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A B S T R A C T   

Detailed observation techniques are needed to reveal the underlying eco-physiological mechanisms driving tree 
growth processes. Terrestrial laser scanning (TLS) has proven to be a feasible technique for characterizing trees, 
but it has still remained unclear whether TLS point clouds and the existing point cloud processing methods can be 
used for capturing even the smallest signs of the growth process of individual trees. The aim of this study was to 
investigate the capacity of TLS in observing seasonal radial growth of boreal trees. The experimental setup 
included 91 sample trees from 20 sample plots characterized with multi-scan TLS point clouds pre- and post- 
growing season. The sample trees were equipped with dendrometers that provided reference measurements 
for the increment in diameter at the breast height (Δdbh) that varied from − 1.4 mm to 4.0 mm with a mean of 
1.0 mm. The experiment confirmed challenges related to quantification of millimeter-level increments in dbh 
using TLS but cautiously highlighted its feasibility for radial tree growth monitoring when the magnitude of 
Δdbh exceeds several millimeters and when the aim is to characterize sample plot mean rather than individual 
tree growth. While the capacity of TLS to characterize Δdbh of individual trees remained rather low (r = 0.17, p 
= 0.07), the TLS-based estimates for sample plot mean Δdbh were slightly better in line with dendrometer 
measurements (r = 0.46, p = 0.04). At an individual tree level, the capacity of TLS to determine the occurrence of 
radial tree growth seemed to be dependent on the magnitude of observed Δdbh and benefit from the analysis of 
paired diameter measurements along the stem for determining individual tree growth. The results showed overall 
classification accuracies of a) 60.7 % and b) 70.6 % for the use of TLS in determining whether radial growth had 
occurred or not when the analysis was based on a) Δdbh measurements only or b) statistically significant mean 
increment in paired diameter measurements along the stem, respectively. Using the Δdbh-based method, the 
overall accuracy improved from 56.3 % to 73.0 % when the magnitude of observed Δdbh increased from ≤ 1 mm 
to > 1 mm, as was expected. Altogether, this study contributes by demonstrating that with TLS data acquisition 
and existing point cloud processing methods, it is possible to observe seasonal increments in tree structures, 
which emphasizes the feasibility of TLS in regular monitoring of structural changes even in boreal forest 
ecosystems.   

1. Introduction 

Tree growth is an eco-physiological phenomenon that is regulated by 
several environmental factors (Ericsson et al. 1996) and observed as 
increases in trees’ physical dimensions (Landsberg and Sands 2011). The 

growth rate of a tree refers to the magnitude of biomass accumulated 
into the tree’s structures per unit time (Kershaw et al. 2016) and de-
pends on the availability of growth resources and the tree’s geographical 
location (Oliver and Larson 1996). Within stable site conditions, the past 
growth rate of trees indicates the expected future growth as well 
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(Burkhart and Tomé 2012), which enables understanding how trees and 
forests will develop in time (Weiskittel et al. 2011). The growth rate of 
trees is of interest also to the forest industry as it affects the wood 
properties (Kojima et al. 2009). At the global scale, information of tree 
growth rate is essential for monitoring carbon fluxes and finding a sus-
tainable balance between forest use and conservation (Landsberg and 
Sands 2011). 

Tree growth can directly be obtained either by subsequent obser-
vations of tree dimensions or by retrospective analyses of tree ring width 
or leading shoot length (Weiskittel et al. 2011, Burkhart and Tomé 
2012). The former method requires a certain time period in between the 
observations and can be prone to observer-induced errors if the obser-
vations cannot be repeated identically in time. This is often the case with 
tree observations based on conventional human-operated mensuration 
tools such as calipers and clinometers (Luoma et al. 2017). Uncertainty 
related to performing the measurements can be eliminated by using 
dendrometers that enable precise and almost-continuous observations of 
the development of tree stem dimensions (Pesonen et al. 2004). Mean-
while, the latter method is based on direct observations of the past in-
crements in tree dimensions which often require destructive sampling 
for accurate observations. An increment borer can be used for retro-
spectively determining the radial growth of a tree without felling the 
tree (Grissino-Mayer 2003), but resampling is required for further 
monitoring. 

Besides observing the increments in tree dimensions, determination 
of the growth rate of a tree also requires a reasonable monitoring period 
between the observations. When considering radial tree growth, the 
stem-wood formation process does not remain constant throughout a 
growing season, resulting in earlywood-latewood alteration (Pallardy 
2010; Wheeler 2011). One growing season can be thus considered as the 
shortest reasonable monitoring period for determining the growth rate 
of a tree. However, as the growth rate of trees varies by tree species and 
the geographical location of a forest stand (Landsberg and Sands 2011), 
the magnitude of growth during a growing season also varies respec-
tively. This implies that the capacity of different observation techniques 
to quantify seasonal growth is in relation to the growth rate of trees, with 
more prominent growth assumed to be more quantifiable. 

