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Abstract: Tree growth is a multidimensional process that is affected by several factors. There is a
continuous demand for improved information on tree growth and the ecological traits controlling it.
This study aims at providing new approaches to improve ecological understanding of tree growth by
the means of terrestrial laser scanning (TLS). Changes in tree stem form and stem volume allocation
were investigated during a five-year monitoring period. In total, a selection of attributes from
736 trees from 37 sample plots representing different forest structures were extracted from taper
curves derived from two-date TLS point clouds. The results of this study showed the capability of
point cloud-based methods in detecting changes in the stem form and volume allocation. In addition,
the results showed a significant difference between different forest structures in how relative stem
volume and logwood volume increased during the monitoring period. Along with contributing to
providing more accurate information for monitoring purposes in general, the findings of this study
showed the ability and many possibilities of point cloud-based method to characterize changes in
living organisms in particular, which further promote the feasibility of using point clouds as an
observation method also in ecological studies.

Keywords: ground-based LiDAR; forest science; growth and yield; forest monitoring; tree growth;
point cloud processing; time-series analysis; change detection; laser scanning

1. Introduction

Carbon sequestration of trees is a physio-ecological phenomenon of high interest
among researchers across disciplines. Mechanisms driving growth processes of trees inspire
climate researchers that are interested in carbon fluxes between climate and forest biomass,
e.g., [1], while ecologists are keen to improve the general understanding of plant growth
strategies in changing environments, e.g., [2]. Foresters, on the other hand, are interested
in how trees allocate growth between different structural components (i.e., stem, branches,
and foliage) [3]. Availability of growth resources such as temperature, nutrients, water,
and sunlight as well as environmental factors limiting their availability, most importantly
competition between trees, are affecting the growth rate of trees and allocation of growth
(e.g., [4-8]). A general assumption about tree growth is based on the priority theory,
summarized by [6], which states that the tree first prioritizes maintaining its respiration
over seed production, fine roots, and foliage recurrence. Only then, the tree allocates its
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growth resources to primary growth that refers to increments in the length of the tree’s
terminal and lateral branches. The least prioritized is secondary growth that implies the
radial growth of cambium as the girth of xylem and phloem increase. In other words, it is
more important for a tree to grow its crown taller for enhanced lighting conditions before
allocating growth to its supporting structures [6]. Therefore, the allometric relationship
between primary and secondary growth of trees has been considered as an indicator of trees’
adaptation to the environment [9] reflecting a trade-off between growth and survival [10].

The growth of trees and their responses to changing growing conditions have been
investigated in growth and yield studies, most often involving thinning and spacing
experiments to regulate competition between trees [3,11]. It seems that a general consensus
has been reached regarding stem wood allocation in general, and that of dominant and
co-dominant trees as well as of trees in thinned and sparse stands in particular, as they
have the best growing conditions and thus tend to have a higher rate of secondary growth
than suppressed trees and trees in dense stands (e.g., [12-19]). In other words, trees that
suffer less from competition tend to grow relatively more in diameter, and the diameter
appears to increase more in the lower rather than in the upper part of the stem. This means
that more wood is allocated in the lower parts of the stem, resulting in a more tapered
stem. Stem thickening is also related to tree physiology and mechanics, as a taller tree with
a larger crown needs more supporting structures and xylem for enhanced resilience and
water transportation [20-23].

From a forest use perspective, forest management favoring secondary growth of trees
is preferred as it boosts the accumulation of dry mass, or biomass of stem wood [6], which
is the key raw material for forest industries and wood-based products (see, e.g., [24]). For
practicability, most often stem volume is used as the measure of wood quantity, as it is
more convenient to model the stem volume through measurements of its dimensions rather
than weigh the tree without felling it [25]. In the industrial use of timber, the tree stem
can be divided into different timber assortments, of which, for example, the logwood is
the most valuable and the most important raw material for the sawmill industry. Thus,
forest management is often planned with maximal logwood yield in mind [26]. However,
there are certain quality demands and diameter limits, which the tree trunk needs to fulfill,
to be qualified as logwood. Currently, the minimum up-end diameter of sawlogs, i.e.,
the threshold diameter for logwood, ranges between 15 to 18 cm depending on, e.g., tree
species, the geographical region in question, and the needs of the forest industry [27].

The growth of trees is conventionally observed by repeated measurements of their
dimensions at periodic intervals using calipers, clinometers, and tape measures [25]. This
is somewhat convenient when the object of interest includes rather easily measurable
tree traits such as height or diameter at breast height (dbh). Even if increase in dbh and
tree height can also be observed retrospectively for coniferous trees by using increment
borer and measuring the leading shoot length or distance between branch whorls, the
analyses of stem growth are most often limited to attributes that are derived from dbh
and tree height. This leads to a somewhat generalized description of how the assimilated
carbon is allocated along the stem. Observing changes in the stem form and volume
allocation requires either retrospective measurements of destructively sampled trees or
modeling [11,25,28]. Therefore, non-destructive techniques to observe tree growth are
needed for more detailed long-term monitoring of tree and forest stand dynamics.

During the past years, terrestrial laser scanning (TLS) has been adopted as the foremost
technique to provide detailed three-dimensional reconstruction of trees and tree commu-
nities (see, e.g., [29-31]). When first introduced in forest applications, methodologies to
detect and characterize individual trees from TLS point clouds were developed [32-36].
Advances in sensor technology and point cloud processing methodology have ever since
expanded the spectrum of tree observations with point clouds [37,38]. The hemispherical
measurement geometry of TLS technology favors the digitization of horizontal structure
of forest and especially tree characteristics related to stem dimensions [30,39]. It enables
a non-destructive approach to estimate the stem profile and volume [40—44] which are
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the key attributes to be monitored when assessing the allocation of tree growth resources.
Besides the capability of point cloud-based approaches to characterize trees at one time
point (e.g., [31]), the feasibility of using TLS in detecting and quantifying trees” structural
changes has been recently investigated [45-49]. These efforts combined have strengthened
our understanding of the capabilities of using point clouds in forest monitoring applica-
tions even further. However, the state-of-the-art still lacks experiments regarding the use
of point cloud time series in ecological applications, where new observation technology is
needed to uncover the underlying physio-ecological processes driving the functioning of
trees, tree communities and forest ecosystems in space and time.

