′ N
24◦30.1′ E) and Vesijako (61◦21.8′ N 25◦6.3′ E).

Field inventory was carried out at the time of establishment and each plot has been re-
measured every five or six years with the most recent measurement carried out in October
2018 in Pollari and in April 2019 in Palomäki and Vesijako (Table 1). Thus, creating a
growth period of 13 growing seasons from the establishment and thinning treatments. The
following attributes were recorded for each tree within the sample plots (i.e., tally trees):
species, location, diameter-at-breast height (DBH) from two perpendicular directions using
steel calibers, crown layer, and possible damage. In addition, at the time of establishment,
22 trees on average from each sample plot were selected as sample trees from which tree
height (H), crown base, and the height of the lowest dead branch were recorded with an
electronic clinometer during the most recent field measurements. Locally calibrated (using
the sample trees) allometric height models were then used to estimate tree heights for the
tally trees and stem volume (V) for all the trees was estimated with species-specific volume
equations [44].

2.2. Terrestrial Laser Scanning

TLS data acquisition was conducted between September and October 2018 with
Trimble TX5 3D laser scanner (Trimble Navigation Limited, USA). Data acquisition strategy
consisted of eight scans with two on the opposite sides of a plot center and six scans placed
along plot borders. Selected scan resolution resulted in a point distance of 6.3 mm at 10-m
distance from the scanner location. One of the eight scans was a central scan into which all
other scans were coregistered using artificial reference targets (constant sized spheres with
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a diameter of 198 mm). The registration was carried out with FARO Scene software (version
2018) resulting in average registration statistics for distance, horizontal and vertical errors
of 2.9 mm, 1.3 mm and 2.3 mm, respectively. The acquired point cloud data were further
processed into structural characteristics (Table 2) describing the external architecture and
competition status of individual trees and tree communities using algorithms originally
developed by Yrttimaa et al. [45] and Pyörälä et al. [35]. In addition, the point cloud
processing method was further modified and validated in Yrttimaa et al. [41] to improve
algorithm performance using the same data that are used in this study. Overall, the data
processing was twofold:

Table 1. Mean forest characteristics of each different thinning treatment and control sample plots at
the latest field measurements, i.e., October 2018 for Pollari and April 2019 for Palomäki and Vesijako.
Dg = basal area-weighted mean diameter (cm), Hg = basal area-weighted mean height (m), G = mean
basal area (m2/ha), V = mean volume (m3/ha) and N = stems per hectare (n/ha). Moderate refers to
thinning guidelines applied in Finland [43] whereas intensive resulted in 50% lower remaining basal
area (m2/ha) compared to moderate thinning. Control refers to plots without thinning treatments
since the establishment.

Forest
Attribute Statistics

Thinning
from Below

(Moderate/Intensive)

Thinning
from Above

(Moderate/Intensive)

Systematic
Thinning

(Moderate/Intensive)
Control

Dg (cm)

Min 21.0/25.5 18.4/19.7 19.0/17.7 18.1
Mean 23.5/27.5 21.2/22.3 20.6/22.2 21
Max 25.3/31.1 22.8/24.9 21.6/25.1 23.8
Std 2.2/3.1 1.9/2.1 1.2/3.0 2.9

Hg (m)

Min 19.4/20.5 19.8/18.1 18.5/16.9 18.2
Mean 21.7/21.6 21.0/19.5 20.3/20.0 21.4
Max 23.2/23.5 22.2/20.7 22.2/21.9 24.6
Std 2.0/1.6 1.1/1.2 1.4/2.2 3.2

G (m2/ha)

Min 26.9/15.4 27.0/15.2 25.0/13.3 33.6
Mean 28.4/15.9 28.3/16.1 27.5/15.8 37.7
Max 31.3/16.7 29.2/17.8 29.3/17.7 43.3
Std 2.5/0.7 0.9/1.2 1.6/1.8 5.1

V (m3/ha)

Min 251.0/151.5 273.8/133.1 245.9/133.8 297.7
Mean 291.8/160.8 282.5/150.5 267.0/149.3 388.9
Max 339.7/169.6 289.0/160.8 283.0/162.4 501.2
Std 44.8/9.1 6.4/12.6 14.4/11.6 103.4

N (stems/ha)

Min 625/215 747/336 804/320 1240
Mean 705/287 917/446 945/462 1312
Max 835/340 1229/528 1083/742 1448
Std 113/65 213/82 111/174 118

(1) Individual trees were segmented and points belonging to the stem or crown were
separated and used further to derive tree attributes using an openly available point cloud
processing algorithm [45]. The algorithm first utilizes raster-based canopy segmentation
to improve computations through partitioning data into smaller batches which are then
classified into stem or non-stem points with the assumption that stem points have more
consistent characteristics (planar, vertical or cylindrical shapes) than non-stem points. Circle
fitting with 20 cm vertical intervals to the stem points was then used to estimate the initial
taper curve from which clear outliers are omitted using an iterative approach by comparing
each diameter measurement to the mean of three previous (or closest at the bottom of the
stem) measurements. Then, the missing diameters were interpolated using a cubic spline
curve. DBH was measured from the taper curve at the height of 1.3 m while stem volume
was estimated from the 10 cm vertical cylinders. Tree height was measured as the distance
between the highest and lowest points of each tree. In addition, tree-specific diameter
(DBHgrowth), height (Hgrowth), basal area (ggrowth) and volume (Vgrowth) increments for the
last 12–13 growth seasons were calculated by the difference of TLS-derived DBH, H, g and
V and respective field measured values during the study site establishment.
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Table 2. The final set of derived structural characteristics describing the external tree architecture and
competition status.