Close-range sensing in general, and terrestrial laser scanning (TLS) in 
particular, are feasible techniques to characterize trees in space and time 
(Disney et al. 2018; Morsdorf et al. 2018; Calders et al. 2020). TLS uses 
Light Detection and Ranging (LiDAR) for directed range measurements 
to record the three-dimensional (3D) characteristics of its surroundings 
(Dassot et al. 2011; Liang et al. 2016). The use of TLS point clouds and 
existing point cloud processing methods to characterize tree growth has 
many undisputed benefits over conventional mensuration techniques. 
With TLS point clouds one can obtain diameter measurements along the 
stem (Thies et al. 2004; Liang et al. 2013; Olofsson and Holmgren 2016) 
as well as metrics characterizing crown structure (Henning and Radtke 
2006; Seidel et al. 2011; Metz et al. 2013; Uzquiano et al. 2021). This is 
usually done by first applying semantic point cloud classification to 
access point cloud structures of interest and then fitting geometric 
primitives for its characterization (Yrttimaa, 2021b). The measurements 
can be repeated in time without destructive sampling, and storing the 3D 
characteristics of the trees in a digital format of point clouds enables one 
to revisit the forest stands afterwards for further observations. For the 
reader’s convenience, the term TLS hereafter refers to the process of TLS 
point cloud acquisition and related point cloud processing altogether, 
unless otherwise specified. 

Recent studies have shown the capacity of TLS to characterize 
structural changes in boreal forests during a 5-to-9-years monitoring 
period (Luoma et al., 2019, 2021, Yrttimaa et al., 2020a, 2022). Addi-
tionally, several studies have demonstrated that it was possible to 
characterize circadian branch movement of boreal trees from overnight 
TLS measurements (Campos et al., 2021; Junttila et al., 2022; Puttonen 
et al., 2016, 2019). High temporal resolution TLS data have also been 
used for studying leaf phenology in a temperate deciduous forest with 

one to three weekly TLS measurements (Calders et al. 2015) and in the 
tropics with TLS point clouds acquired every-two weeks spanning 
(Nunes et al. 2022). However, it is still unknown whether TLS, or 
terrestrial point clouds in general, can be used to capture the seasonal 
growth – a fundamental time span in the forest growth process – of 
boreal trees. Also, when assessing the accuracy of TLS for quantifying 
tree growth, the reference observations have usually been based on 
caliper and clinometer measurements. Considering the millimeter-level 
accuracy of TLS point cloud-based measurements (Hackenberg et al. 
2014; Liang et al. 2018), and the realized uncertainty in caliper mea-
surements (Luoma et al. 2017), it is noteworthy that these assessments 
could better reveal the feasibility of using TLS for observing tree growth 
if the subjectivity in the used reference could be reduced. 

The aim of this study was to investigate the capacity of TLS to capture 
seasonal radial growth of Scots pine (Pinus sylvestris L.), Norway spruce 
(Picea abies (L.) H. Karst.), birches (Betula sp.) and aspen (Populus 
tremula L.) of varying growth stages in boreal forests. It is known that the 
magnitude of seasonal dbh increment of mature trees in boreal forests is 
only some millimeters (e.g., Helama et al. 2005). Therefore, we use 
dendrometers to obtain as accurate measurements for the radial growth 
as possible by nondestructive means and use these measurements as a 
reference for assessing the accuracy of TLS for capturing increment in 
dbh (Δdbh). The radial growth rate of trees is then assessed based on the 
dendrometer measurements, and the trees are classified into two cate-
gories accordingly: 1) trees that have increased in dbh (Δdbh > 0 mm), 
and 2) trees that have not increased in dbh during the growing season 
(Δdbh ≤ 0 mm). Then, we hypothesize that with TLS it is possible to 
assess whether radial growth has occurred during the growing season, 
and that the capability of TLS to detect it improves as a relation to its 
magnitude. We also hypothesize that there is a statistically significant 
difference between the diameters measured from pre- and post-growing 
season TLS point clouds. The performance of TLS to characterize Δdbh is 
expected to improve when the level of interest is broadened from indi-
vidual tree growth to sample plot mean growth. The findings of this 
study are expected to improve the understanding of the feasibility of 
using TLS and the existing point cloud processing methods for gener-
ating enhanced knowledge of tree growth processes. 

2. Materials and methods 

2.1. Experimental setup 

The experimental design of this study consists of 20 sample plots (32 
m × 32 m) located in the Evo study site in southern Finland (61◦11′ N, 
25◦8′ E, see Fig. 1). The sample plots established in 2014 mainly include 
mature but structurally diverse forest structures from managed single- 
species stands to multi-layered, mixed-species stands with high varia-
tion of different-sized trees. Scots pine, Norway spruce, birches and 
aspen are the dominant tree species. The sample plots encompassed a 
total of 2,264 trees that were measured in the field during an inventory 
campaign that was carried out in the autumn 2019. Of these trees, a 
subsample of 159 trees in total, approximately 8 trees per each sample 
plot, were initially selected as sample trees by applying random strati-
fied sampling to ensure that different size classes and tree species were 
represented. In late May 2021, the sample trees were equipped with 
point dendrometers to monitor the radial growth of trees at the highest 
attainable level of accuracy (for more details, see Section 2.2). TLS point 
clouds were acquired from the sample plots in the spring and autumn of 
2021 to characterize trees pre (T1) and post growing season (T2; for 
more details, see Section 2.3). Altogether, 91 trees out of the total 
number of 159 initial sample trees, namely 2–8 trees per each sample 
plot, could be characterized by the TLS point clouds both at T1 and T2 to 
enable TLS-based measurements for Δdbh. For the remaining of the 
trees, dbh was obtained only at T1 or T2, which did not allow measuring 
Δdbh. Further on, this group of trees (n = 91) is considered as ‘sample 
trees’ to which the related analyses are targeted. The sample was rather 
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balanced by tree species with Scots pine (37.4 %), Norway spruce (35.2 
%), and broadleaved trees (27.5 %) each accounting for approximately 
¼ to 1/3 of all the sample trees. 