This study aimed to reveal the potential of the use of two-date point clouds in pro-
viding new approaches for improving ecological understanding. The main objective of
this study is to investigate the feasibility of using two-date TLS point clouds in examining
changes in the stem form and volume allocation in diverse boreal forest conditions, as these
characteristics and their change over time strongly reflect the tree’s ecological status [6,9,10].
Based on existing knowledge it is expected that, as the tree grows, relatively more stem
wood is allocated to the lower parts of the stem and the stem shape is approaching the form
of a cone instead of a cylinder. These changes are expected to be observed by monitoring
changes in the morphological traits that characterize stem shape and volume allocation.
Attributes that are generally applied in forestry, such as relative stem tapering (TAP), nor-
mal form quotient (gg sn) and form factor (f) [25] are used for stem form characterization.
Changes in stem volume reflect changes in stem wood allocation in general, while dividing
the stem into sections and examining changes in the volumes of different stem sections
will reveal if wood allocation has changed during the monitoring period. The first main
hypothesis of this study is that (1) changes in the stem form and volume allocation can be
observed from two-date terrestrial point clouds. As a result of this, changes within and
between tree populations can be analyzed, which leads to the second main hypothesis
of this study that (2) the observed changes are dependent on forest characteristics. This
study will strengthen the understanding of the capacity of point cloud-based approaches
in forest monitoring applications and broaden its applicability as an observation method
for ecological studies as well.

2. Materials and Methods
2.1. Study Site and Experimental Design

The study area is located in Evo, southern Finland (61°19.6" N 25°10.8’ E). The forest
area consisting of ~2000 ha of forest land is characterized by typical southern boreal forest
conditions with the elevation varying from 125 m to 185 m above the sea level. Scots Pine
(Pinus sylvestris L.) and Norway spruce (Picea Abies (L.) H. Karst.) are the dominant tree
species in the area with deciduous species covering ca. one fifth of the total stem volume.
Silver birch (Betula pendula) and white birch (Betula pubescens) were the main deciduous
tree species in the area.

The experimental design in this study included 37 sample plots that were initially
established in the spring and summer of 2014 (T1) and re-measured in the autumn of 2019
(T2) to cover a five-year growth period in between the measurements. Circular sample
plots with an 11-m radius (380.1 m?) were used in the study. Both TLS measurements and
an additional field inventory were performed on all the plots in T1 and T2.

2.2. Terrestrial Point Cloud Data and Field Inventory

TLS data acquisition was completed in spring 2014 and autumn 2019. In spring
2014 (T1), a Leica HDS6100 (Leica Geosystems, St. Gallen, Switzerland) and a Faro Focus
3D X330 (Faro Technologies Inc., Lake Mary, FL, USA) phase-shift scanners were used,
operating at wavelength of 690 nm (Leica) and 1550 nm (Faro), measuring 508,000 points
per second, and delivering a hemispherical (310° vertical x 360° horizontal) point cloud
with an angular resolution of 0.018° in both vertical and horizontal direction. A multi-
scan approach with five individual scans from separate locations was used to acquire a
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comprehensive point cloud from each sample plot. The scan setup consisted of one center
scan located at the plot center and four auxiliary scans at quadrant directions (i.e., northeast,
southeast, southwest, and northwest) approximately 11 m away from the plot center. The
point clouds were merged by co-registering the scans with the help of artificial reference
targets using the Z + F LaserControl and the Faro Scene point cloud processing software.
Trees on each sample plot were located from the resulting point clouds, and tree maps were
created based on manual detection of stem-cross sections from horizontal TLS point cloud
slices.

The tree maps were verified in the field and completed with the locations of mainly
small undergrowth trees that were not detected from the point clouds. Then, a tree-wise
field inventory was performed to provide reference measurements of tree attributes. Tree
species, dbh, tree height, and health status (alive/dead) were recorded for all the trees
with dbh exceeding 5 cm. Tree species and health status were determined using visual
interpretation. Dbh was measured as a mean of two diameter measurements perpendicular
to each other at the height of 1.3 m above the ground using steel calipers. An electronic
clinometer was used to measure tree height. The precision of field-measured dbh and tree
height in T1 were investigated in [50] and reported to be approximately 0.3 cm and 0.5 m,
respectively.

In autumn 2019 (T2), the TLS campaign was repeated by using a Leica RTC360 3D
(Leica Geosystems, St. Gallen, Switzerland) time-of-flight scanner operating at wavelength
of 1550 nm and measuring 2,000,000 points per second, delivering a hemispherical (300°
vertical x 360° horizontal) point cloud with an angular resolution of 0.009° in both vertical
and horizontal direction. A similar multi-scan approach was used in the scanning process
as in T1 to guarantee consistency in point cloud quality. The setup of individual scan
locations on plots was slightly modified for T2 in comparison to that used in T1 according
to findings of [51]. That is, the auxiliary scans were placed in the same quadrant directions
but a few meters further away from the plot center to ensure a more complete point cloud
coverage over the whole sample plot. In T2, the co-registration of point clouds was carried
out by using artificial reference targets and the Leica Cyclone 3D Point Cloud Processing
Software. In both T1 and T2, topography was removed from the point clouds by following
a point cloud normalization workflow reported in [52].

The field inventory was repeated in T2, where tree maps were first updated in the
field with missing trees (i.e., harvested or fallen trees during the monitoring period) and
with trees that had reached the dbh threshold of 5 cm during the monitoring period. Then,
dbh and tree height were re-measured manually for all trees on the sample plots. In total,
1280 trees were measured on the field from the 37 sample plots with 270 (21.1%) of the trees
being Scots pine trees, 649 (50.7%) being Norway spruces, and 361 (28.2%) broadleaved
trees, being mainly birches (Betula sp.) and European aspen (Populus tremula L.) Out of
the 1280 field measured trees, 736 trees were found detectable from the TLS-based point
clouds both at T1 and T2. Thus, the data used in the analyses of this study consisted of 736
trees which could be characterized at both time points, while 544 trees were left outside the
analyses due to unsuccessful tree detection. The basic information of the field-measured
and TLS-detected trees is presented in Table 1.



Forests 2021, 12, 835

50f 20

Table 1. Descriptive statistics of diameter at breast height (dbh) and height () of the trees that were measured in the field and

derived from terrestrial laser scanning (TLS) point clouds both at the beginning (2014, T1) and at the end of the monitoring

period (2019, T2) by tree species. Scots pine refers to Pinus sylvestris (L.), Norway spruce refers to Picea abies (L.) H. Karst.,

and broadleaved trees refers to birches (Betula sp.) and European aspen (Populus tremula L.).

