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Abstract: Exact knowledge over tree growth is valuable information for decision makers when
considering the purposes of sustainable forest management and planning or optimizing the use
of timber, for example. Terrestrial laser scanning (TLS) can be used for measuring tree and forest
attributes in very high detail. The study aims at characterizing changes in individual tree attributes
(e.g., stem volume growth and taper) during a nine year-long study period in boreal forest conditions.
TLS-based three-dimensional (3D) point cloud data were used for identifying and quantifying these
changes. The results showed that observing changes in stem volume was possible from TLS point
cloud data collected at two different time points. The average volume growth of sample trees
was 0.226 m3 during the study period, and the mean relative change in stem volume was 65.0%.
In addition, the results of a pairwise Student’s t-test gave strong support (p-value 0.0001) that the used
method was able to detect tree growth within the nine-year period between 2008–2017. The findings
of this study allow the further development of enhanced methods for TLS-based single tree and forest
growth modeling and estimation, which can thus improve the accuracy of forest inventories and offer
better tools for future decision-making processes.
Keywords: tree stem volume; tree growth; terrestrial laser scanning; ground-based LiDAR; forest
inventory; stem taper

1. Introduction
Tree growth is a result of an increase in the length, diameter, and thickness of tree stem, roots,
and branches, leading to changes in the size and form of the tree [1]. Research has shown that there
are several factors, both genetic and environmental, that affect tree growth. For instance, genetic
background, climate, altitude, soil, topographical factors, and competition, as well as damages caused
by storms, insects, and diseases, among other factors, have influence on tree growth [2–14]. Tree growth
can be determined through changes in the most typical tree attributes such as diameter at breast height
(DBH) and height (h). DBH is the most basic and the most prevalent tree attribute, and is defined as the
Forests 2019, 10, 382; doi:10.3390/f10050382