2.2. Reference observations for radial tree growth 

Reference observations for radial tree growth were obtained by the 
point dendrometers (TOMST s.r.o., Prague, Czech Republic) that 
measured radial growth at the breast height on top of the bark during the 
growing season (see Fig. 2). Loose surface of the bark was removed 
before the installment that took place in late May 2021. The 

dendrometers have a measurement resolution of 0.27 µm and they 
measure the stem radii every 15 min. After installing the sensors, the 
first seven days of data were excluded to allow the sensor to adjust on 
the bark surface. The dendrometers were let to record data until the end 
of the monitoring period, which was determined for each sample plot 
separately based on the date when the respective post-growing season 
TLS data acquisition campaign took place (see Section 2.3). One den-
drometer was installed per each sample tree, assuming that the radial 
growth was symmetrical. Thus, the observed radial growth at the breast 
height (i.e., increment in the stem radii) was transformed to Δdbh by 
multiplying with two. 

Fig. 1. Map of the study site (A), the locations of the sample plots (B) and an illustration of the terrestrial laser scanning (TLS) scan setup (C) used in the point cloud 
data acquisition. 

Fig. 2. Experimental setup for obtaining reference observations of radial tree growth. Left: point dendrometers were attached to sample trees, providing mea-
surements of dbh increment at 15 min intervals throughout the growing season. Right: three examples of the dendrometer data obtained from different tree species. 
Daily dynamics in tree diameter can be observed. First days of data for Norway spruce show the decrease in measured radius due to adjustment of the sensor. 

T. Yrttimaa et al.                                                                                                                                                                                                                               



Forest Ecology and Management 529 (2023) 120733

4

Due to the variation in weather and site conditions during the 
growing season, a tree responds to water balance by shrinking its stem 
when it is a dry season and expanding it when it is raining again 
(Herrmann et al. 2016). Therefore, the dendrometer data (see Fig. 2) 
was also visually inspected for each sample tree to verify the occurrence 
of tree growth and to exclude the effect of possible measurement failure 
to Δdbh measurement. This included examining the development of 
stem radius during the growing season using a 10-day moving average to 
reveal the occurrence of an increasing trend in the dendrometer data. 
Considering the obtained reference measurements for Δdbh and the 
examined dendrometer data profiles, the sample trees were classified 
into two groups: 1) trees that had increased in dbh, and 2) trees that had 
not increased in dbh. A tree was considered to belong to the group 1 (i.e., 
‘grown’) if Δdbh > 0 and if the dendrometer data showed a consistent 
increase in dbh throughout the growing season. Similarly, a tree was 
considered to belong to the group 2 (i.e., ‘not-grown’) if Δdbh ≤ 0 or if 
no consistently increasing trend occurred when inspecting the den-
drometer data. Based on the applied classification, a total of 77 sample 
trees were assessed to have grown in dbh during the growing season 
while no such evidence was recorded for the remaining 14 trees 
(Table 1). 

2.3. TLS point cloud data acquisition and pre-processing 

Point cloud data used in this study consisted of multi-scan TLS point 
clouds acquired at T1 and T2 covering one growing season of boreal 
forests normally beginning in late May and lasting until mid-August. The 
T1 TLS campaign was carried out in April–May 2021 while the T2 TLS 
campaign took place in September–October 2021. The scan setup con-
sisted of nine scans per each sample plot with one scan located at the plot 
center and eight auxiliary scans evenly distributed around the sample 
plot (see Fig. 1). The aim was to keep the scan setup as similar as possible 
between the campaigns to avoid differences in the point cloud charac-
teristics. A Leica RTC360 3D time-of-flight scanner was used for the 
point cloud data acquisition. The scanner operates at a 1550 nm 
wavelength with 0.5 mrad beam divergence and 6 mm (1/e2) beam 
diameter at exit, delivering a hemispherical point cloud with 300◦ ver-
tical and 360◦ horizontal field of and an angular resolution of 0.009◦. 

All the scans from each sample plot were co-registered using artificial 
reference targets attached to trees. The co-registrations were carried out 
using a Leica Cyclone Register360 software where the rotation along the 
Z-axis and translation in XY-plane with respect to the center scan were 
determined for each auxiliary scan point cloud. The point clouds were 
clipped to match with the area of the sample plots and thinned to a 
regular point spacing of 1 mm. Prior to characterizing trees from the 
point clouds, a standard height-normalization procedure was applied to 
remove topography from the point clouds. The lasground-tool from the 
LAStools software (rapidlasso GmbH, Gilching, Germany) with 
normalization parameters identical to those proposed by Ritter et al. 
(2017) was used for this task. The normalization procedure was applied 
separately for T1 and T2 to avoid possible systematic error caused by 
minor spatial misalignment between T1 and T2 point clouds due to 
differences in the applied coordinate reference systems. 

2.4. Point cloud-based methods to observe radial growth of trees 

A point cloud classification procedure initially presented in Yrttimaa 
et al. (2020b) and available in Yrttimaa (2021a) was applied in this 
study to obtain point cloud structures characterizing tree stems at T1 
and T2. This involved classifying points based on their neighborhood 
characteristics that distinguish points originating from the stem from 
points originating from branches and foliage. Smooth and cylindrical 
surfaces that formed vertically continuous point cloud clusters were 
considered as stem points. 