Field Measurements, T1/T2 TLS, T1/T2
n dbh (cm) h (m) n dbh (cm) h (m)
min 5.0/5.0 min 2.2/3.7 min 5.4/5.7 min 6.3/7.2
All 1980 mean 16.8/17.9 mean 16.3/17.5 736 mean 20.8/22.2 mean 18.2/20.4
trees max 59.9/64.0 max 36.6/38.4 max 56.6/59.2 max 34.0/35.5
std 9.9/10.2 std7.2/7.4 std 9.2/9.4 std 5.3/5.9
min 5.2/5.2 min 5.0/5.0 min 6.1/5.9 min 8.5/7.7
. mean 20.2/21.3 mean 17.8/19.3 mean 20.3/21.7 mean 17.5/19.5
Scots pine 270 max 57.9/60.1 max 34.3/37.2 221 max 55.6,/56.4 max 28.7/29.5
std 9.5/9.8 std 5.2/5.5 std 8.5/8.7 std 4.0/4.4
min 5.0/5.0 min 2.2/3.7 min 6.0/6.4 min 6.3/7.2
mean 16.7/17.8 mean 15.1/16.3 mean 22.9/24.3 mean 19.5/21.9
Norway spruce 649 max 57.9/59.3 max 36.6/38.4 342 max 56.6/59.2 max 34.0/35.5
std 10.8/10.9 std 8.4/8.5 std 10.0/10.3 std 6.1/6.7
min 5.0/5.0 min 5.0/5.2 min 5.4/5.7 min7.7/7.7
Broadl q 361 mean 14.8/15.6 mean 17.2/18.2 173 mean 17.3/18.7 mean 16.4/18.7
roadleaved trees max 59.9/64.0 max 32.5/35.8 max 51.0/53.7 max 24.5/27.3
std 8.1/8.6 std 5.8/6.2 std 6.8/7.0 std 4.2/4.9

2.3. Point Cloud Processing Methods to Characterize Changes in the Stem Form and
Volume Allocation

Point cloud processing methods developed in [51,53] were used in this study to
characterize trees at T1 and T2 and then quantify changes in the stem form and volume
allocation. First, individual trees were segmented from the point clouds with a canopy
height model-based approach that was based on detecting treetops as local maxima [54]
and then applying marker-controlled watershed segmentation [55] to delineate the crown
boundaries. Then, the crown-segmented point clouds were divided into horizontal slices
where smooth surfaces and vertical, regular, and cylindrical structures were searched for
to separate points representing the tree stem from points representing branches, foliage,
and other non-woody structures. The point cloud classification method was an iterative
procedure beginning from the bottom of the tree stem and proceeding towards the treetop
employing grid average downsampling, surface normal filtering, random sample consen-
sus (RANSAG, see, e.g., [56]) cylinder filtering, and point cloud clustering techniques to
detect the stem points.

Once the point cloud classification procedure was applied to all trees, the stem points
of each tree were used to estimate the taper curve following the methodology presented
in [43,51]. This involved estimating diameters at 20 cm intervals along the stem by fitting
circles and cylinders into stem point slices, detecting potential outlier observations and
fitting a cubic spline curve to the diameter-height observations to level unevenness and
to interpolate missing observations especially in the upper parts of the stem. Dbh was
obtained from the taper curve at the height of 1.3 m above the ground. Stem volume (V)
was estimated by considering the stem as a sum of the volumes of vertical cylinders whose
dimensions were obtained from the taper curve (see Figure 1).
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Figure 1. Description of the study site location as well as the point cloud processing methods used to derive attributes

characterizing stem form and stem wood allocation.

Changes in the stem form were quantified with attributes that characterize changes
in the relative stem taper (TAP), cylindrical form factor (f), and normal form quotient
(go.5n) (Figure 1c). TAP refers to the relative diameter difference between two predefined
stem heights and is usually measured as the relative difference between dbh and diameter
measured at the height of 6 m (d¢, a.k.a. upper diameter). The f indicates the ratio between
V and the volume of a cylinder (V1) whose height and basal area equal to tree height
and basal area at the breast height, while g 5, describes the ratio between the diameter
measured at the midpoint (i.e., at the height that equals 50% of the tree height) of the stem
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(do5n) and dbh. Point cloud-based estimates for TAP, f, and gg 5, were obtained at both
time points, and their changes (ATAP, Af, and Aqg s,) were quantified by subtracting the
attributes estimated at T1 from the attributes estimated at T2. Increase in TAP and decrease
in go s indicate that dbh has grown more than dg and dj 5, respectively, which can be
interpreted that relatively more stem wood is allocated to the stem base. Changes in TAP
and qg s, are interrelated with changes in the stem form: if more stem wood is allocated to
the stem base, the stem form approaches the form of a cone instead of a cylinder, and the
values for f decrease.

Changes in the stem wood allocation were quantified in more detail with attributes
that characterize changes in V and logwood volume (V),g). The V)o; was estimated as
the volume of the stem section with diameter >15 cm using the taper curve. Compared
to V, the V)¢ is expected to be less prone to uncertainties in the point cloud-based tree
measurements as it represents the bottom section of the stem (see Figure 1) which is
usually more directly visible to the scanner than the upper part of the stem that often
remain occluded by branches [30,40]. Proportion of Vi, to V was computed to obtain
logwood volume percentage (Vo4 %) which was used to be able to compare stem wood
allocation between different-sized trees. The point cloud-based estimates for V, V}og, and
Vg 70 were obtained at both time points. To make the change in V and Vo, comparable
between different sized trees, relative stem volume increment (AV) and relative logwood
volume increment (AV),;) were used in the analyses of this study. Relative increments
were determined by subtracting the attributes estimated at T1 from the attributes estimated
at T2 and dividing the result of subtraction with estimated attributes at T1. The change
in logwood percentage (AV)og%) was quantified in percentage points by subtracting the
attributes estimated at T1 from the attributes estimated at T2.

2.4. Methods to Analyze Changes in the Stem Form and Volume Allocation in Different
Forest Conditions

The 37 sample plots were divided into four groups representing different forest
structures to analyze changes in the stem form and volume allocation in different forest
conditions (see Table 2, Figure 2). The classification was based on the average tree size, the
development phase and management status of the forest stand. The first group consisted
of 268 trees on 8 sample plots that represented young and managed, even-aged, and
single-layered forest stands with sparse understory, hereafter denoted as 'young-managed’
sample plots. In this group, basal area-weighted mean diameter (Dg) and -height (Hy)
and mean basal area (G) ranged between 15.1-23.6 cm, 13.7-21.6 m, and 17.2-38.6 m?2/ha,
respectively, and most of the trees were at a rapid growth stage. On average, an increase of
1.3 cm (8.1%) in dbh and 1.6 m (9.7%) in tree height were recorded for the total number of
219 trees that were detected from the point clouds at both time points. The dbh distribution
characterizing the tree size variation within the sample plots of this group was unimodal
(Figure 2a), which is typical for managed forest stands where silvicultural activities have
aimed at allocating the growth to the largest trees of a forest stand, e.g., [57].