www.mdpi.com/journal/forests

Forests 2019, 10, 382

2 of 14

outside-bark stem diameter measured at 1.3-m height [1,15]. However, a diameter can be measured
from any height along the stem. Tree h is the distance between the base and the top of a standing
tree [1]. Measures of tree DBH and h are used separately or together in addition with tree species
in estimating other important single-tree attributes such as the cross-sectional area, stem volume,
or biomass of a tree [16–18]. Changes in height-specific diameters and h are the most important
factors when determining the increment in stem volume or biomass, especially with coniferous trees
in question. Periodic measurements of DBH and h are used when estimating the growth of the stem
volume, basal area, or cross-sectional area [1].
Stem form and size determine the timber assortments that can be sawn from each stem.
Thus, growth-induced changes in stem form and size affect their availability [19,20]. Sustainable forest
management is an important topic both for economical or environmental viewpoints. Irrespective of the
goals of forest management, there is a constant need for more accurate and up-to-date information on
forest resources, such as the amount of available timber, forest growth, amount of biomass, and carbon
sequestration. Changes in climate have altered the growth conditions of trees [21]. Also, the risk
for snow, wind, and insect damages has been expected to increase due to climate change [22,23].
Forest structure, tree species, and stem form affect how the trees tolerate wind and snow conditions.
Research has shown that surroundings and stem form, among other factors, affect the susceptibility
to snow or wind damage [24]. In order to be able to deepen the knowledge of tree growth pattern,
methods for measuring changes in tree from and size are required.
There are some methods that have traditionally been used for determining the tree growth.
Measuring DBH and h from the beginning and the end of a study period provides information about
past growth and allows estimating the change of biomass or stem volume (see, e.g., [16–18]). Both DBH
and h measurements can be easily repeated. Thus, through relying on caliper and clinometer, traditional
field measurements provide a relatively simple way of investigating tree growth. Increased accuracy
and a higher level of detail can be achieved by using dendrometer bands for measuring small-scale
diameter growth, even in short time intervals [25]. Also, several other methods for micro-scale diameter
growth measurements have been introduced by, e.g., [26–31]. However, one-time measurements of
tree DBH or h as well as dendrometer measurements do not provide information about the growth
environment of a tree and the possible changes therein. However, the use of follow-up measurements
on fixed sample plots (including, e.g., tree maps) allows following the changes that have happened
within small-scale tree communities.
If earlier measurements are not available, increment measurements can be used for providing
information about tree growth. For measuring diameter growth, either increment borings or
cross-sectional cuts can be used (see, e.g., [1]). The annual increment can be measured from growth
rings for any time period, as far as annual growth is detectable for the tree species in question.
However, increment measurements that require boring or cross-sectional cuts are destructive methods.
Boring damages the stem bark, exposing the tree to pathogens, whereas for collecting cross-sectional
cuts, the tree is felled and cut into sections. Yet, as stem analysis requires that the tree is cut, it is not a
feasible method for large-scale growth monitoring. Hence, other methods are needed for that purpose.
Terrestrial laser scanning (TLS) is a relatively new method in forest inventory. The first studies
related to forest sciences are from the early 2000s [32]. TLS creates three-dimensional (3D) data that
can be further processed and used for measuring, e.g., stem attributes. TLS enables measurements at
millimeter scale without damaging trees, which separates it from the several other methods that are
used for growth measurements. Maintaining trees undamaged can be seen as an important aspect as
such. TLS has already been used for measuring single-tree attributes such as diameter along the stem
and tree height [20,33–39] as well as stem volume [40–44], biomass [45–48], and stem taper [34,37,49].
Yet, detecting tree height precisely enough for operational needs has not yet reached an adequate level
(e.g., [50]) and other solutions for measuring h may be needed. Although several studies concentrate on
measuring single-tree attributes by means of TLS, there are few studies that also cover the measurement
of tree growth and change in stem form by using TLS. Sheppard et al. [51] were able to detect volume
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growth and the effects of pruning on the total volume for wild cherry (Prunus avium L.) over a two-year
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2.1. Study Area
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Figure 1. The location of study area in Nuuksio National Park in southern Finland. The location of all
four sample plots is shown in the map on the left. A closer view of the terrain is given in the zoomed-in
map, which represents one of the sample plots.
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A systematic network of sample plots was established in Nuuksio National Park in 2008 with
fixed plot intervals of 100 m. Lake Haukkalampi was used as the center point of the plot network,
since it was known that there was a variety of forests on a small area around the lake. In total, 216 plots
were included in the sample plot network and measured in the field to serve as reference primarily
for airborne laser scanning research [57]. From the whole sample, eight plots best representing the
overall variation of the study area were selected for TLS measurements. These plots were subject to
a field control again in 2017. Four of the sample plots had remained undisturbed since the first TLS
measurements and were re-scanned for this study.
The four plots were located within a 1-km radius to each other. All of the plots were located
on mineral soils, but represented different types of forests varying from sub-xeric to herb-rich heath
forests. Species composition was mainly coniferous, with Scots pine and Norway spruce as the main
tree species, but a mixture of deciduous trees also existed on the plots. The development class of the
plots varied from young thinning stands to mature plots. The sample plots were circular with a radius
of 7.98 m, and all the trees with a DBH of at least 5 cm were measured.
2.2. Sample Plot Measurements
All the measurements were performed twice in this study to provide two-date data from the
sample plots. First measurements were done in spring 2008 (T1 ) and repeated in spring 2017 (T2 ). The T2
measurements followed the same principal that was used in T1 . Both traditional field measurements
and TLS were performed on each plot. For TLS, phase-shift scanner Leica HSD6100 (Leica Geosystems
AG, Heerbrugg, Switzerland; now Hexagon AB, Stockholm, Sweden) was used with high-resolution
settings (i.e., ~10,000 pts/m2 and 6.3-mm spacing at 10-m distance from the scanner). The positional
accuracy of the scanner was 5 mm on a single-measurement range: from 1 to 25 meters. The scan
set-up consisted of a central scan at the plot center, and from four to six additional scans around the
plot. The number of additional scans varied between the plots based on the stem density and other
factors affecting the visibility in the plot (i.e., undergrowth, dominant tree species, age of the stand).
Artificial reference targets were spread out on the sample plot and used for co-registering the scans to
a single 3D point cloud covering the entire sample plot. Similar scanning set-ups and settings were
used both in T1 and T2 .
In addition to TLS measurements, species, the DBH and h of all the trees on the plot were recorded
during the field measurements. h was measured with a Haglöf Vertex Ultrasonic (Haglöf Sweden AB,
Långsele, Sweden) clinometer on a 0.1-meter scale. Before measuring h, the clinometer was calibrated
to current weather conditions.
All the trees from the sample plots with DBH ≥5 cm in 2008 and which were defined as living still
in 2017 were included the study. Finally, from the four sample plots, a total of 35 trees were available
for analysis. Of the 35 trees, 10 were Scots pines, 14 were Norway spruces, five were silver birches
(Betula pendula Roth), and five were other deciduous trees (one maple (Acer Platanoides L.), two aspens
(Populus tremula L.), and three lime trees (Tilia cordata Mill.)). Tree sizes on sample plots varied in DBH from
6.2 cm to 50.7 cm, and in h from 5.0 m to 34.0 m, according to the measurement data from 2008 (Table 1).
Table 1. Summary of plot-level variables. Number of trees, plot-level mean, minimum, and maximum
values for diameter at breast height (DBH) and height (h) in T1 .
Plot