For dbh observations, the stem points were used to obtain a taper 
curve that was employed in estimating dbh for each tree at T1 and T2 
(for more details, please see Yrttimaa et al. (2019)). Stem diameters 
were measured at 10-cm intervals by least squares circle fitting into 
point cloud slices delineated ± 5 cm around each height interval. 
Diameter measurements were filtered (outliers removed) and then a 
cubic spline curve (smoothing parameter set to 0.5 as suggested in 
Saarinen et al. (2017)) was fitted to level unevenness in adjacent 
diameter measurements and to interpolate missing diameters. The dbh 
was determined from the taper curve as the diameter corresponding to 
the 1.3-m height. 

During the point cloud processing workflow, the geographical loca-
tion (i.e., the midpoint of the cross-section at breast height) was deter-
mined for each tree and used for matching the T1 and T2 tree 
measurements. The point cloud-based estimate for Δdbh was finally 
computed by subtracting the dbh at T1 from the dbh at T2. Based on a 
priori knowledge of the growth rate of the sample trees obtained from 
the dendrometers, Δdbh < 10 mm was expected and thus, sample trees 
with TLS-derived Δdbh > 10 mm were rejected due to assumed mea-
surement failure. 

2.5. Performance assessment 

To assess whether TLS is capable of capturing seasonal radial growth 
of boreal trees, we first analyzed the consistency of TLS-based dbh 
measurements at T1 and T2 with respect to each other and then analyzed 
how well the TLS-derived Δdbh estimates corresponded to those ob-
tained using dendrometers. Pearson’s coefficient of correlation (r) was 
used to measure the strength of the explored relationships. A strong 
relationship between T1 and T2 measurements was assumed to indicate 
consistent capacity of TLS to characterize dbh at T1 and T2, which is a 
prerequisite for obtaining reliable estimates for Δdbh. We also employed 
one-sample t-test to study whether the dendrometer-derived Δdbh was 
statistically significant (p < 0.05), in other words, if radial growth had 
occurred or not. Similarly, a paired-sample t-test was used to assess 
whether the TLS-derived dbh measurements at T1 differed from the 
respective measurements at T2. 

Performance of TLS to characterize radial tree growth was assessed 
by analyzing the relationship between the dendrometer-derived and 
TLS-derived Δdbh measurements using r to measure the strength of the 
relationship. Similar comparison was also carried out at sample plot 
level to reveal the capacity of TLS to characterize mean radial growth 
that was obtained as an average of dendrometer-derived and TLS- 
derived Δdbh by sample plots, respectively. Mean error (bias) and 
root-mean-square-error (RMSE) were used as measures for estimation 

Table 1 
Descriptive statistics of the sample trees by tree species. Minimum (min), mean, and maximum (max) values for diameter at the breast height (dbh; based on caliper 
measurements in 2019) and increment in dbh (Δdbh; based on dendrometer measurement during the growing season 2021).   

Scots pine (n ¼ 34) 
‘grown’: n = 28 
‘not-grown’: n = 6 

Norway spruce (n ¼ 32) 
‘grown’: n = 25 
‘not-grown’: n = 7 

Broadleaved (n ¼ 25) 
‘grown’: n = 24 
‘not-grown’: n = 1 

min mean max min mean max min mean max 

dbh (mm) 161 233 360 165 264 355 135 219 359 
Δdbh (mm) − 0.2 1.0 2.9 − 1.4 0.7 2.5 0 1.4 4.0  
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accuracy: 

bias =
∑n

i=1(X̂i − Xi)

n
(1)  

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1(X̂i − Xi)
2

n

√

(2)  

where n is the number of sample trees or plots, X̂ i is the TLS-derived 
Δdbh or sample plot mean Δdbh for tree i or plot i, and Xi is the corre-
sponding attribute based on dendrometer measurements. 

Capacity of the TLS-based method to capture radial tree growth was 
then assessed as a classification problem. The sample trees were classi-
fied into two categories based on TLS-derived Δdbh. A tree was classi-
fied as ‘grown’ if Δdbh > 0, otherwise the classification was ‘not-grown’. 
The TLS-derived growth classification was then compared with the 
respective dendrometer-derived classification (see Section 2.2). The 
comparison was carried out by main tree species (i.e. Scots pine, Norway 
spruce, and broadleaved trees) to reveal possible species-specific dif-
ferences. It was also assumed that the detection rate of radial tree growth 
increased by the magnitude of Δdbh, and therefore the comparison was 
carried out within different Δdbh classes: Δdbh ≥ 0 mm, Δdbh < 1 mm, 
Δdbh > 1 mm, Δdbh = 1…2 mm, and Δdbh > 2 mm. For assessing 
classification performance, we used confusion matrices and computed 
recall, precision, and overall accuracy as measures for classification 
accuracy: 

Recall =
TP

TP + FN
(3)  

Precision =
TP

TP + FP
(4)  

Overallaccuracy =
TP + TN

TP + TN + FP + FN
(5)  

where TP refers to the number of true positives (i.e., the number of 
sample trees correctly classified as ‘grown’), TN refers to the number 
true negatives (i.e., correctly classified as ‘not-grown’), FN refers to the 
number false negatives (i.e., falsely classified as ‘not grown’), and FP 
refers to the number false positives (i.e., falsely classified as ‘grown’). 
Recall measures the proportion of sample trees that have actually grown 
and that were correctly classified as ‘grown’ based on TLS (i.e., pro-
ducer’s accuracy). Precision measures the proportion of the TLS- 
classified sample trees assigned a classification ‘grown’ that were actu-
ally grown (i.e., user’s accuracy). Overall accuracy measures the pro-
portion of correctly classified sample trees, either grown or not, from all 
the sample trees. 