Group Feature Abbreviation

External tree
architecture

Height H
Diameter at breast height DBH

Volume V
Height increment Hgrowth

Diameter at breast height increment DBHgrowth
Volume increment Vgrowth

Basal area increment ggrowth
Crown height CrownH
Crown area CrownA

Crown volume CrownVol
Crown width CrownWidth
Crown length CrownLength

Height of the lowest branch BranchHlow
Mean branch diameter BranchDmean

Maximum branch diameter BranchDmax
Standard deviation of branch diameter BranchDsd

Mean branch insertion angle Branchαmean
Maximum branch insertion angle Branchαmax

Standard deviation of branch insertion angle Branchαsd
Mean whorl to whorl distance Whorlmean

Maximum whorl to whorl distance Whorlmax
Standard deviation of whorl-to-whorl distance Whorlsd

Competition
indices

Mean horizontal distance to 3 nearest trees CI1
Relative DBH to the distance weighted mean DBH of

3 nearest trees CI2

Relative H to the distance weighted mean H of 3 nearest trees CI3
Relative CrownWidth to the distance weighted mean

CrownWidth of 3 nearest trees CI4

Relative CrownA to the distance weighted mean CrownA of
3 nearest trees CI5

Relative CrownVol to the distance weighted mean CrownVol of
3 nearest trees CI6

Relative DBH to the sample plot mean DBH CI7
Relative H to the sample plot mean H CI8

Relative CrownWidth to the sample plot mean CrownWidth CI9
Relative CrownA to the sample plot mean CrownA CI10

Relative CrownVol to the sample plot mean CrownVol CI11

(2) Points classified as non-stem points (i.e., crown points) were used for deriving
crown and branch characteristics with an algorithm developed in Pyörälä et al. [35].
Branches were detected in 15 cm vertical segments along the stem in 5 cm intervals resulting
in 10 cm overlap, reducing uncertainties in detection at the edges of each segment. Points
from each segment were projected into a horizontal plane and a peak detection method
was used to detect branches. Branch diameter was estimated using circle fitting at the base
of each branch and height of the branch was derived from the normalized z-coordinate.
The branch insertion angle was derived using the longitudinal axis direction. Tree-specific
branch diameter and insertion angle measurements were further filtered using a cubic
spline curve with smoothing parameter of 0.7, similarly to Pyörälä et al. [35]. Branches
were then segmented into whorls using hierarchical cluster analysis where branches within
15 cm distance were clustered belonging to the same whorl. Detected whorls were also
filtered using a cubic spline curve with smoothing parameter 0.7 to reduce the effect of
non-detected whorls to the calculation of whorl-to-whorl distance as a growth indicator.
Living crown height (Hcr) was assumed to be at the height of the largest detected branch
diameter similarly to Pyörälä et al. [36]. Crown area (CrownA) and volume (CrownVol) were
calculated using 2D and 3D convex hulls in rLiDAR -package [46] of the R-software [47],
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respectively. Crown width (CrownWidth) was calculated as a mean of maximum crown
width in two perpendicular directions. Crown length (CrownLength) was calculated as a
difference of tree H and the height of the lowest branch (BranchHlow).

In addition, the following competition indices were calculated to describe immediate
(close proximity) and tree community (sample plot) competition: tree-specific mean dis-
tance to the three nearest trees, relative DBH, H, CrownWidth, CrownA and CrownVol to
the respective distance weighted mean values of three nearest trees, and relative DBH, H,
CrownWidth, CrownA and CrownVol to the respective sample plot mean values.

2.3. Wood Density Sample Trees

Wood density samples were collected using an increment borer at a fixed stem height
of 1.3 m above the ground in March–April 2019 before the new growing season started.
Samples were bored from 15 trees from each treatment (i.e., 5 trees per sample plot and
in total 135 trees) based on diameter distribution to represent different tree and stand
characteristics. Trees were selected among the sample trees. For each plot, diameter
distribution was created, and distribution was divided into five groups to maximize
diameter variability within the sample selection. Descriptive statistics of sample tree
structural characteristics is shown in Table 3. In the field, each wood density sample was
placed in a tube, marked (plot and tree id) and frozen to be later analyzed with X-ray
microdensitometry. In the X-ray microdensitometry analysis, the samples were first air-
dried to a 12% moisture content. Voltage of 30 kV and current of 25 mA with an exposure
time of 20 ms were used in scanning. These values have been found to work well with
Scots pine samples resulting in accurate identification of tree rings with a minimum width
of 0.3 mm [13]. As a result, the smallDensity software provided a wood density profile
based on a digital radiographic image from which following information were calculated
with macros developed in Peltola et al. [13]: early and late wood widths, annual ring
widths, mean intra-ring densities, minimum and maximum wood densities as well as
mean density for each annual ring or the whole sample. From these, ring basal area
weighted mean values for wood density (WDg) and mean ring width (RWmean) between
different thinning treatments were calculated to be used in the statistical analysis. The
X-ray microdensitometry procedure is described in detail in Peltola et al. [13].