Number
of Trees, n

DBH, cm

h, m

Mean

Min

Max

Mean

Min

Max

1
2
3
4

10
6
9
10

10.5
30.7
22.1
31.2

7.6
26.8
7.2
6.2

14.5
39.0
45.0
50.7

10.2
26.9
19.4
25.4

7.1
24.7
5.6
5.0

12.8
29.7
31.0
34.0

Total

35

22.8

6.2

50.7

19.8

5.0

34.0
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2.3. Data Processing and Measurement Method
The TLS data from individual scans were co-registered in the Z + F LaserControl program
(Zoller and Fröhlich GmbH, Wangen im Allgäu, Germany) using artificial reference targets. Trees were
identified from the point clouds using tree maps that were created from the data. After this, tree-specific
point clouds were extracted with TerraScan software (Terrasolid, Helsinki, Finland). The TLS data
processing was done following the same steps for data from both time points (T1 and T2 ) of the study.
Diameters along the stem (i.e., taper curves) for each tree were determined from the tree-specific
point clouds by fitting circles with 10-cm intervals along a stem. The method is described in more
detail in Saarinen et al. [40]. Stem volumes were estimated from the taper curve using Huber’s
formula following the method of Saarinen et al. [40] with the exception that field-measured h was
used instead of TLS-derived h. The main reason for this was that several studies have shown TLS to
underestimate tree height [32,37,58], whereas clinometer measurements have provided more reliable
results (see, e.g., [59]).
2.4. Estimating Attributes for Individual Trees
Several attributes describing tree size and stem taper were calculated for all the 35 sample trees by
using TLS-based attributes. The attributes have been developed to describe the stem form and were
thus suitable for investigating changes between T1 and T2 .
Stem taper is defined as the difference between diameter measurements from two pre-determined
heights (Equation (1)):
TAP = DBH − d6.0
(1)
where TAP is the stem taper, DBH is the diameter at breast height, and d6.0 is the diameter at 6.0-meter
height. Calculating the difference between TAP values of T1 and T2 shows how the growth pattern of
the tree has changed over time.
Cylindrical form factor (f ) describes the relationship between the stem and a cylinder whose
diameter equals the DBH and the height (h) of the tree [1]. It is the most commonly used version of
form factors, and is also known as the breast height form factor (Equation (2)):
f =

Vol
gh

(2)

where Vol is the stem volume of the tree, g is the basal area of the tree at breast height, and h is the
height of the tree.
The ratio between DBH and some other diameter along the stem is known as the form quotient.
The normal form quotient [60] was used in this study to describe the ratio between DBH and diameter
at one-half of the total tree height (d0.5h ) (Equation (3)):
q0.5 =

d0.5h
DBH

(3)

where q0.5 is the normal form quotient, DBH is the diameter at breast height, and d0.5h is the diameter
at one-half of the total tree height. For both f and q0.5 , a value equal to one would mean that the stem
form is equal to a cylinder. Thus, an increase in f or q0.5 means that the stem form is developing toward
a cylindrical form.
Stem slenderness can be evaluated with the height-to-diameter ratio (HDR) (Equation (4)):
HDR =

h
DBH

where h is the height of the tree and DBH is the diameter at breast height.