Besides Δdbh, the occurrence of radial tree growth was characterized 
by subsequent diameter measurements along the stem at T1 and T2. The 
analysis included paired comparison of the filtered (i.e., outliers 
removed but not smoothed or interpolated) diameter measurements, 
initially obtained for stem curve estimation, from 1.0 m to 4.0 m heights 
at 10 cm intervals using least squares circle fitting. According to expe-
riences gained from past investigations, this part of the tree stem is often 
well characterized with TLS regardless of the branching structure of a 
tree. For each sample tree, a paired-sample t-test was used to acquire 
statistical evidence whether the diameters measured at T2 were, on 
average, greater than the respective diameters measured at T1. This 
required a sufficient number of paired diameter measurements for sta-
tistical validity, and thus sample trees with < 15 pairs of diameter ob-
servations were rejected from the analysis. Sample trees that featured a 
statistically significant (p < 0.05) mean increment > 0 mm in the studied 
stem diameters were assigned a classification ‘grown’. This TLS-derived 
classification was compared with the dendrometer-based classification 
using recall, precision, and overall accuracy as the measures of the 
performance of the capacity of TLS to capture radial tree growth. 

3. Results 

3.1. Capacity of TLS to characterize radial tree growth 

The dendrometer measurements showed that the dbh of the sample 
trees had increased by an average of 1.0 mm and a maximum of 4.0 mm 
during the growing season. Considering sample trees classified 
as’grown’ based on the dendrometer measurements, the mean Δdbh was 
1.2 mm. The species-specific mean and maximum increments in dbh 
were 1.0 mm and 2.9 mm for Scots pine, 0.7 mm and 2.5 mm for Norway 
spruce, and 1.4 mm and 4.0 mm for broadleaved trees, respectively (see 
Table 1). One-sample t-tests proved statistical significance (p < 0.001) of 
the observed mean increments (i.e., mean Δdbh > 0) verifying the 
occurrence of radial growth. 

Strong relationship (r = 0.99, p < 0.001) was recorded between the 
TLS-derived dbh measurements at T1 and T2 (Fig. 3a). This indicates 
consistent performance of the TLS-based approach in dbh measurements 
that is essential for observing growth. A paired-sample t-test showed that 
TLS-derived dbh measurements at T2 significantly (p < 0.001) differed 
from the respective dbh measurements at T1, suggesting that mean 
Δdbh could be detected with TLS. 

When considering the quantification of Δdbh, the relationship be-
tween dendrometer- and TLS-derived Δdbh measurements remained 
rather weak (r = 0.17, p = 0.07). On average, Δdbh was overestimated 
by 0.7 mm (75.5 %) with an RMSE of 4.2 mm (423 %). The estimation 
accuracy was improved for trees with Δdbh > 1 mm (bias 0.8 mm/44.1 
%; RMSE 3.7 mm/135 %) while no significant differences recorded 
between tree species. However, the erroneous Δdbh estimates seemed to 
compensate at sample plot level where the relationship between the 
dendrometer- and TLS-derived sample plot mean Δdbh was generally 
stronger (r = 0.46, p = 0.04) than that recorded at individual tree level 
(Fig. 3b). On average, sample plot mean Δdbh was overestimated by 0.6 
mm (62.4 %) with an RMSE of 1.8 mm (185 %). On sample plots with 
mean Δdbh > 1 mm, the overestimation was decreased to 0.2 mm (15.5 
%) with an RMSE of 1.8 mm (131 %). 

3.2. Capacity of TLS to capture the occurrence of radial tree growth 

With a recall of 66.2 % and a precision of 85.0 %, the overall accu-
racy of the TLS-based method to classify the sample trees into ‘grown’ 
and ‘not grown’ based on Δdbh measurements was 60.7 % when all the 
sample trees were considered (Table 2, Fig. 4). This means that 66.2 % of 
the sample trees could be correctly classified as ‘grown’ using the TLS- 
based method (Fig. 4). Similarly, 85.0 % of all the sample trees classi-
fied as ‘grown’ based on TLS were also classified as ‘grown’ based on 
dendrometer measurements. The classification accuracy increased from 
53.6 % to 73.0 % when the magnitude of Δdbh increased from ≤ 1 mm 
to > 1 mm (Table 2). The performance of capturing the occurrence of 
Δdbh varied between tree species, being approximately at a similar level 
for Scots pine and broadleaved trees (overall accuracy 60.7–66.7 %) 
while slightly lower for Norway spruce (50 %; see Table 2, Fig. 4). 