2.4. Statistical Analysis

To answer the research questions and evaluate the hypotheses, the analysis was di-
vided into two sections: (1) The variation of WDg and RWmean within different silvicultural
treatments were assessed by evaluating data variation in boxplot figures that displays the
distributional characteristics (i.e., the minimum, the maximum, the sample median, and the
first and third quartiles) of each group and possible outliers. Then, a linear mixed-effects
model (LME) in package nlme [48] of the R-software [47] was fitted and the analysis of vari-
ance was applied in testing the statistically significant differences in the mean wood density
attributes (Equation (1)) between the silvicultural treatments to test the hypothesis H1.

yij = β1... 7 Treatmentk + ai + cij + εij (1)

where yij is either WDg or RWmean, β1, . . . β7 are fixed parameters, Treatmentk is each
silvicultural treatment (including control), i, i = 1, . . . , M, refers to study site, j, j = 1, . . . ,ni,
to a plot, ai and cij are normally distributed random effects for sample plot j and for sample
plot j within study site i, respectively, with mean zero and unknown, unrestricted variance-
covariance matrix, and εij is a residual error with mean zero and unknown variance. The
random effects are independent across study sites and sample plots as well as residual
errors which are independent across trees. The effects of a study site and a sample plot
within the study sites on the stem attributes were assessed through their variances.
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Table 3. Diameter at breast height (DBH), height (H), volume (V) and respective growth statistics
for the 135 sample trees between different treatments. Tree-specific diameter (DBHgrowth), height
(Hgrowth) and volume (Vgrowth) increments for the last 12–13 growth seasons were calculated by the
difference of TLS-derived DBH, H, g and V and respective field measured values during the study
site establishment. Moderate refers to thinning guidelines applied in Finland [43] whereas intensive
results in 50% lower remaining basal area (m2/ha) compared to moderate thinning. Control refers to
plots without thinning treatments since the establishment.

Forest
Attribute Statistics

Thinning
from Below

(Moderate/Intensive)

Thinning
from Above

(Moderate/Intensive)

Systematic
Thinning

(Moderate/Intensive)
Control

DBH (mm)

Min 13.4/18.0 12.2/14.3 8.4/10.7 10.5
Mean 23.4/26.0 20.8/21.3 18.7/20.3 18.9
Max 35.3/35.7 30.0/31.1 30.9/29.2 29.7
Std 5.6/4.6 5.3/4.7 6.1/5.4 6.5

H (m)

Min 16.7/18.4 16.3/14.9 12.9/13.6 14.5
Mean 21.6/21.0 20.8/21.3 19.3/18.9 20.2
Max 23.6/24.4 30.0/31.1 26.0/23.3 26.6
Std 1.9/1.6 2.1/1.9 3.4/2.7 3.9

V (dm3)

Min 116.6/231.9 94.8/119.5 36.7/61.6 68.2
Mean 471.7/546.1 368.6/349.3 300.7/326.3 326.4
Max 1050.8/1107.6 709.5/815.6 890.1/685.2 833.9
Std 241.0/224.2 195.1/177.2 216.8/182.7 251.7

DBHgrowth (cm)

Min 1.3/3.3 1.0/3.0 0.6/2.7 0.4
Mean 3.9/6.3 3.6/5.0 3.4/5.7 2.5
Max 5.8/10.2 6.4/7.9 9.1/10.5 5.6
Std 1.3/2.0 1.5/1.3 2.1/2.0 1.4

Hgrowth (m)

Min 2.4/2.5 3.6/1.9 1.6/1.9 0.7
Mean 4.6/4.0 4.9/3.6 4.9/4.0 4.6
Max 5.8/5.2 6.2/5.7 7.6/6.4 6.9
Std 0.9/0.8 0.7/1.1 1.4/1.0 1.8

Min 43.8/91.0 8.6/85.8 16.6/53.6 6.3

Vgrowth (dm3) Mean 224.7/295.5 183.2/195.0 139.7/208.3 119.7

Max 524.1/649.8 396.7/446.3 373.7/466.4 252.4
Std 135.7/140.0 111.5/94.5 94.9/116.6 82.9

(2) The dependencies between the structural characteristics and WDg and RWmean
were first investigated based on Pearson’s correlation matrices in the R-software [47]. Then,
an LME was fitted, and analysis of variance was applied similarly to the first phase of the
analysis. Structural characteristics were added individually as explanatory variables to the
fitted models shown in Equation (2). In addition, the fitted models were used to predict
WDg and RWmean to assess the explanatory power of each structural characteristic through
the coefficient of determination (R2) -value.

yij = β1 Growth Characteristicl + β2...8 Treatmentk + ai + cij + εij (2)

where yij is either WDg or RWmean, β1, . . . β8 are fixed parameters, Growth Characteristicl is
each structural characteristic described in Table 2, Treatmentk is each silvicultural treatment
(including control), i, i = 1, . . . , M, refers to study site, j, j = 1, . . . ,ni, to a plot, ai and cij are
normally distributed random effects for sample plot j and for sample plot j within study
site i, respectively, with mean zero and unknown, unrestricted variance-covariance matrix,
and εij is a residual error with mean zero and unknown variance.

3. Results

When evaluating the variation of WDg between different silvicultural treatments (i.e.,
thinning type and intensity) to the control plot with no treatment, only a small increase in
variation is visible in the box plot figures (Figure 2). The standard deviation of WDg in the
control plot was 27.2 kg/m3 in contrast to it varying between 33.1 kg/m3 to 47.7 kg/m3

depending on the thinning type and intensity (Table 4). Thinning intensity had a larger
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impact on the standard deviation of WDg in thinning from above and systematic thinning,
causing an increase of 33.6% to 36.3% in deviation compared to the thinning from below.
Overall, the different silvicultural treatments caused a slight increase (21.4–28.9 kg/m3)
in the average WDg compared to the control plot. When evaluating the effect of different
silvicultural treatments to RWmean, results show that thinning from above and systematic
thinning tended to decrease the RWmean when compared to moderate thinning (Table 4).
When compared to the control plots, all treatments resulted in slightly increased variation
in RWmean values.

Figure 2. Boxplot figures for ring basal area weighted mean wood density (WDg) and mean ring width
(RWmean) between different thinning treatments (i.e., moderate below (1), moderate above (2), moder-
ate systematic (3), intensive below (4), intensive above (5), intensive systematic (6), no treatment (7))
showcasing the distributional characteristics (i.e., the minimum, the maximum, the sample median,
and the first and third quartiles) of each group and possible outliers.