The second group consisted of 670 trees on 11 sample plots that represented unman-
aged, multi-layered, and mixed-species forest stands with dense understory of young trees
competing from growth resources. This group is hereafter denoted as ‘young-unmanaged’.
More variation in the forest structural attributes was recorded among the sample plots of
this group compared to the other groups (Table 2). There, Dy, Hg, and G ranged between
14.3-43.2 cm, 17.3-27.8 m, and 31.2-56.8 m?/ha, respectively. The reverse ] shape of the
dbh distribution characterizing the tree size variation within the sample plots of this group
was typical for unmanaged, multi-layered forest stands where the number of small trees is
considerably higher than that of large trees (Figure 2b) [57,58]. On average, an increase of
1.2 ecm (7.2%) in dbh and 1.6 m (9.0%) in tree height was recorded for the 239 trees that were
detected from the point clouds at both time points.
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Table 2. Variation of field-measured forest structural attributes such as basal area-weighted mean diameter (Dg) and -height
(Hg), mean basal area (G), the number of trees per hectare (TPH), and mean volume (Vj;¢s,) which were aggregated from the
tree attributes at the sample plot level, as well as the bias and root mean square error (RMSE) of terrestrial laser scanning
(TLS) point cloud-derived estimates for diameter at breast height (dbh) and tree height (%) for each forest structural group at
the end of the monitoring period (2019, T2).

Variation of Forest Structural Attributes Based on Field Measurements Accuracy of TLS-Derived Estimates

Forest Structural for Tree Attributes
Group
Dg (cm) Hg (m) G (m?/ha) TPH (n/ha) Vinean (m3/ha) dbh h
min. 15.1 min. 13.7 min. 17.2 min. 552 min. 117.8 bias bias
young-managed mean 19.7 mean 18.5 mean 22.5 mean. 957 mean 207.6 0.1 cm (0.6%) —0.4 m (—2.1%)
(8 sample plots) max 23.6 max. 21.6 max. 38.6 max. 1473 max. 389.5 RMSE RMSE
sd. 2.8 sd. 2.6 sd. 7.6 sd. 324 sd. 92.5 0.6 cm (3.2%) 1.7 m (9.6%)
min. 14.3 min. 17.3 min. 31.2 min. 920 min. 277.7 bias bias
young-unmanaged mean 25.6 mean 21.0 mean 38.9 mean. 1885 mean 379.8 0.1 cm (0.4%) —1.3m (—7.0%)
(11 sample plots) max. 43.2 max. 27.8 max. 56.8 max. 3236 max. 639.6 RMSE RMSE
sd. 9.7 sd. 3.1 sd. 8.8 sd. 687 sd. 123.5 1.1 cm (6.1%) 5.4 m (28.4%)
min. 24.2 min. 22.0 min. 20.5 min. 368 min. 211.9 bias bias
mature-managed mean 29.3 mean 24.6 mean 31.4 mean 661 mean 359.7 0.1 cm (0.1%) 0.1 m (0.1%)
(9 sample plots) max. 36.8 max. 27.0 max. 49.2 max. 1158 max. 582.8 RMSE RMSE
sd. 4.2 sd. 1.7 sd. 10.4 sd. 293 sd. 134.5 0.6 cm (2.5%) 1.9 m (8.4%)
min. 35.6 min. 27.5 min. 35.4 min. 368.3 min. 477.3 bias bias
old-growth mean 40.2 mean 30.2 mean 42.6 mean 482.3 mean 561.9 —0.1 cm (—0.3%) 0.1 m (0.3%)
(9 sample plots) max. 44.0 max. 32.4 max. 53.8 max. 605.1 max 736.6 RMSE RMSE
sd. 2.5 sd. 1.9 sd. 6.1 sd. 90.2 sd. 76.7 1.0 cm (3.0%) 3.0m (11.2%)

The third group consisted of 201 trees on 9 sample plots that represented mature and
managed, mostly even-aged, and single-layered forest stands with some undergrowth
trees. In this group, hereafter denoted as ‘mature-managed’, the trees were larger in size
with growth rate steadily slowing compared to trees in the previous groups. There, Dg,
Hg, and G ranged between 24.2-36.8 cm, 22.0-27.0 m, and 20.5-49.2 m?/ha, respectively
(Table 2). The dbh distribution characterizing tree size variation within the sample plots of
this group was bimodal (Figure 2¢) indicating that the next generation of trees was already
growing under the dominant tree layer. Out of the 201 field-measured trees, a total of 156
trees (77.6%) were detected from the point clouds at both time points (Figure 2c), and an
average increase of 1.2 cm (4.9%) in dbh and 1.1 m (4.8%) in tree height was recorded for
these trees.

The fourth group consisted of 141 trees on 9 sample plots representing old-growth Nor-
way spruce-dominated forest stands with relatively sparse understory, hereafter denoted
as ‘old-growth” sample plots. As the name implies, the growth rate of the largest trees in
this group had continued to decrease, and an average increase of 0.8 cm (2.6%) in dbh and
1.2 m (4.7%) in tree height was recorded for these trees. The field-measured estimates for
D¢, Hg, and G ranged between 35.6-44.0 cm, 27.5-32.4 m, and 35.4-53.8 m?2/ha, respectively
(Table 2), and the dbh distribution showed that the sample plots enclosed large tree size
variation (Figure 2d). A total of 122 trees (86.5%) were detected from the point clouds at
both time points (Figure 2d).