(4)
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2.5. Evaluating the Method’s Suitability for Detecting Change in Stem Volume and Stem Taper
The difference in stem volume estimates was evaluated between T1 and T2 . Statistical significance
of the detected change was evaluated using Student’s pairwise t-test. For stem volume, the null
hypothesis stated that the method wouldn’t be able to detect tree growth within the period between
T1 and T2 . For the other stem attributes, Student’s pairwise t-test was used to evaluate whether a
statistically significant change had occurred in TAP, f, q0.5 , or HDR. For these attributes, the null
hypothesis was formulated that “No change in stem form attribute has occurred within the period
between T1 and T2 ”. In addition to statistical analysis, the change between T1 and T2 was evaluated by
investigating the amount of the change among the sample trees. We also studied whether the potential
change was similar for all the tree sizes and species, or whether some differences could be found.
For all the stem attributes, the absolute change between T1 and T2 was calculated by determining
the difference between the attribute values (Equation (5)):
∆X = XT2 − XT1

(5)

where XT1 is the value of an attribute in T1 , and XT2 is the value of an attribute in T2 .
The relative change in stem attributes between T1 and T2 was calculated by dividing the absolute
change with the original attribute value from T1 (Equation (6)):
∆X% =

∆X
XT1

(6)

where ∆X is the absolute change of an attribute, and XT1 is the value of an attribute in T1 .
The change in stem diameters between T1 and T2 was also evaluated visually by plotting both taper
curves simultaneously. For each sample tree, the changes in the stem form could be viewed throughout
the whole tree from the taper curve plots. Taper curve plots gave additional information that was used in
support when analyzing the detected change in stem attributes. For this study, three sample trees were
selected for use as examples of visualization. The first selected tree was a Norway spruce with a DBH of
39.0 cm and a h of 28.6 m. Considering the attributes within the whole sample, the tree was determined as a
“large coniferous tree”. The second example was a Scots pine with a DBH of 11.4 cm and a h of 11.2 m in
2008, which was classified as a “small coniferous tree”. The third example tree was an aspen with a DBH of
49.2 cm and a h of 32.6 m. It was determined as an example for a “large broadleaved tree”.
3. Results
Measurement results for the sample tree species, DBH, h, Vol, TAP, f, q0.5 , and HDR from both T1
and T2 are presented in Table S1. The mean Vol of sample trees increased from 0.611 m3 in T1 to 0.838
m3 in T2. The minimum and maximum Vol were 0.013 m3 and 2.558 m3 , and 0.013 m3 and 3.925 m3
for T1 and T2 , respectively. The average TAP for the sample trees was 4.5 cm in T1 and 3.6 cm in T2 ,
indicating a smaller tapering in T2 . The average values of f, q0.5 , and HDR were 0.47, 0.64, and 0.92,
in T1 , and 0.50, 0.71, and 0.93 in T2 , respectively.
The change in stem attributes during the study period is presented in Table S2. Positive values
indicate the increase of an attribute during the study period, whereas negative values indicate a
decrease in the attribute. The relative growth in Vol varied from 4.3% to 240.3% during the study
period. Also, the results of a pairwise Student’s t-test gave strong evidence (p-value 0.0001) against
the null hypothesis, which means that the method was able to detect stem volume growth within the
nine-year study period. In addition, Table 2 presents the pairwise Student’s t-test results for evaluating
the null hypothesis “No change in stem form attribute has occurred within the period between T1 and
T2 ” in TAP, f, q0.5 , and HDR. For both TAP and q0.5 , a null hypothesis could be rejected with p-values of
0.0023 and 0.0081, respectively. Whereas for f and HDR, the null hypothesis stood due to respective
p-values of 0.0589 and 0.7606. Based on this, changes in TAP and q0.5 did happen during the study
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period, whereas the stem form didn’t change significantly when considering the relationship between
h and DBH (HDR) or Vol in relation to the basal area and h (f ).
Table 2. The p-values of Student’s pairwise t-test, where it was tested whether the stem form attributes have
changed during the study period. The null hypothesis stated that no change in stem form attribute has occurred
within the period between T1 and T2. For tapering (TAP) and normal form quotient (q0.5), the null hypothesis
could be rejected, and for the cylindrical form factor (f ) and height-to-diameter ratio (HDR), it was upheld.