Table 4. Statistics (minimum, maximum, mean and standard deviation) of ring basal area weighted
mean wood density (WDg) and mean ring width (RWmean) between different thinning treatments.
Moderate refers to thinning guidelines applied in Finland [43] whereas intensive results in 50%
lower remaining basal area (m2/ha) compared to moderate thinning. Control refers to plots without
thinning treatments since the establishment.

Forest
Attribute Statistics

Thinning
from Below

(Moderate/Intensive)

Thinning
from Above

(Moderate/Intensive)

Systematic
Thinning

(Moderate/Intensive)
Control

WDg

(kg/m3)

Min 408.2/412.5 434.6/394.4 412.6/379.5 411.2
Mean 478.3/473.1 480.4/476.9 476.5/480.6 451.7
Max 530.5/521.1 573.6/558.7 540.8/583.6 490.5
Std 33.6/31.3 33.1/45.1 35.7/47.7 27.2

RWmean
(mm)

Min 1.8/2.0 1.8/1.7 1.2/1.4 1.7
Mean 2.7/2.7 2.5/2.4 2.2/2.3 2.4
Max 4.0/3.5 3.5/3.4 3.9/3.9 3.1
Std 0.6/0.5 0.5/0.5 0.5/0.6 0.4

The fitted linear mixed effects models (Equation (1)) and analysis of variance provided
quantitative details about the significance of the effect of different silvicultural treatments
on the WDg and RWmean. Analysis showed that the silvicultural treatments did not have
a significant effect (p-values > 0.05) on WDg. Similarly, only low (below 0.3) correlations
were found between WDg and structural characteristics (Table 5). In contrast, a p-value
of 0.05 was found with RWmean indicating that silvicultural treatments have a statistically
significant effect on RWmean. Pearson’s correlation analysis showed higher correlation val-
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ues between RWmean and structural characteristics than WDg. Statistical significant (i.e.,
p-value < 0.05) were found with following characteristics (Table 5): DBH, H, V, DBHgrowth,
Vgrowth, ggrowth, CrownWidth, CrownA, CrownVol, CrownLength and competition indices
C1–C2, C7–C11. The correlation values varied between 0.36 and 0.65 with these character-
istics. The strongest correlations were for volume and basal-area growth.

Table 5. Pearson’s correlation coefficients between ring basal area weighted mean wood density
(WDg), mean ring width (RWmean) and tree structural characteristics (refer to Table 2 for descrip-
tions). * Indicates a statistical significance (i.e., p-value ≤ 0.05). ** Indicates a strong correlation (i.e.,
correlation > 0.5).

WDg RWmean
Characteristic Correlation p-Value Correlation p-Value

DBH −0.04 0.67 0.61 ** 0.00 *
H 0.16 0.08 0.27 0.00 *
V −0.04 0.66 0.57 ** 0.00 *

DBHgrowth −0.09 0.31 0.56 ** 0.00 *
Hgrowth 0.00 0.99 0.08 0.35
Vgrowth −0.08 0.37 0.63 ** 0.00 *
ggrowth −0.07 0.42 0.65 ** 0.00 *

CrownH 0.08 0.39 0.16 0.08
CrownWidth 0.06 0.49 0.42 0.00 *

CrownA 0.01 0.89 0.42 0.00 *
CrownVol 0.00 0.99 0.45 0.00 *

CrownLength 0.03 0.70 0.36 0.00 *
BranchDMean 0.10 0.28 −0.05 0.54

BranchDsd −0.10 0.26 −0.03 0.74
Branchαmean −0.24 0.01 * 0.07 0.40

Branchαsd −0.10 0.27 0.00 0.99
WhorlDistmean 0.03 0.70 −0.16 0.06

WhorlDistsd 0.07 0.44 0.00 0.99
CI1 0.00 0.99 0.27 0.00 *
CI2 −0.13 0.14 0.49 0.00 *
CI3 0.13 0.15 0.16 0.08
CI4 0.13 0.13 0.13 0.15
CI5 0.12 0.16 0.08 0.39
CI6 0.11 0.21 0.10 0.25
CI7 −0.11 0.19 0.57 ** 0.00 *
CI8 0.07 0.44 0.37 0.00 *
CI9 0.01 0.94 0.37 0.00 *

CI10 −0.04 0.62 0.39 0.00 *
CI11 −0.05 0.56 0.42 0.00 *

Even though the LME-analysis showed that there was no statistically significant dif-
ference between silvicultural treatments, correlation tables showed a clear variability in
the dependencies between the structural characteristics and WDg within the treatments
(Appendix A). When evaluating the correlation between structural characteristics and WDg
in moderate thinnings, negative correlation between −0.35 and −0.47 were found for DBH,
H, V, g increment attributes for thinning from below but an opposite correlation between
0.23 to 0.34 was found in thinning from above. In contrast, no strong correlations (i.e., cor-
relation > 0.5) between WDg and crown characteristics (i.e., CrownH, CrownWidth, CrownA,
CrownVol and CrownLength) were found. In intensive treatments, the observed correlations
were weaker in general. The highest correlation for intensive thinning from below and from
above was found for CrownH (0.53 and−0.41, respectively). The highest correlations between
competition indices (i.e., CI1–11, see Table 2 for descriptions) and WDg were found in the
control plot (without any treatment) and the moderate systematic thinning. In the control
plots, correlations of 0.37, 0.57 and 0.63 were found for CI1, CI3 and CI8, respectively. In the
moderate systematic thinning, correlations between 0.43 and 0.44 were observed for CI4–CI6.