Analyses on the changes in the stem form and volume allocation were based on
736 trees for which the point cloud-based estimates for ATAP, Af, Aqgsp, AV, AV)eg, and
AVlog% could be extracted; in other words, the stem could be characterized at both time
points. This means that out of the total number of 1280 field-measured trees, 544 trees were
left outside the analyses due to incomplete tree detection at T1 and/or T2. Most of these
trees were small in size and belonged to young-unmanaged sample plots (see Figure 2)
that were characterized by complex forest structure, which has been confirmed to affect
the performance of the point cloud-based forest characterization [51,53]. Performance
in tree detection (tree detection rate of 77.6-86.5%) and the accuracy of the point cloud-
derived estimates for tree attributes such as dbh (root-mean-square-error, RMSE of 2.5-
3.2%) and tree height (RMSE 8.4-11.2%) were somewhat consistent among young-managed,
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mature-managed, and old-growth forests where the population of point cloud-derived trees
corresponded well to the population of field-measured trees (Table 1, Figure 2). Instead,
in the case of young-unmanaged sample plots, a significantly decreased performance in
detecting trees (tree detection rate of 35.7%) and estimating dbh (RMSE 6.1%) and tree
height (RMSE 28.4%) was obtained using the point cloud-based method.

a) young- managed b) young- unmanaged
0.1r 268 trees / 8 sample plots 017 670 trees / 11 sample plots
Tree detectlon rate = 81.7% Tree detectlon rate = 35.7%
g =16.9cm =13.7cm
ef. HRef.
“ 0,05} hpg=178cm | “ 0.05 B g =184 cm |
0 n n s nl 1 1 I 0 i n n il 0 Bee o L 1
10 20 30 40 50 60 10 20 30 40 50 60
dbh class (cm) dbh class (cm)
c) mature-managed d) old-growth
0.1r 201 trees / 9 sample plots ]| 017 141 trees / 9 sample plots |
Tree detection rate = 77.6% Tree detectlon rate = 86.5%
Pret. = 23.2cm =31.4cm
“ g5k Hp g =255¢cm | “~ 0.05F By g =33.0cm |
A . Emﬂ] MHMM'"! ﬂhﬂ“ﬂmmu
10 20 30 40 50

l\:lRef I:JTLS|

dbh class (cm) dbh class (cm)

Figure 2. Diameter at breast height (dbh) distributions for each forest structural group. The bars represent the relative
frequency (f) of trees in each dbh class based on field measurements (Ref.) with dark coloring referring to the proportion of
trees that could be detected from the terrestrial laser scanning (TLS) point clouds both at the beginning and at the end of the
monitoring period. For comparison, the mean dbh values (i) for the field-measured and TLS-derived trees are provided for
each forest stand class alongside the number of trees and sample plots as well as the overall tree detection rate.

Paired-sample t-tests were used to analyze whether the point cloud derived estimates
for TAP, f, go.sn, V, Vieg, and Viog% at T1 significantly differed from the respective estimates
at T2, in other words, whether a change in the stem form or volume allocation had occurred
during the monitoring period. The HO in paired sample t-tests for the whole data and on
the group-level was: “There is no significant difference between the values of the attribute
in question in time points T1 and T2”. The alternative hypothesis for V, Vo, was: “The
value of the attribute in question has increased significantly from T1 to T2” and for Vo4 %,
TAP, f, qosn: “The value of the attribute in question has either increased or decreased
significantly from T1 to T2”.

Two-sample t-tests were used to analyze whether there were differences in the changes
in stem form (ATAP, Af, Aqqsn) and volume allocation (AV, AV)og, and AV)o5%) between
different forest conditions, in other words, young-managed, young-unmanaged, mature-
managed, and old-growth forests. Then, it was also analyzed how much was the variation
in the point cloud-derived estimates for ATAP, Af, Aggsp, AV, AV)og, and AV)og% between
trees on similar forest conditions (i.e., within each group) and between trees from different
forest conditions (i.e., between groups). The respective HO in two-sample ¢-tests between
the forest structural groups was: “There was no significant difference in the change of the
attribute in question between groups X and Y during the monitoring period”, whereas the
alternative hypothesis was formed as: “There was a significant difference in the change of
the attribute in question between groups X and Y during the monitoring period.” For the
two-sample t-tests within the groups, HO was: “There was no significant difference in the
change of the attribute in question between plots A and B during the monitoring period”,
and the alternative hypothesis was: “There was a significant difference in the change of the
attribute in question between plots A and B during the monitoring period”.
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3. Results
3.1. Changes in the Stem Form
3.1.1. Overall Changes

Paired-sample t-tests showed that the point cloud-derived estimates for TAP, qq sy,
and f at T1 significantly (p < 0.01) differed from the respective estimates derived at T2; this
led to rejection of HO in case of all the three attributes, which indicated that a change in the
stem form had occurred during the monitoring period when trees from all the sample plots
were considered. On average, TAP was estimated to have decreased by 1.4%-points while f
and qo 5, were estimated to have decreased by 0.027 and 0.030, respectively (Table 3).

Table 3. Means and standard deviations (std.) of the estimated attributes characterizing stem form (i.e., relative tapering
(TAP), form quotient (gg 5;,) and form factor (f)) at the beginning (2014, T1) and at the end of the monitoring period (2019, T2)
as well as their change (A) reported for trees in different forest structural groups as well as for all trees used in this study.

Forest Structural

Mean and (Std.) of Stem Form Attributes in T1 and T2 within Forest Structural Groups

Group TAP q0.5h f
T1(%)  T2(%) A (%-Points) T1 T2 A T1 T2 A

young- 21.8 195 —22 0.732 0.712 —0.020 0.531 0.508 —0.023
managed (10.6) (8.3) (9.2) (0.107)  (0.091)  (0.117)  (0.083)  (0.066)  (0.088)
young- 21.9 195 -23 0.749 0.726 —0.023 0.548 0.528 —0.019
unmanaged (15.2) (13.3) (15.2) (0.142)  (0.141)  (0.190)  (0.113)  (0.105)  (0.145)
mature- 15.1 14.6 —0.5 0.738 0.698 —0.040 0.520 0.488 —0.032
managed 6.2) (5.7) (5.2) (0.089)  (0.079)  (0.091)  (0.065)  (0.056)  (0.064)
old- 12.2 12.9 0.7 0.760 0.711 —0.049 0.536 0.495 —0.041
growth (7.4) (8.2) (4.8) (0.107)  (0.069)  (0.103)  (0.087)  (0.055)  (0.083)
Al 18.8 17.4 —14 0.743 0.713 —0.030 0.535 0.508 —0.027
trees (11.9) (10.2) (10.6) (0.117)  (0.105)  (0.139)  (0.092)  (0.079)  (0.106)

3.1.2. Changes within Similar Forest Conditions

Investigations at the forest structural group level revealed differences in the observed
changes in the studied attributes between different forest conditions. Decrease in TAP was
recorded for trees in young-managed (—2.3%-points), young-unmanaged (—2.3%-points),
and mature-managed forests (—0.5%-points) while an increase was recorded for trees in
old-growth forests (0.7%-points). TAP ranged from 12.2% to 21.9% in T1 and from 12.9% to
19.5% in T2 (Table 3, Figure 3A). Paired-sample t-tests showed that the changes in TAP were
significant (p < 0.05) only for trees belonging to young-managed and young-unmanaged
sample plots.