p-value

TAP

f

q0.5

HDR

0.0023

0.0589

0.0081

0.7606

The TAP mainly decreased for most of the sample trees during the study period, but there were also
a few trees for which TAP had increased. The values of f and q0.5 had mainly a minor increase among the
sample trees, even though there were differences between individual trees with ∆f ranging from −29%
to 59% and ∆q0.5 ranging from −35% to 142%. For HDR, the change was only a few percentage points
for most of the sample trees. However, as the changes were both positive and negative, there was no
clear trend in the change. The mean change between T1 and T2 per sample tree was also calculated for
Vol, and other attributes were used for describing the stem taper. These results are presented in Table 3.
The mean increment in Vol was 0.226 m3 , which corresponded to the mean relative change of 65.0%.
TAP decreased on average 0.8 cm (−13%), which means that the absolute diameter growth at the height of
6.0 m was at a little higher rate than that at the breast height during the study period.
Table 3. The change in stem attributes: the mean, standard deviation, and mean of relative change per
sample tree in stem volume (∆Vol), tapering (∆TAP), cylindrical form factor (∆f ), normal form quotient
(∆q0.5 ), and height-to-diameter ratio (∆HDR) for all the sample trees used in the study.
∆Vol, m3

∆TAP, cm

∆f

∆q0.5

∆HDR

Mean

0.226

−0.8

0.03

0.07

0.01

Std.dev

0.298

1.5

0.09

0.14

0.10

Mean relative change

65.0%

−13%

9%

15%

1%

The species-specific relative change in Vol (i.e., growth) between T1 and T2 was 125% for Scots
pine, 44% for Norway spruce, 21% for Silver birch, and 52% for the other broadleaved species in the
study. For Scots pine and Norway spruce, the relative change in TAP was negative (−34% and −12%,
respectively) whereas TAP was positive for both Silver birch and other broadleaved trees (9% and
3%, respectively). The value of f increased for all the tree species (Scots pine 9%, Norway spruce
9%, Silver birch 18%, and other broadleaved trees 1%) similarly to q0.5 (13%, 15%, 35%, and 4%,
respectively). The HDR had a marginal relative change for all the species (6%, −2%, −1%, and 1%)
during the nine-year study period (Table 4).
Table 4. Species-specific mean attributes in T1 and change in species-specific stem attributes. The relative
change in stem volume (∆Vol), tapering (∆TAP), cylindrical form factor (∆f ), normal form quotient
(∆q0.5 ), and height-to-diameter ratio (∆HDR) for four different classes of tree species. Also, mean
diameter at the breast height (DBH), tree height (h), and stem volume based on measurements from
2008 are given in the table to describe the tree species classes in detail.
Mean DBH
(cm) 2008

Mean h
(m) 2008

Mean Vol
(m3 ) 2008

∆Vol
(%)

∆TAP
(%)

∆f
(%)

∆q0.5
(%)

Pinus sylvestris, L.

10.5

10.2

0.049

125%

−34%

9%

13%

6%

Picea Abies (L.) H. Karst

27.3

23.8

0.796

44%

−12%

9%

15%

−2%

Betula pendula

34.0

28.5

1.070

21%

9%

18%

35%

−1%

Other broadleaved

23.8

19.1

0.735

52%

3%

1%

4%

1%

Species Class

∆HDR
(%)

Forests 2019, 10, 382

8 of 14

In Figure 2, taper curves from both T1 and T2 are plotted to visualize and describe the growth and
development
of stem form for all three example trees.
Forests 2019, 10, x FOR PEER REVIEW
9 of 15