Forests 2022, 13, 397 11 of 18

Treatment-wise correlations between RWmean and structural characteristics were
stronger in general compared to the corresponding values for WDg (see Appendix A).
Analysis showed moderate and strong correlations with statistically significant p-values
(i.e., p-value < 0.05) within different thinning types and intensities. In general, the stronger
correlations tended to be for DBH, V, DBHgrowth, Vgrowth, ggrowth and competition indices
related to tree community (i.e., plot-level). Thinning from above tended to have lower
correlations compared to thinning from below or systematic thinning. However, between
intensive thinnings, this trend was not visible. The weakest correlations observed within
the control plot were for ggrowth (0.36).

To evaluate the statistical significance of each structural characteristic on the WDg
and RWmean, LME models and analysis of variance were applied. The analysis showed
(Table 6) that traditional tree size (DBH, H and V) or structural characteristics (DBHgrowth,
Hgrowth, Vgrowth and ggrowth) did not have a statistically significant effect (p-values > 0.05)
on WDg. A similar result is found for mean whorl to whorl distance (i.e., WhorlDmean)
which is expected to be a good indicator of height growth for Scots pine trees. In con-
trast, when evaluating respective LME values for RWmean, all the above-mentioned char-
acteristics except WhorlDmean had a statistically significant effect. DBH, V, DBHgrowth,
Vgrowth and ggrowth could explain 51%–60% of the variation of RWmean. LME modelling
also showed that none of the crown characteristics (i.e., CrownH, CrownWidth, CrownA,
CrownVol and CrownLength) had a statistically significant (p-values > 0.05) effect on WDg. In
contrast, analysis showed that all crown characteristics had a statistically significant effect
(p-values < 0.05) on RWmean. When evaluating R2-values (Table 6), crown characteristics
explained the variation of RWmean better compared to WDg, in general. The highest R2

value of 0.48 was found between RWmean and CrownVol. When evaluating the branch char-
acteristics, only the mean branch angle (i.e., Branchαmean) was found to have significant
effect (p-values < 0.05) on WDg. In addition, the results show that the effect of competition
indices (C1–C11) had no statistically significant effect (p-values > 0.05) for WDg. However,
statistically significant effects (p-values < 0.05) were found between all competition indices
and RWmean. The highest R2 values were found for CI2 and CI7, which explained 54% or
56% of RWmean variation.

Table 6. The p-values and coefficient of determination (R2) of the fitted linear mixed effects models
(Equation (2)) and analysis of variance where ring basal area weighted mean wood density (WDg) and
mean ring width (RWmean) were used as response variables and each tree structural characteristics
(refer to Table 2 for descriptions) as predictor variables. * Indicates a statistical significance (i.e.,
p-value ≤ 0.05).

WDg RWmean
Characteristic p-Value R2 p-Value R2

DBH 0.24 0.29 0.00 * 0.60
H 0.23 0.27 0.00 * 0.40
V 0.23 0.29 0.00 * 0.56

DBHgrowth 0.16 0.28 0.00 * 0.51
Hgrowth 0.31 0.29 0.52 0.21
Vgrowth 0.16 0.29 0.00 * 0.54
ggrowth 0.18 0.29 0.00 * 0.59

CrownH 0.52 0.27 0.03 * 0.25
CrownWidth 0.53 0.27 0.00 * 0.46

CrownA 0.15 0.30 0.00 * 0.46
CrownVol 0.16 0.30 0.00 * 0.48

CrownLength 0.49 0.28 0.00 * 0.38
BranchDMean 0.20 0.26 0.25 0.22

BranchDsd 0.42 0.27 0.90 0.21
Branchαmean 0.00 * 0.31 0.37 0.22

Branchαsd 0.41 0.27 0.66 0.21
WhorlDistmean 0.52 0.28 0.09 0.23
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Table 6. Cont.

WDg RWmean
Characteristic p-Value R2 p-Value R2

WhorlDistsd 0.31 0.29 0.91 0.21
CI1 0.10 0.31 0.00 * 0.32
CI2 0.08 0.30 0.00 * 0.54
CI3 0.42 0.27 0.00 * 0.28
CI4 0.56 0.27 0.00 * 0.28
CI5 0.56 0.26 0.01 * 0.26
CI6 0.65 0.26 0.01 * 0.26
CI7 0.16 0.28 0.00 * 0.56
CI8 0.50 0.27 0.00 * 0.38
CI9 0.57 0.27 0.00 * 0.43

CI10 0.24 0.28 0.00 * 0.43
CI11 0.26 0.28 0.00 * 0.45

4. Discussion

The main aim of this work was to evaluate the dependencies between TLS-derived
structural characteristics of a Scots pine trees and internal wood properties. Evaluation
focused on tree-specific WDg and RWmean properties at breast-height and analysis was
conducted in a study area with varying silvicultural treatments. The first research question
was to evaluate how the varying silvicultural treatments affect the wood properties in
question. Results show that different thinning types or intensities did not have a statistically
significant effect on WDg. However, treatments did have a minor impact on treatment-wise
variation in WDg by increasing the mean values approximately 20–30 kg/m3 (~4.8–6.4%)
when compared to the control plots. In addition, the standard deviation of WDg increased
approximately 15%–75% compared to the control plots. The highest increase in standard
deviation was observed in intensive systematic thinning. The observed basic density values
in our study were within the range reported in literature, but did not cover the full possible
range: the wood density can range between 350 kg/m3 and 650 kg/m3, when within-tree
variabilities are considered [15,49]. It should be noted that the minor increase in WDg
due to the treatments is not in line with previous research. In general, it is stated that
thinning treatments will decrease the WDg due to the increased growth but for example
Jaakkola et al. [12] concluded that intensive thinning is required to have considerable effect
on WDg. The results are most likely affected by the short timeframe since the establishment
(approximately 12–13 growing seasons) where the effect of increased growth did not have
that significant effect on the overall WDg of a tree or tree communities. Peltola et al. [13]
also concluded that the nonsignificant effect on WDg could be caused by the simultaneous
decrease in early wood density and increase in late wood density. Another notable cause
was the fact that the analysis focused on the whole life cycle of the sample trees instead of
the time after the treatments. This was due to the wood density sampling process which
was collected using drill samples where detection of year rings was insufficient due to
the challenges in sample quality (cracks or other damages). Based on these results, the
hypothesis H1 was rejected.