The point cloud-derived g 5, estimates at T1 differed significantly (p < 0.01) from the
respective estimates at T2 on young-managed, mature-managed, and old-growth forests.
In T1, g 5n varied from 0.732 to 0.760 and in T2 from 0.698 to 0.726 (Table 3). On average,
the change in g( 5, was negative for all groups varying from —0.020 to —0.049 with the
change being smallest for trees in young-managed forests and largest in old-growth forests
(Table 3).

When examining changes in f, the paired-sample t-tests showed that there was a
statistically significant (p < 0.05) change detected during the monitoring period within
all forest structural groups. The f varied from 0.520 (mature-managed) to 0.548 (young-
unmanaged) in T1 and in T2 from 0.488 to 0.528 for the same groups, respectively (Table 3).
Hence, Af was negative for all groups ranging from —0.019 (young-unmanaged) to —0.041
(old-growth).

Comparisons of the changes in TAP, qg 51, and f between sample plots within similar
forest conditions revealed that the changes in TAP, gy 5, and f were similar in most of the
cases for plots belonging to the same forest structural group. These results indicate that the
stem form was developing in the same way within similar forest conditions.
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A) Change in relative tapering (ATAP) between T1 and T2, %-points
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C) Change in form factor (Af) between T1 and T2
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Figure 3. Box and whiskers plots describing the variation in the changes of the estimated (A) relative
stem tapering (ATAP), (B) normal form quotient (Agq 1), and (C) cylindrical form factor (Af) during
the monitoring period within the forest structural groups. The black line represents the median of the
change, and the box borders show the lower and upper quartile of the variation. The whiskers are
used to indicate 1.5 times the interquartile range from the upper and lower quartiles. The changes in
TAP are presented in percentage points while changes in g 5, and f are presented in absolute units.
The horizontal red line is equal to no change.

3.1.3. Changes between Different Forest Structural Groups

Comparisons of the changes in TAP, g 5, and f between trees within different forest
conditions revealed that, in general, the changes were independent of forest structure.
Despite the fact that the changes in TAP were detected to be significant (p < 0.05) only
within young-managed and young-unmanaged forest, in pairwise comparisons between
different forest structural groups, no significant differences (p > 0.05) in ATAP were noticed.
In addition to this, estimates of TAP were on a higher level for forest structural groups
where ATAP was detected to be on a significant level. Thus, it seems that the stem form of
trees in forests in a younger development phase is developing more towards the form of
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a cylinder, in other words, the value of d; is closing on to the value of dbh. While trees in
forests in older development phases with already lower values of TAP seemed to allocate
more of their growth to the lower parts of the stem to maintain the current level of TAP. In
the case of g5, and f, however, the observed changes between different forest structural
groups were not considered statistically significant (p > 0.05), and thus, the changes in
these attributes could be considered similar for all trees regardless of forest conditions
(Figure 3B,C).

3.2. Changes in Stem Volume Allocation
3.2.1. Overall Changes

Based on the performed t-tests, all the investigated attributes characterizing stem
volume allocation had changed significantly during the monitoring period. The point
cloud-derived estimates for V, V}og, and V)oe% at T1 significantly (p < 0.001) differed from
the respective estimates at T2 when all the trees were considered. On average, AV and
AV)og were 25.4% and 67.1% for all the trees in the study, respectively, which shows that the
stem volume and the proportion of logwood volume had increased as expected (Table 4).
The V)o5% had increased on average of 4.9%-points during the monitoring period.

Table 4. Means and standard deviations (std.) of the estimated attributes characterizing stem volume allocation at the

beginning (2014, T1) and at the end of the monitoring period (2019, T2) as well as their change (A) for trees in different

forest structural groups as well as for all trees used in this study. Stem volume (V) and logwood volume (V) are reported

in m3 whereas logwood percentage (Vkog %) is presented in % in the table. Relative change in stem volume (AV) and

relative change in logwood volume (AV),,) are presented in percentages whereas change in logwood percentage (AV), %) is

reported in percentage points.

Mean and (Std.) of Stem Volume Attributes in T1 and T2 within Forest Structural Groups

Forest Structural \% Vieg Vlog%
Group AV %
T1(m3? T2 (m?) AV (%) T1m3) T2@m3 AV, (%) T1(%) T2 (%) o log”
8 (%-Points)
young- 0.192 0.259 35.3 0.101 0.162 146.2 34.0 431 9.1
managed (0.120) (0.162) (27.2) (0.125)  (0.172) (467.1) (33.7) (34.7) (13.2)
young- 0.254 0.320 29.2 0.172 0.233 76.5 37.2 426 5.4
unmanaged (0.315) (0.406) (38.7) (0.325)  (0.419) (220.2) (38.5) (38.6) (15.2)
mature- 0.560 0.660 17.8 0.486 0.582 235 75.8 77.3 1.6
managed (0.360) (0.432) (16.1) (0.381)  (0.452) (34.7) (26.9) (26.3) (7.3)
old- 1.211 1.343 10.0 1.153 1.280 185 82.7 83.4 0.7
growth (0.791) (0.893) (13.7) (0.813)  (0.911) (63.4) (30.2) (28.6) (4.4)
Al 0.459 0.544 254 0.380 0.459 67.1 52.0 56.9 49
trees (0.546) (0.617) (29.6) (0.563)  (0.635) (267.0) (39.5) (38.1) (12.3)

3.2.2. Changes within Similar Forest Conditions

When investigating changes in the volume allocation within the different forest struc-
tural groups, it was noticed that the increase in the point cloud-derived estimates for V and
Viog Was statistically significant (p < 0.001) for all the forest structural groups. The V ranged
from 0.192 m3 to 1.211 m® in T1 and from 0.259 m? to 1.343 m? in T2 with the respective
relative changes in V varying from 10.0% in old-growth forests to 35.3% in young-managed
forests (Table 4 and Figure 4A). Similarly, the V)o, ranged from 0.101 m? to 1.153 m? in
T1 and from 0.162 m? to 1.280 m? in T2 with the respective relative change varying from
18.5% to 146.2%. The change in V)% was considered statistically significant (p < 0.01)
in young-managed, young-unmanaged, and mature-managed forests. The mean V3%
ranged from 34.0% to 82.7% in T1 and from 43.1% to 83.4% in T2 with the respective change
being 0.7-9.1 percentage points (Table 4 and Figure 4B).
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Figure 4. (A) Mean stem volume and logwood volume of trees in different forest structural groups in T1 and T2. The bars
represent the mean stem volume (V, m3) and mean logwood volume (Viogs m3) in T1 and T2 within forest structural groups
young-managed, young-unmanaged, mature-managed, and old-growth, respectively. (B) Mean logwood percentage (V)44 %,
%) in T1 and T2 within the forest structural groups used in the study.