Figure 2. Graph describing the stem form of Norway spruce (Picea abies (L.) H. Karst.) (large coniferous
tree), Scots pine (Pinus sylvestris L.) (small coniferous tree), and Aspen (Populus tremula) (large broadleaved
tree). The red circles represent the estimated stem form in 2008, and the blue circles are drawn to represent
the stem form of the same tree in 2017. The change in stem form can be viewed by comparing the red and
blue graphs to each other. The attributes used to describe the tree and its stem form (DBH, h, Vol, TAP, f,
q0.5 , and HDR) are shown in separate legends both for 2008 (red) and 2017 (blue).
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4. Discussion
In total, 35 trees from four sample plots were measured at two different time points to investigate
whether measuring the change in stem volume and other stem attributes is possible by using two-date
TLS data. The aim was also to find new opportunities and solutions for detecting the tree growth.
The results showed that it was possible to identify stem volume growth with TLS data acquired at two
points of time, in 2008 and 2017. Additionally, changes were discerned in attributes characterizing stem
form, and gave evidence that TLS point clouds can be used in follow-up measurements for determining
stem volume growth. The results provided further information for developing new tools for forest
growth research, where traditional ways of measurement are still widely in use.
Tree stem volume was estimated for all trees combining the method presented in Saarinen et al. [40]
and h measured with Vertex clinometer. Both DBH and h for all the 35 sample trees increased between
T1 and T2 . Based on the results, the relative Vol growth of sample trees had large variation during
the study period (from 4.3% to 240.3%). Since the sample trees were located in diverse growth
environments and represent various species as well as size and age classes, the level of volume growth
was expected to vary (e.g., [12,61]). Even though the accuracies of TLS-based DBH and Vol estimation
as well as field measured h are well known [33–40,42–44], more studies with larger amount of sample
trees would be needed for further examining the volume growth detection.
Except for the rather clear change in stem volume, there were no equally clear trends in the other
attributes describing the stem form of sample trees. However, according to Student’s pairwise t-test,
a statistically significant change could be detected for both TAP and q0.5 , whereas a similar change in
HDR or f was not observed. On average, TAP decreased for the sample trees. When investigating
the species-specific change, it was notable that TAP decreased for coniferous species, but increased for
broadleaved sample trees. The largest decrease in TAP was detected for Scots pine trees. However, it needs
to be pointed out that all Scots pine sample trees were relatively small and still in a younger development
phase when compared to other sample trees. To be able to draw further conclusions about the change in
tapering during the lifetime of a tree, a longer follow-up period with several measurements or more sample
trees from various size and age classes would be required. Using TLS-based high-quality point clouds
could be an option for re-considering the definition and measurement of stem tapering. For example, with
the ability of observing the diameter at any height, tapering could be measured by comparing diameters
from other heights than the traditional 1.3 m and 6.0 m.
On average, the values of q0.5 increased slightly. As DBH is in a divisor in the formula of q0.5 ,
it can be stated that diameter above the 1.3-meter height (i.e., for q0.5 , the height corresponding to 50%
of the total tree height) had increased relatively more than the DBH. Also, if the absolute increase in
d6.0 is larger than in DBH, it causes TAP to decrease. Although small changes were detected also in f
and HDR, they were not statistically significant. Even though it can be stated that changes in stem
form do happen, it is possible that no significant changes in HDR or f should even be detected for
all the trees during the study period. This is because until a certain point of development, both DBH
and h increase as the tree grows [1]. However, it also needs to be noticed that the few exceptional
observations in each TAP, f, q0.5 , and HDR could be caused by trees allocating their growth differently.
For example, the location, the effect of surrounding trees, and other factors affecting the growth can
lead to differences in increments of DBH and h [12–14]. Based on results in this study, further research
on the effects of different growth conditions and development phases on stem form is needed to cover
this issue more in detail.
There are several traditional methods for monitoring tree growth. Measuring DBH with calipers
or diameter tape and h with a clinometer provides precise results for current tree attributes [59].
By using repeated measurements, the measurements can also be used for monitoring tree growth [62].
Dendrometer bands can be used for following the diameter growth of a tree in real time, and the
measurements can even be completed on several heights at the same time (e.g., [25,31]). These methods
can provide exact information about tree growth. However, they are relatively slow, laborious, and thus