Previous research has indicated that silvicultural treatments have a significant effect
on the radial growth (i.e., ring width) of trees [13,50]. Similar results were observed in this
study as a statistically significant effect between treatments and RWmean was observed.
RWmean increased especially in thinning from below due to the tree selection during
treatment. In thinning from below, mainly small, suppressed, or codominant trees were
removed, and the remaining dominant trees can fully utilize the increasing growth space.
This was supported by the increase in DBHgrowth (see Table 3) compared to the other
treatments and control plots. Results also show that in systematic thinning, where only
dominant trees were removed and small, suppressed trees were left to grow, RWmean
tended to decrease. In addition, all treatments resulted in slightly increased variation in
RWmean values compared to control plots.
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The second research question was to evaluate what the most influential structural
characteristics are that explain WDg or RWmean variation. Overall, the correlations between
WDg and structural characteristics were low (below 0.3) indicating that these tree-level
characteristics derived in a single time point cannot explain the variability of WDg. This
was supported by the results of LME modeling showcasing the lack of statistically sig-
nificant effect between structural characteristics and WDg. Even though no statistically
significant effect was observed between silvicultural treatments, treatment-wise correla-
tions showed a clear variability in the interactions between the structural characteristics
and WDg. Notably stronger correlations were observed especially in thinning from below
between the structural metrics describing the increment of DBH, H, V and g indicating
that increased growth causes WDg to decrease. In contrast, opposite correlations were
observed in the thinning from above. This is most likely caused by the tree selection during
the treatments and the trees’ capabilities to react to the increasing growth space (Scots
pine being shade-intolerant, and high in crown-plasticity). Peltola et al. [13] observed
that dominant trees had a higher absolute growth response to the treatments compared
to suppressed trees. However, they also stated that if growth response is evaluated in
relation to the tree size before treatment, suppressed trees had a higher relative growth
response. In addition, Saarinen et al. [51] concluded that treatment type and intensity has
an impact on stem size and shape of Scots pine trees in the same study area where this
study was conducted. However, this increase in growth did not change the overall WDg. In
contrast to WDg, the analysis results between RWmean and structural characteristics were
notably different. Moderate and strong correlations with statistically significant p-values
(i.e., p-value < 0.05) within different thinning types and intensities were observed. This
is supported by Peltola et al. [13] who observed an average of 9–20% increase in radial
growth with intensive thinnings compared to moderate. The stronger correlations focused
on the structural characteristics that are strongly related to the ring width such as DBH, V,
DBHgrowth, Vgrowth, ggrowth.

Previously, the main focus has been on linking simple structural characteristics, such
as radial growth to wood property variation [11,13,19,20] and detailed characterization
of tree crowns or competition status have been neglected due to the limitation of conven-
tional measurements. TLS point clouds have opened a novel possibility to evaluate the
relationship between more detailed structural characteristics and wood property variation.
Results observed in this study show that tree-specific crown characteristics and competition
indices are not sufficient to explain the WDg variation between trees. However, they had a
statistically significant effect on RWmean. The most influential crown characteristics were
CrownW, CrownA and CrownV. This result supports the idea that the increasing size of
the tree crown may cause Scots pine trees to allocate their growth to increase the structural
carrying capacity of the stem more than its water-conduction capacity. Competition indices
C2 and C7 had the strongest correlation compared to the other indices. This result is
logical as they illustrate the sample trees DBH in relation to the mean DBH of the closest
trees or the sample plot. Results also indicate that the competition indices describing the
competition status of a tree within the plot were more important than the competition with
the closest trees. Based on these results, hypothesis H2 was partially confirmed. TLS point
cloud-derived structural characteristics could explain the variability in RWmean but not
in WDg.

5. Conclusions

Based on the results, it can be concluded that TLS point clouds can capture novel
information relating crown structures and competition indices within tree communities
and their interaction with wood properties, especially with RWmean. Relating to WDg, it
remained impossible to relate the tree structure to wood density at tree-level (i.e., using
mean value at breast height, and tree-level structural attributes). In further investigations,
the inherent within-tree variations (e.g., the transition from juvenile to mature wood)
should be further addressed. Moreover, as the current biomass and carbon calculations rely
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on rough mean density values, e.g., the forecasts of future forest biomass developments
might be biased in the absence of values that depended on the tree age and size (i.e.,
within-tree factors). Our results also suggest that even tree-level mean values do not
necessarily describe the full range of wood density variation. Information on the within-tree
variabilities of the wood properties would also be crucial for the quality-oriented utilization
of the timber. A multitude of ways remain to be studied to utilize TLS to comprehensively
understand how the structural characteristics evolve in relation to the wood properties;
e.g., utilizing ring-level wood property references accompanied by locally calibrated stem
taper and branching functions, and exploring the prospects of TLS time series information,
or those of the spatially substituted pseudo-time-series of trees at variable ages and sizes.
In addition, improving the quality of wood density samples and optimizing the sample
processing could further improve the analysis. Furthermore, new developments in point
cloud processing especially relating to the branch and crown characteristics can improve
the quality of these characteristics.
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Appendix A

Table A1. Pearson’s correlation coefficients between ring basal area weighted mean wood density (WDg) and tree structural characteristics (refer to Table 2 for
descriptions) within different thinning treatments (i.e., moderate below (1), moderate above (2), moderate systematic (3), intensive below (4), intensive above (5),
intensive systematic (6), no treatment (7). Moderate refers to thinning guidelines applied in Finland [43] whereas intensive results in 50% lower remaining basal
area (m2/ha) compared to moderate thinning. Control refers to plots without thinning treatments since the establishment. * Indicates a statistical significance (i.e.,
p-value ≤ 0.05).