Then, it was also further tested whether the changes in V, V},,, and Vg% were similar
within sample plots belonging to the same forest structural group. In general, the relative
changes in the allocation of volume and logwood volume of tree stems remained at the
same level within the sample plots belonging to the same forest structural group. Moreover,
for AV}, %, the changes were similar in most of the cases within the same forest group.
This further supports the finding that the volume allocation of trees was mainly similar
among the plots within the specific structural group.

3.2.3. Changes between Different Forest Structural Groups

The realized increments in V, Viog, and V% seemed to vary between the forest
structural groups being at a higher level in young-managed and young-unmanaged than
in mature-managed and old-growth forests. The AV was highest among trees in young-
managed forests followed by young-unmanaged, mature-managed, and old-growth forests,
respectively (Figure 5A). Two-sample t-tests showed that the respective HO could be rejected
with p < 0.05 in all comparisons between the groups, which means that the relative change
in V was significantly dependent on the forest structure.

For Vg, the pairwise comparisons showed a significant difference (p < 0.001) in
AV)og between trees in young-managed and mature-managed forests as well as between
trees in young-managed and old-growth forests, respectively. AV, was most intensive
in young-managed (146.2%) and young-unmanaged (76.5%) forests in contrast to the
respective changes of 23.5% and 18.5% in mature-managed and old-growth forests (Table 4,
Figure 5B). This means that, on average, AV, was on a significantly higher level among
trees in young-managed forests compared to trees in mature-managed or old-growth
forests.

The pairwise comparisons between forest structural groups showed that there was
a significant difference (p < 0.001) in AV)s% in all other comparisons except for the
comparison between mature-managed and old-growth forest. These two groups also had
the smallest increase in V),;% with 1.6 and 0.7 percentage points, respectively, whereas
an increase of 9.1 and 5.4 percentage points was recorded for trees in young-managed
and young-unmanaged forests, respectively (Table 4, Figure 5C). These findings can be
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interpreted that the trees belonging to the old-growth forests are already close to reaching
their maximal level of Vo4 %.

A) Relative volume growth (AV) between T1 and T2, %
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Figure 5. Box and whiskers plots describing the variation in change of the estimated stem volume
attributes within the forest structural groups during the monitoring period. In the plots, the black
line represents the median of change and the box borders show the lower and upper quartile of the
variation. The whiskers are used to indicate 1.5 times the interquartile range from the upper and
lower quartiles. In (A), the relative change in stem volume (AV) and, in (B), the relative change in
logwood volume (AV),,) are presented in percentages. In (C), the change in logwood percentage of
tree stems (AV/o %) is reported in percentage points. The horizontal red line is equal to no change.

4. Discussion

The main objective of this study was to investigate the feasibility of using two-date
TLS point clouds in examining changes in the stem form and volume allocation in diverse
boreal forest conditions. A total of 736 trees from 37 sample plots were characterized
with point clouds at the beginning and at the end of the five-year monitoring period. The
results showed that the trees were grown in stem volume, and the proportion of logwood
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volume was increased (see Figure 4), as expected based on earlier findings reported by
e.g., [25]. According to our investigations, the stem form had changed, and on average,
the stem shape was slightly approaching the form of a cone instead of a cylinder. This
implied that the trees tended to allocate more stem wood to the lower parts of the stem.
Then, the experimental design of this study enabled analyzing changes in tree growth in
different forest structural conditions. For this task, the sample plots were divided into
four forest structural groups that represented different growing conditions (see Table 2
and Figure 2). Pairwise comparisons within and between the groups revealed that at the
whole tree level the changes in the stem form were similar regardless of the forest structure.
Although an increase in V and V), was recorded for trees in all the forest structural groups,
the relative increment of V),; was at the same level among trees in young-managed and
young-unmanaged forests as well as among trees in mature-managed and old-growth
forest (see Figure 5). The growth rate of V and V., was noticed to be at a higher level in
young-managed and young-unmanaged forests, followed by mature-managed and old-
growth forests. Altogether, these findings were in line with the current understanding of
how trees allocate their growth, which supported the hypothesis of this study that changes
in the stem form and volume allocation can be observed with two-date TLS point clouds.

Performance of the point cloud processing method used in this study to extract
attributes characterizing stem form and volume allocation was validated in [49,51]. The
conclusion of the studies was that the forest structure is the most important factor affecting
the accuracy of the point cloud-based method. This was also visible in this study. The
accuracy of estimating dbh and tree height (see Table 2) was somewhat uniform on sample
plots of young-managed, mature-managed and old-growth forests, whereas the accuracy
was on a lower level on sample plots of young-unmanaged forests, which were structurally
different to the other groups (see Figure 2). On average, the accuracy of point cloud-based
estimates for dbh (RMSE ~0.9 cm at T2) was, however, considered accurate regardless of
forest structure (see, e.g., [31]). In this respect, it is expected that the level of accuracy
of the point cloud-derived estimates for diameter measurements along the stem is to a
large extent on the same level of accuracy with the point cloud-derived dbh estimates.
Thus, it is expected to be relevant to compare differences in the changes of TAP, 4 5, and
Viog between the forest structural groups, as the accuracy of these attributes is largely
dependent on the accuracy of diameter estimates. On the other hand, the accuracy of point
cloud-derived estimates of f, V, and V|o5% is partly influenced by the accuracy of point
cloud-derived tree height estimates, which is a more challenging attribute to be derived
from TLS point cloud data (see, e.g., [30,31,59]). The accuracy of point cloud-derived
estimates for tree height varied more with forest structure (RMSE 1.7-5.4 m) which may
explain some of the variation in the estimates of Af, AV, and AV, % between trees from
different forest structural groups.

Related to the performance of the point cloud-based approach, the incapability of the
method to detect all the trees from all the sample plots somewhat limited the analyses
of the possible differences in stem form and volume allocation between forest structural
groups. As expected, the tree detection rate on sample plots belonging to the group of
young-unmanaged forests was clearly lower (35.7%) than on sample plots belonging to
the other groups (77.6-86.5%) with most of the undetected trees being small in size. This
resulted in the fact that the populations of trees that were characterized from point clouds
were, to a large extent, similar between young-managed and young-unmanaged forests
(see Figure 2). In both groups, the characterized trees were mainly the largest ones and
thus expected to have the best growing conditions. In this regard, it is obvious that changes
between trees in young-managed and young-unmanaged forests were found similar in this
study. On the other hand, this finding is supported by the earlier studies regarding tree
growth stating that, irrespective of stand density, the age and size as well as the competitive
status of a tree determine its growth rate [13,14,16].