Out of the total number of 91 sample trees for which Δdbh could be 
measured with TLS, 34 trees featured a sufficient number of paired 
diameter measurements at T1 and T2 to enable a probabilistic approach 
for determining the occurrence of radial growth of individual trees. 
When based on TLS-derived mean increments in the diameters along the 
stem section between 1 m and 4 m instead of Δdbh only, the overall 
accuracy of the TLS-based method to classify the sample trees into 
‘grown’ and ‘not grown’ was improved from 60.7 % to 70.6 % (Fig. 5). In 
comparison with the Δdbh-based classification, the recall remained at 
the same level (66.7 %) while the precision increased from 85.0 % to 
94.7 %. The magnitude of Δdbh did not seem to affect classification 
performance as the overall accuracy remained at the same level (~70 %) 
regardless of whether to include all the trees or only trees with Δdbh > 1 
mm (Fig. 5). 
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4. Discussion 

This study aimed at investigating the capacity of the use of terrestrial 
point clouds in observing radial growth of boreal trees over one growing 
season. We hypothesized that with TLS-based diameter measurements 
pre- and post-growing season it is possible to assess whether radial 
growth has occurred during the monitoring period. The findings ob-
tained in this study showed strong relationship (r = 0.99) between the 
TLS-derived dbh measurements at T1 and T2, implying consistent dbh 
measurements that are essential for accurately observing Δdbh. Paired- 
sample t-tests showed that TLS-derived dbh measurements at T2 were, 
on average, significantly (p < 0.001) higher than the respective dbh 
measurement at T1. This implies that a mean increment in dbh within 
the investigated tree population could be observed using the TLS-based 
method, which confirmed the studied hypothesis. Comparison with 
dendrometer measurements revealed that the accuracy of TLS-derived 
Δdbh measurements did not reach the level that would have been 
required for accurately quantifying Δdbh. Although the capacity of TLS 
to characterize Δdbh of individual trees remained rather low (r = 0.17, 
p = 0.07), the TLS-based estimates for sample plot mean Δdbh were 
slightly better in line with reference measurements (r = 0.46, p = 0.04). 
At an individual tree level, the capacity of capturing the occurrence of 
radial growth of sample trees using TLS varied and seemed to be 
dependent on the magnitude of Δdbh. The results showed an overall 
classification accuracy of 60.7 % in determining whether the tree had 
grown in dbh based on point cloud observations. As expected, the 
overall classification accuracy improved from 56.3 % to 73.0 % when 
the magnitude of observed Δdbh increased from ≤ 1 mm to > 1 mm. 
When based on mean increments in the diameters along the stem instead 

of Δdbh only, the overall accuracy was improved from 60.7 % to 70.6 %. 
Altogether, these findings confirm challenges related to observing 
millimeter-level changes in tree stem dimensions using TLS but 
cautiously highlight its feasibility for radial growth monitoring when the 
magnitude of Δdbh exceeds several millimeters and when the aim is to 
characterize sample plot mean rather than individual tree growth. 

The experimental design used in this study enabled investigation of 
the capacity to measure annual growth of the sample trees which is 
challenging to be captured non-destructively. Dendrometers provided 
accurate reference information of the radial tree growth of the sample 
trees, and identically-performed TLS campaigns ensured that the point 
cloud characteristics remained as close as possible pre- and post-growing 
season. The sample trees were rather balanced by tree species and 
featured different site conditions and maturity classes. It should be noted 
that the monitoring period of a single boreal forest growing season 
applied in this study, sets certain challenges for any approach aiming at 
capturing annual increment in stem diameters. The first challenge is 
related to repeatability of the measurements. For example, with steel 
calipers one cannot repeat the diameter measurement exactly the same 
way each time. For example, Luoma et al. (2017) reported a 3-mm 
standard deviation between repeated caliper measurements on dbh. 
Considering dbh, correctly defining the breast height (i.e., 1.3-m above 
the ground) similarly each time is relevant for reliable dbh measure-
ments. When using TLS-based methods, this potential component of 
error is considered by including a height-normalization procedure into 
the point cloud processing workflow. This means that topography is 
removed from the point cloud, and points originating from the stem 
surface and located at the height of around 1.3 m represent the point 
cloud structure for dbh measurement. When the point cloud acquisition 

Fig. 3. a) Relationship between the terrestrial laser scanning (TLS) point cloud-derived measurements for diameter at the breast height (dbh) at the beginning (T1) 
and at the end (T2) of the growing season. b) Relationship between the dendrometer-derived (Ref.) and TLS-derived measurements for dbh increment (Δdbh) of 
individual trees and sample plot mean increment. The solid line represents the 1:1 relationship and Pearson’s coefficient of correlation (r) measures the strength of 
the linear relationship. 

Table 2 
Accuracy of the TLS-based method to capture increment in diameter at the breast height (Δdbh) by tree species and by the magnitude of Δdbh. Equations for recall, 
precision and overall classification accuracy are provided in section 2.5 (see Equations (3)–(5)).   

All sample trees 
(N = 91) 

Scots pine 
(n = 34) 

Norway spruce 
(n = 32) 

Broadleaved 
(n = 25) 

Δdbh ≥ 0 mm ≤ 1 mm > 1 mm > 2 mm ≥ 0 mm > 1 mm ≥ 0 mm > 1 mm ≥ 0 mm > 1 mm 

Recall  66.2 %  60.0 % 73.0 % 69.2 %  75.5 % 85.7 %  56.0 % 65.2 % 66.7 % 66.7 % 
Precision  85.0 %  82.8 % 100 % 100 %  84.0 % 100 %  77.8 % 100 % 100 % 100 % 
Accuracy  60.7 %  56.3 % 73.0 % 69.2 %  67.7 % 85.7 %  50.0 % 65.2 % 66.7 % 66.7 %  
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campaign and related point cloud processing is then repeated using the 
same height normalization workflow, the dbh should, at least in theory, 
be measured from the same stem height. However, differences in the 
point cloud acquisition setup could lead to differences in the resulting 
point cloud characteristics and thus also geometric distortions between 
the normalized point clouds (Wilkes et al. 2017). Aiming at reaching the 
millimeter-level of accuracy in the TLS-based diameter measurements, 
we used a state-of-the-art laser scanner in a multi-scan setup consisting 
of one center scan and eight auxiliary scans per each sample plot. The 
scan setup was designed for providing detailed 3D reconstruction of the 
sample plot, being a compromise between labor-intensity and cost- 
efficiency. It should be noted that the multi-scan approach could be 
applied for each sample tree separately to result in even more detailed 
point cloud representation. However, the applied scan setup and 
resulting multi-scan point cloud represent the level of detail that can be 
collected over tree communities, not just individual trees. 