1 2 3 4 5 6 7
Characteristic Correlation p-Value Correlation p-Value Correlation p-Value Correlation p-Value Correlation p-Value Correlation p-Value Correlation p-Value

DBH −0.07 0.81 −0.03 0.90 −0.16 0.45 −0.03 0.91 0.03 0.91 −0.13 0.55 0.26 0.39
H −0.02 0.95 −0.02 0.93 0.07 0.73 0.06 0.84 0.16 0.52 0.35 0.10 0.57 0.04 *
V −0.22 0.43 0.01 0.98 −0.17 0.44 −0.07 0.81 0.02 0.95 −0.06 0.77 0.30 0.33

DBHgrowth −0.38 0.17 0.34 0.14 −0.01 0.98 −0.17 0.55 −0.21 0.39 −0.55 0.01 * 0.00 0.99
Hgrowth −0.47 0.07 0.30 0.19 −0.05 0.81 −0.26 0.35 −0.25 0.31 0.05 0.83 0.74 0.00 *
Vgrowth −0.39 0.15 0.23 0.33 −0.11 0.60 −0.13 0.66 −0.21 0.39 −0.23 0.28 0.18 0.55
ggrowth −0.35 0.20 0.31 0.18 −0.10 0.64 −0.16 0.57 −0.07 0.79 −0.38 0.07 0.21 0.49

CrownH 0.35 0.20 0.08 0.74 −0.08 0.72 0.53 0.04 −0.19 0.44 0.04 0.86 0.19 0.54
CrownWidth 0.06 0.82 −0.01 0.98 0.12 0.56 0.12 0.66 −0.15 0.53 −0.14 0.53 0.33 0.26

CrownA 0.14 0.63 −0.16 0.50 0.02 0.94 −0.03 0.91 −0.10 0.69 −0.09 0.68 0.26 0.39
CrownVol 0.10 0.71 −0.19 0.41 0.01 0.97 −0.09 0.75 −0.05 0.85 −0.04 0.83 0.22 0.48

CrownLength −0.13 0.65 0.22 0.34 −0.18 0.40 −0.11 0.69 −0.04 0.86 −0.21 0.31 0.43 0.14
BranchDMean 0.25 0.37 0.12 0.62 0.12 0.56 0.37 0.18 0.04 0.86 0.20 0.34 −0.53 0.06

BranchDsd −0.04 0.89 −0.02 0.95 −0.29 0.17 0.05 0.87 0.04 0.86 0.02 0.94 −0.25 0.40
Branchαmean −0.24 0.38 0.01 0.98 −0.51 0.01 * −0.27 0.34 −0.33 0.16 −0.21 0.33 0.20 0.52

Branchαsd 0.10 0.73 0.46 0.04 −0.20 0.36 −0.18 0.51 0.28 0.25 −0.38 0.07 −0.33 0.27
WhorlDistmean 0.09 0.74 −0.05 0.83 0.32 0.13 0.19 0.50 0.02 0.94 −0.01 0.95 −0.18 0.56

WhorlDistsd −0.14 0.61 0.15 0.54 0.21 0.32 0.15 0.60 −0.23 0.33 0.12 0.58 0.03 0.92
CI1 0.06 0.85 0.21 0.37 −0.20 0.35 −0.08 0.77 0.33 0.17 −0.20 0.34 −0.37 0.21
CI2 −0.05 0.86 −0.04 0.88 −0.17 0.42 −0.08 0.78 −0.12 0.62 −0.24 0.26 0.06 0.84
CI3 0.00 1.00 0.11 0.65 0.28 0.19 −0.31 0.26 −0.06 0.82 0.01 0.95 0.57 0.04 *
CI4 0.11 0.70 0.03 0.91 0.44 0.03 * 0.22 0.43 −0.25 0.30 −0.06 0.77 0.11 0.72
CI5 0.22 0.44 0.00 1.00 0.44 0.03 * 0.12 0.66 −0.18 0.45 −0.09 0.69 −0.13 0.67
CI6 0.17 0.54 −0.04 0.88 0.43 0.04 * −0.02 0.95 −0.14 0.58 −0.12 0.58 −0.10 0.75
CI7 −0.06 0.84 −0.01 0.95 −0.15 0.47 −0.04 0.90 −0.15 0.54 −0.29 0.18 0.23 0.45
CI8 −0.04 0.88 0.27 0.26 −0.06 0.77 0.01 0.98 −0.09 0.73 −0.02 0.94 0.63 0.02 *
CI9 −0.06 0.83 −0.01 0.98 0.16 0.45 0.13 0.63 −0.29 0.23 −0.20 0.34 0.35 0.24

CI10 0.01 0.97 −0.09 0.69 0.03 0.90 −0.02 0.94 −0.28 0.25 −0.13 0.54 0.28 0.36
CI11 0.01 0.96 −0.08 0.73 0.02 0.93 −0.08 0.79 −0.25 0.29 −0.15 0.47 0.25 0.41
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Table A2. Pearson’s correlation coefficients between mean ring width (RWmean) and tree structural characteristics (refer to Table 2 for descriptions) within different
thinning treatments (i.e., moderate below (1), moderate above (2), moderate systematic (3), intensive below (4), intensive above (5), intensive systematic (6), no
treatment (7). Moderate refers to thinning guidelines applied in Finland [43] whereas intensive results in 50% lower remaining basal area (m2/ha) compared to
moderate thinning. Control refers to plots without thinning treatments since the establishment. * Indicates a statistical significance (i.e., p-value ≤ 0.05).