Differences in the changes of stem form and volume allocation between trees in young-
managed and mature-managed forests as well as trees in young-managed and old-growth
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forests are explained by the age of the trees through the development phases of the forest
stands. According to the field measurements, the trees were smaller in size in the younger
forests than in the mature and old-growth forests (see Table 1 and Figure 2). With a larger
stem diameter, the diameter increment tends to decrease because the stem girth increases;
in other words, more wood is needed just to add one more layer of cells to xylem. Thus,
it is evident that with the same level of diameter-increment, a larger tree accumulates
more volume than a smaller tree. This justifies why the growth rate of trees was the
highest in young-managed forests, where the dbh was noticed to increase by 9.7% during
the monitoring period, followed by trees in young-unmanaged (7.2%), mature-managed
(4.9%), and old-growth forests (2.6%). The smaller the tree is, the higher is the relative
growth, although in absolute terms, the tree growth, measured as an increment in stem
volume, for example, may remain at a lower level for young and small trees than for old
and large trees (see Table 4). According to the results of this study, the same seems to
apply with logwood volume, whose relative amount increases noticeably once the stem
diameter reaches the minimum requirement set for logwood before saturating at a later
point (e.g., [25]). Considering the obtained results here, in young-managed and young-
unmanaged forests, the proportion of logwood from the total stem volume of the trees was
at a seemingly lower level in T1 than in mature-managed and old-growth forests, and thus,
even a minimal increment in absolute amount of logwood will lead to a substantial relative
increase during the monitoring period (Table 4 and Figure 5). Considering changes in the
stem form, it was noticed that more stem wood was allocated at the lower parts of the
stem although the observed changes were small (Figure 3), and no significant differences
between the different forest structural groups were noticed. However, this was somewhat
expected based on experience gained from [48], where small changes in stem form were
observed during a nine-year monitoring period. In [48], TAP was noticed to slightly
decrease while gy 5, increased, and no statistically significant differences were recorded for
f, which are partially contradictory to the findings of this study. However, it needs to be
pointed out that the sample size in [48] was considerably lower and field measured tree
height as well as different methods for deriving the attributes from point clouds were used.
Altogether, the results obtained in this study regarding how trees allocate their growth are
logical, and thus, the differences in the growth of trees between different forest structural
groups are justified. On the other hand, the findings confirm the investigated hypothesis
stating that the changes in the stem form and volume allocation among trees in different
forest conditions can be observed with two-date point clouds.

The feasibility of using TAP, qpsn, and f to characterize stem form is two-folded.
When based on traditional field measurements with calipers and clinometers, the use of
attributes that can be observed and modelled through a couple of diameters and tree height
is justified. However, the results of this study showed that different conclusions can be
drawn based on how the stem form has evolved, as the studied attributes characterize
slightly different aspects of the stem form. By definition, TAP measures how much the stem
tapers between 1.3 and 6 m, and as the heights are fixed at certain heights, their relative
height along the stem changes over time, which can lead to inconsistencies especially in
monitoring studies [19]. Therefore, observing stem taper using diameter measurements
from relative heights along the stem would be more suitable for detecting changes in stem
form (e.g., [60]). From a forest management and timber production point of view, however,
TAP indicates the characteristics of the most valuable first log [19]. The findings of this
study, related to potential inconsistencies in interpretation of the attributes currently used
to describe the stem form, may give further support to the need to improve and develop
new measurement methods and attributes. Following the example of [61], it could be
possible to use the TLS-based point clouds and taper curves derived from them efficiently
in providing new attributes and more exact information on the changes in stem form, either
on their own or together with the attributes now in use. However, additional studies are
still needed to determine which could be the best-fit attributes to be derived from the taper
curves to improve the understanding and monitoring of the changes in stem form of trees.
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Compared to the use of conventional forest mensuration tools, the point cloud-based
methods enable detailed characterization of the 3D structure of trees (e.g., [29,30,35,39])
and their change in time [49]. The results of this study demonstrated that the point cloud-
based methods can be successfully utilized also in detecting changes in the stem form and
volume allocation of trees, and the validity of the findings were confirmed in different
forest conditions. In general, tree growth reflects the availability of growth resources and
competition between trees [4-8]. A tree that is capable of allocating growth to its supporting
structures, in other words, increasing stem girth and stem wood volume in general, is
considered to have adapted its growth strategies to the environment [6,9,10]. In this
respect, the capacity of a tree to allocate growth to the lowest part of the stem, in particular,
indicates the vitality and ecological status of a tree within a tree community and as a
part of a forest ecosystem. This justifies the need to develop point cloud-based methods
to monitor changes in the structure of trees and tree communities, which is especially
important considering their potential in revealing the physio-ecological processes related
to tree and forest growth. In contrast to many of the conventional methods, the use of
point cloud technology provides all the information related to tree structure repeatedly
and non-destructively, allowing one to obtain tree observations that have previously been
unreachable, for example, for ecological follow-up studies.

5. Conclusions

This study aimed at improving the understanding of the use of two-date terrestrial
point clouds in observing tree growth in boreal forest conditions, and the investigations
were focused on examining changes in stem form and volume allocation during the five-
year monitoring period. The main finding of this study was that the point cloud-based
method could detect changes in the attributes that characterized stem form and volume
allocation, and the observed changes were in line with the current knowledge of how
trees allocate their grow. The point cloud-derived attributes at T1 significantly differed
from the respective attributes derived at T2. Changes in the attributes characterizing stem
form were relatively small although still revealing that, on average, the trees tended to
allocate more of the growth to the lower parts of the stem. Further investigations in the
changes between trees within and between different forest structural conditions revealed
that the point cloud-based method could detect environment-induced differences in the
tree growth. In most cases, the growth of trees within similar forest structural conditions
was more similar than the growth of trees within different forest structural conditions.
Changes in the relative stem taper as well as in the relative increments in total stem volume
and logwood volume were more prominent among trees of younger development phases
compared with trees in mature and old-growth forests where the relative growth rate of
trees was saturated, as expected.

Altogether, the major contribution of this study was that the findings demonstrated
the feasibility of using point cloud-based methods to observe changes in tree stem character-
istics. The point cloud-based method enables non-destructive approaches for observations
of living organisms, which is preferred in monitoring applications. The validity of the find-
ings was supported by the experimental design of this study that consisted of a total of 736
trees characterized with two-date point clouds on 37 sample plots encompassing diverse
southern boreal forest conditions. The findings of this study are expected to advance the
state-of-the-art in point cloud-based forest monitoring and promote the applicability of
point cloud-based approaches as an observation method in ecological studies as well.
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