Another challenge related to capturing seasonal growth of boreal 
trees is related to the magnitude of growth, or its absence. Again, tar-
geting millimeter-level increases in stem diameters is a challenging task 

for any observation method, and thus we used dendrometer-based 
measurements as a reference. In this study, the dbh of the grown sam-
ple trees had increased by an average of 1.3 mm and a maximum of 4.0 
mm based on the dendrometer measurements. Considering findings re-
ported in prior studies performed within structurally similar forest 
conditions, the accuracy of TLS-based tree measurements may limit the 
quantification of sub-centimeter magnitude of increases in stem diam-
eter (Liang et al. 2018; Yrttimaa et al., 2020a,b). In Yrttimaa et al. 
(2020a), an overall RMSE of 9.9–12.2 mm (84–104 %) with an over-
estimation of 0.4–1.7 mm (3.8–15.0 %) was recorded for Δdbh when the 
monitoring period included five growing seasons with a mean observed 
Δdbh of 11.6 mm based on caliper measurements. In this study, Δdbh 
was also overestimated by 0.7 mm (75.5 %), although it should be noted 
that the reference observations in prior studies have been based on 
caliper measurements instead of dendrometers. Admitting certain un-
certainty related to repeated caliper measurements (Luoma et al. 2017), 
it could be a best practice in the future to use more precise observation 
methods such as dendrometers to provide reference for point cloud- 
based analysis of radial tree growth. 

Fig. 4. Confusion matrices showing the performance of the terrestrial laser scanning (TLS) -based method to observe increment in diameter at the breast height 
(Δdbh) by tree species and by the magnitude of Δdbh. The rows of each confusion matrix correspond to dendrometer-based growth classification (true class) and 
columns correspond to the TLS-based growth classification (predicted class). Diagonal and off-diagonal cells correspond to correctly and incorrectly classified trees, 
respectively. Row and column summaries display the percentages of correctly and incorrectly classified trees for each true and predicted class, respectively. 
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Considering the accuracy of TLS-based dbh measurements in gen-
eral, sometimes the processing workflow may contain steps that involve 
some randomness, which makes the exactly similar observation process 
otherwise somewhat unrepeatable. For example, RANSAC (random 
sample consensus)-based circle fitting or cylinder fitting algorithms 
commonly used for TLS-based dbh measurements (see e.g., Olofsson 
et al. 2014) may reproduce slightly different results between iterations 
(Bolles and Fischler 1981). In this respect, least squares circle fitting 
used in this study should be a more suitable method for observing small 
increments in stem diameters. Another technical consideration related 
to TLS-based diameter measurements is the effect of point cloud occlu-
sion. Sometimes the stem section of interest remains occluded by other 
vegetative forest structures, preventing point cloud characterization 
from being directly applied. The option is then to observe diameters 
from the visible parts of the stem and then use some interpolation 
method to estimate the diameter at the desired stem height. While 
involving interpolation turns diameter observations into estimates and 
may affect the accuracy of the diameter estimates, it is also a worthwhile 
method to get rid of false observations originating from inaccurate point 
cloud classification or incomplete point cloud coverage on the stem 
surface. For example, the point cloud-based method applied in this study 
employs interpolation when estimating a taper curve from subsequent 
diameter measurements, aiming at characterizing stem diameters as a 
function of tree height regardless of possible branches or other vegeta-
tive structures distorting individual diameter measurements (Saarinen 
et al. 2017). 

Capturing the occurrence of radial tree growth has traditionally been 
based on repeated point observations of some attribute of interest, such 
as dbh (Weiskittel et al. 2011, Burkhart and Tomé 2012). The use of 
dendrometer-derived Δdbh measurements as reference for radial tree 
growth naturally directs the TLS-based method to also focus on in-
crements in dbh. However, considering that single observations are 
prone to measurement errors, and TLS has the potential of measuring 
increments in practically any part of the stem, a more justified method 
for capturing radial tree growth with TLS could be the analysis of mean 
increment in subsequent diameters along the stem. The findings of this 
study revealed that the capacity of TLS to monitor radial tree growth was 
slightly improved when compared to the Δdbh-based method, although 
the sample size could have been even larger to provide stronger evidence 
for this matter. Nevertheless, these findings suggest that new approaches 
for monitoring tree growth could be investigated to make most of the 
capabilities of the available and future technology. 