expensive for collecting large amounts of data. In addition to on-top-of-the-bark measurements,
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destructive methods such as increment borings or cross-sectional cuts of stems have been used for
increment measurements. In contrast to these methods, TLS measurements are non-destructive for
trees and the growth environment.
When using the traditional methods, investigation and comparison between the present
and the past can only be done by using the recorded attributes from the earlier measurements.
Thus, no additional information can be gained from the past status. Even though TLS-based
measurements are somewhat time consuming both in the field and in the data-processing phase, the
resulting point clouds provide the possibility of measuring numerous attributes of the trees [32,56].
For example, taper curves or stem models can be created for any tree [36]. An additional strength of
TLS-based measurements is that once the point cloud has been created, it is always available for future
use, and new attributes can be measured if needed.
Regardless of the practicality of the traditional methods, there are many factors that support
the use of TLS-based growth measurements. Sheppard et al. [51] and Kaasalainen et al. [52] have
already used TLS-based point clouds to detect tree growth in a shorter time period than the nine years
used in this study. In addition, several studies have shown that TLS-based measurements provide
accurate information about tree diameter [36,37], and that it has been successfully used for measuring
stem volume [40,44] and biomass [46–48]. However, measuring h remains a challenge for TLS and
limits its use, especially within tall and dense stands where branches and crowns limit the visibility
of tree tops [40,44,63]. Due to the above-mentioned possibilities and limitations, a combination of
traditional field measurements and 3D point cloud data was used successfully in this study to detect
tree growth and change in stem form. The h was measured by using a Vertex clinometer, and all
the other attributes were extracted from point clouds provided by TLS. The use of 3D point clouds
enables the measurement of a wider range of attributes, such as evaluating the growth environment
and changes in stand density, for example [55,64], which is not possible from the traditional data
without additional measurements. Also, point clouds enable returning back in time to do further
measurements from old datasets. As noted in this study, such an approach could help in the further
investigation of small-scale between-tree variation in growth.
However, with the TLS technique still not capable of providing accurate estimates of h (e.g., [32]),
supplementary solutions are needed. In this study, field-measured h was used in the estimations,
but measuring h from airborne laser scanning data or predicting h with models could also be utilized
for the same purposes [65]. Also, considering tree growth and changes in stem form, the detection of
tree growth could be done by concentrating only on changes in small parts of the stem, and scale up
the measurements for deriving the growth of the whole tree.
The results of this study showed that the volume growth can be detected by using TLS-based
measurements. It was also possible to follow how the stem attributes changed during the study period.
When utilized in further research, the findings of this study will give new important information and
support for creating more accurate forest resource estimates, and thus help the decision makers find
the best possible solutions.
5. Conclusions
Measuring and allocating tree growth has been challenging by the means of traditional field
measurements, although it is one of the most important attributes. When applied to large areas, it affects
the correctness of calculations related to forest resource planning and carbon balance. This study
demonstrated the capability of TLS data for characterizing individual tree growth, but also changes in
stem form through simple attributes describing stem form. Two-date TLS-based point clouds provided
an assessment of volume growth and changes in stem form. Even if the sample trees used in this study
covered only a few tree species and size classes, the findings of this study shed new light on methods
for more accurate tree growth detection. The possibilities of utilizing TLS point clouds for providing
new attributes for characterizing stem form and its changes is an interesting area for further research.
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Improved knowledge about tree growth is one of the key issues when producing accurate information
for the needs of forest management planning or even climatic modeling.
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tree are reported from measurements for both 2008 and 2017, Table S2: The change in stem attributes between
2008 and 2017. Variables describing stem form are presented both in absolute and relative values. Trees are
presented in the same plot, species, and size-based order as in Table S1. Change in stem volume (∆Vol), tapering
(∆TAP), cylindrical form factor (∆f ), normal form quotient (∆q0.5 ), and height-to-diameter ratio (∆HDR) are given
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