1 2 3 4 5 6 7
Characteristic Correlation p-Value Correlation p-Value Correlation p-Value Correlation p-Value Correlation p-Value Correlation p-Value Correlation p-Value

DBH 0.72 0.00 * 0.46 0.04 * 0.68 0.00 * 0.66 0.01 * 0.55 0.01 * 0.63 0.00 * 0.13 0.68
H 0.58 0.02 * 0.13 0.60 0.30 0.15 0.28 0.31 0.36 0.13 0.07 0.74 −0.05 0.86
V 0.66 0.01 * 0.45 0.05 * 0.63 0.00 * 0.61 0.02 * 0.57 0.01 * 0.50 0.01 * 0.09 0.78

DBHgrowth 0.56 0.03 * 0.51 0.02 * 0.81 0.00 * 0.85 0.00 * 0.66 0.00 * 0.74 0.00 * 0.23 0.44
Hgrowth 0.23 0.42 −0.01 0.97 0.19 0.36 0.56 0.03 * 0.42 0.07 −0.34 0.10 0.12 0.70
Vgrowth 0.62 0.01 * 0.49 0.03 * 0.84 0.00 * 0.75 0.00 * 0.69 0.00 * 0.57 0.00 * 0.08 0.79
ggrowth 0.71 0.00 * 0.54 0.01 * 0.83 0.00 * 0.70 0.00 * 0.74 0.00 * 0.68 0.00 * 0.36 0.22

CrownH −0.15 0.59 0.19 0.43 0.34 0.10 −0.02 0.95 0.04 0.87 0.18 0.40 0.33 0.28
CrownWidth 0.38 0.16 0.20 0.41 0.43 0.04 * 0.57 0.03 * 0.52 0.02 * 0.50 0.01 * 0.08 0.80

CrownA 0.28 0.32 0.23 0.32 0.48 0.02 * 0.50 0.06 * 0.55 0.01 * 0.46 0.02 * 0.01 0.97
CrownVol 0.40 0.14 0.25 0.29 0.50 0.01 * 0.50 0.06 * 0.59 0.01 * 0.45 0.03 * −0.02 0.95

CrownLength 0.73 0.00 * 0.33 0.16 0.35 0.09 0.66 0.01 * 0.15 0.54 0.46 0.02 * 0.21 0.49
BranchDMean −0.19 0.51 0.12 0.60 −0.03 0.89 0.44 0.10 −0.24 0.33 −0.47 0.02 * −0.04 0.89
BranchDsd 0.08 0.76 0.06 0.82 −0.12 0.57 0.33 0.23 0.41 0.08 −0.25 0.25 −0.30 0.33

Branchαmean 0.24 0.39 0.18 0.45 0.01 0.96 −0.05 0.86 0.18 0.46 0.14 0.51 −0.10 0.75
Branchαsd 0.02 0.94 −0.17 0.47 −0.17 0.42 0.42 0.12 −0.26 0.28 −0.06 0.80 0.16 0.60

WhorlDistmean −0.08 0.77 −0.18 0.44 −0.31 0.14 0.19 0.50 −0.11 0.64 −0.38 0.06 −0.44 0.13
WhorlDistsd −0.20 0.48 −0.18 0.44 0.09 0.68 0.12 0.66 0.25 0.31 0.14 0.53 −0.40 0.18

CI1 0.21 0.45 0.25 0.28 0.30 0.15 0.05 0.86 0.09 0.71 0.43 0.04 0.12 0.70
CI2 0.76 0.00 * 0.53 0.02 * 0.62 0.00 * 0.56 0.03 * 0.40 0.09 0.50 0.01 * 0.10 0.74
CI3 0.70 0.00 * 0.39 0.09 0.06 0.78 0.13 0.63 0.44 0.06 0.16 0.45 0.18 0.56
CI4 0.25 0.36 0.33 0.15 0.00 0.99 0.37 0.17 0.44 0.06 0.31 0.14 −0.12 0.70
CI5 0.22 0.43 0.34 0.15 −0.04 0.84 0.40 0.14 0.46 0.05 * 0.31 0.14 −0.28 0.35
CI6 0.35 0.20 0.40 0.08 −0.04 0.85 0.41 0.13 0.53 0.02 * 0.34 0.10 −0.23 0.44
CI7 0.82 0.00 * 0.46 0.04 * 0.67 0.00 * 0.68 0.01 * 0.60 0.01 * 0.69 0.00 * 0.28 0.35
CI8 0.84 0.00 * 0.27 0.25 0.54 0.01 * 0.34 0.21 0.62 0.00 * 0.29 0.17 0.25 0.41
CI9 0.54 0.04 * 0.19 0.43 0.43 0.03 * 0.56 0.03 * 0.51 0.03 * 0.55 0.01 * 0.16 0.60

CI10 0.51 0.05 * 0.21 0.37 0.45 0.03 * 0.56 0.03 * 0.63 0.00 * 0.53 0.01 * 0.05 0.88
CI11 0.64 0.01 * 0.24 0.32 0.48 0.02 * 0.56 0.03 * 0.67 0.00 * 0.56 0.00 * 0.09 0.76
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