While this study presents a novel investigation regarding the feasi-
bility of terrestrial point clouds in capturing millimeter-level increments 

in tree diameter, it builds upon and strengthens prior knowledge of 
terrestrial point cloud-based forest characterization in general. While 
terrestrial point cloud-based individual tree growth monitoring has 
generally gained less attention, recent studies have enlightened its po-
tentiality as a feasible observation tool for spatiotemporal character-
ization of trees. While the experiments of this study were carried out in 
southern boreal forests, it is worthwhile to highlight that the findings 
suggested that a more prominent growth was more observable. Thus, 
there is a realized potential in applying TLS-based tree growth moni-
toring in more productive geographic regions as well. In addition to 
multi-scan TLS that was used in this study, other techniques for 
obtaining detailed point clouds for spatiotemporal characterization of 
trees include mobile laser scanning (MLS) and terrestrial photogram-
metry (TP). In MLS, the point cloud is acquired from a mobile platform 
which makes the point cloud data acquisition process more suitable for a 
wider range of applications in forest science and forestry (e.g., Kukko 
et al. 2017; Hyyppä et al. 2020). Terrestrial point clouds suitable for 
detailed monitoring of tree characteristics can also be acquired with 
reduced costs by means of close-range TP (e.g., Mokroš et al. 2018; 
Hunčaga et al. 2020), although its capacity in observing tree growth has 
not yet been studied. However, the geometric accuracy of MLS- and TP- 
derived point clouds still fall short of that of TLS-derived point clouds. 
Currently it remains uncertain and requires future investigation whether 
advances in sensor technology and positioning methods bridge the gap 
between TLS and the alternative close-range sensing methods to enable 
observation of millimeter-level changes in forest structures. 

5. Conclusions 

It is of interest to many researchers across disciplines to better un-
derstand how trees grow and how they respond to changing environ-
ments. More detailed observation techniques are needed to reveal the 
underlying eco-physiological mechanisms driving the tree growth pro-
cess. Close-range laser scanning has proved to be a feasible technique for 
characterizing trees, but until recently, it has remained unclear whether 
TLS is capable of capturing even the smallest signs of growth for indi-
vidual trees. This study bridges this knowledge gap by demonstrating 
the possibility of using TLS in capturing the occurrence of seasonal 
radial growth of southern boreal trees. According to the findings ob-
tained in this study, the capacity of TLS to capture radial growth 
improved when the diameter increment exceeded 1 mm or when the 
determination of the occurrence of radial tree growth was based on 
statistical analysis of mean increments in paired diameter measurements 
along the stem rather than Δdbh only. This strengthens the applicability 

Fig. 5. Confusion matrices showing the performance of the terrestrial laser scanning (TLS) -based method to observe radial growth of sample trees, presented by the 
magnitude of dendrometer-derived diameter at the breast height (Δdbh). Based on TLS, a tree was considered to have grown if a paired-sample t-test showed 
statistically significant (p < 0.05) mean increase in paired diameter observations along the stem section between 1 m and 4 m above the ground. The rows of each 
confusion matrix correspond to dendrometer-based growth classification (true class) and columns correspond to the TLS-based growth classification (predicted class). 
Diagonal and off-diagonal cells correspond to correctly and incorrectly classified trees, respectively. Row and column summaries display the percentages of correctly 
and incorrectly classified trees for each true and predicted class, respectively. 
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of the findings also to sites where the growth rate of trees is higher and 
promotes the use of point clouds in tree growth monitoring applications. 
Considering the characterization of Δdbh of individual trees, the 
experiment confirmed challenges related to observing millimeter-level 
changes in tree stem dimensions using TLS but cautiously highlighted 
its feasibility for radial growth monitoring when the magnitude of Δdbh 
exceeds several millimeters or when the level of interest broadens from 
individual trees to sample plots. Altogether, this study contributes by 
demonstrating that with terrestrial point cloud-based methods it is 
possible to observe increments in tree structures, which emphasizes the 
feasibility of the use of terrestrial point clouds in the characterization of 
forest ecosystems. 
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2017. Feasibility of Terrestrial laser scanning for collecting stem volume information 
from single trees. ISPRS J. Photogram. Remote Sens. 123, 140–158. 

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

Thies, M., Pfeifer, N., Winterhalder, D., Gorte, B.G., 2004. Three-dimensional 
reconstruction of stems for assessment of taper, sweep and lean based on laser 

scanning of standing trees. Scandinavian J. Forest Res. 19 (6), 571–581. https://doi. 
org/10.1080/02827580410019562. 

Uzquiano, S., Barbeito, I., San Martín, R., Ehbrecht, M., Seidel, D., Bravo, F., 2021. 
Quantifying crown morphology of mixed pine-oak forests using terrestrial laser 
scanning. Remote Sensing 13 (23), 4955. https://doi.org/10.3390/rs13234955. 

Weiskittel, A.R., Hann, D.W., Kershaw Jr, J.A., Vanclay, J.K., 2011. Forest growth and 
yield modeling. John Wiley & Sons. https://doi.org/10.1002/9781119998518. 

Wheeler, E., 2011. Wood: macroscopic anatomy. Encycl. Mater.: Sci. Technol. 
9653–9657. https://doi.org/10.1016/B0-08-043152-6/01749-6. 

Wilkes, P., Lau, A., Disney, M., Calders, K., Burt, A., de Tanago, J.G., Bartholomeus, H., 
Brede, B., Herold, M., 2017. Data acquisition considerations for terrestrial laser 
scanning of forest plots. Remote Sens. Environ. 196, 140–153. https://doi.org/ 
10.1016/j.rse.2017.04.030. 

Yrttimaa, T., 2021a. Characterizing tree communities in space and time using point 
clouds. DIssertationes Forestales 314, 52 p. https://doi.org/10.14214/df.314. 

Yrttimaa, T., Saarinen, N., Kankare, V., Liang, X., Hyyppä, J., Holopainen, M., 
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