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Abstract: Three-dimensional (3D) root system architecture (RSA) is a predominant factor in anchorage
failure in trees. Only a few studies have used 3D laser scanners to evaluate RSA, but they do not
check the accuracy of measurements. 3D laser scanners can quickly obtain RSA data, but the data
are collected as a point cloud with a large number of points representing surfaces. The point cloud
data must be converted into a set of interconnected axes and segments to compute the root system
traits. The purposes of this study were: (i) to propose a new method for easily obtaining root point
data as 3D coordinates and root diameters from point cloud data acquired by 3D laser scanner
measurement; and (ii) to compare the accuracy of the data from main roots with intensive manual
measurement. We scanned the excavated root systems of two Pinus thunbergii Parl. trees using a 3D
laser scanner and neuTube software, which was developed for reconstructing the neuronal structure,
to convert the point cloud data into root point data for reconstructing RSA. The reconstruction and
traits of the RSA calculated from point cloud data were similar in accuracy to intensive manual
measurements. Roots larger than 7 mm in diameter were accurately measured by the 3D laser scanner
measurement. In the proposed method, the root point data were connected as a frustum of cones, so
the reconstructed RSAs were simpler than the 3D root surfaces. However, the frustum of cones still
showed the main coarse root segments correctly. We concluded that the proposed method could be
applied to reconstruct the RSA and calculate traits using point cloud data of the root system, on the
condition that it was possible to model both the stump and ovality of root sections.

Keywords: anchorage; coarse root; measurement method; Pinus thunbergii; root cross-sectional area;
root system architecture

1. Introduction

Root systems anchor trees, capture and store resources, and sense the environment [1].
They contribute to the resistance to uprooting and prevent soil erosion, thus supporting
slope stability [2,3].

Three-dimensional (3D) root system architecture (RSA) is a predominant factor in
anchorage failure [4-8]. Root system traits that can be obtained from RSA include: the
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total root cross-sectional area (CSA) in a cross-section parallel to the slope [9], the pull-
out resistance of roots as calculated from root diameter [10], and root volume in the root
compartments such as tap root or horizontal roots [11]. Danjon et al. [7] reviewed the
relationships between the RSA and anchorage and indicated the importance of compart-
ment classification of RSA with different root system types by architectural analysis. Root
systems must be excavated for such investigations, and given their size; it is necessary to
obtain data efficiently.

The RSA of forest trees [12] is often calculated from 3D point data with root connections
determined from xyz coordinates (ground surface position and depth) and diameter. Danjon
and Reubens [12] reviewed and categorized methods for acquiring 3D root point data
into manual, semi-automatic, and automatic methods. The manual measurement was the
simplest but was labor and time-intensive [12,13]. Henderson et al. [14] determined the x
and y coordinates by moving a T-square on an aluminum frame and the z coordinate by
lowering a plumb bob and obtained data on the RSA of Picea sitchensis (Bong.) Carr. with a
stem diameter at a breast height (DBH) of 9.0-11.5 cm. Mulatya et al. [15] obtained data on
RSA by creating a level grid around Melia volkensii Giirke to measure coordinates where the
branching and angles of the root system changed. Semi-automatic methods included the
measurement of 3D root point data using a digital compass and an inclinometer [16] or a
contact digitizer, and AMAPmod software with MTG coding [17-19]. Saint Cast et al. [20]
used semi-automatic methods to obtain RSA data of Pinus pinaster Ait. from the seed to
the mature stage and modeled the 3D structure of the entire root system. The method
of using a 3D digitizer and yielding MTG format files was used extensively because it
provided a precise 3D database of root architecture as a set of axes and segments [12],
allowing the computation of many root traits. In addition, classifying segments in several
root compartments, such as the zone of rapid taper (ZRT), has become the mainstream of
RSA data analysis in recent years [12].

On the other hand, automatic methods that can obtain data on RSA rapidly collect
data as a point cloud that consists of a very large number of points representing the root
surfaces. Lontoc-Roy et al. [21] used computed tomography to obtain point cloud data
of the root systems of tree seedlings, but this method cannot be used on large trees in
the field. Additionally, the method did not convert point cloud data to root axes and
segments. An automatic method that can be applied to large trees uses three-dimensional
(38D) laser scanners. Although 3D laser scanners are expensive, they can collect point
cloud data from 3D surfaces with high accuracy without contact, and thus, are used for
measuring the aboveground parts of trees [22-26]. Lau et al. [27] reported the accuracy
of the traits of branches > 10 cm in diameter reconstructed from the 3D quantitative
structure models (QSM) from point cloud data using a 3D laser scanner in 4, up to 30 m
high, tropical tree species with the leaves, scanned from the ground. However, only large
branches (>40 cm in diameter) could be accurately reconstructed compared to manual
measurements. Gartner et al. [28] used 3D laser scanning to acquire point cloud data of the
entire root system of 80-year-old Picea abies (L.) Karst. trees. Wagner et al. [29,30] created
annual growth models at the root segments from 3D laser scans of the root system and
2D annual tree-ring data of 12-year-old Pinus sylvestris L. The mean absolute percentage
error per volume of two root segments with diameters of 1.6 cm and 1.8 cm was reported
to be 6.0% on average. Smith et al. [31] measured the volumes of 13 root systems of P. abies
trees with a 19-47 cm stump diameter by converting point cloud data into polygon data
using computer-aided design software. Only a few studies have used 3D laser scanning
to evaluate root systems [12]. The 3D QSM reconstruction method has been used for both
above- and below-ground of trees, but it requires specific parameters to fit the model,
which could vary the accuracy of reconstruction [27,31]. Although only a theoretical
comparison between semi-automatic methods and 3D laser scanning was reported in
Danjon and Reubens [12], the accuracy of root point data reconstructed from 3D laser scan
measurement has never been checked [31]. Moreover, 3D laser scanning has yet to be fully
used for measuring the root system traits such as diameter and CSA from point cloud data.
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Although it is the best available technique to describe the shapes of root surfaces, intensive
intervention is still required for calculating root system traits [12]. Therefore, an automated
step is needed to convert the point cloud data of the root surface measured by a 3D laser
scanner to the root point data.

The purposes of this study were: (i) to propose a new method for easily obtaining root
point data as 3D coordinates and root diameter from point cloud data acquired by a 3D
laser scanner; and (ii) to compare the accuracy of the root point data with that collected by
intensive manual measurement.

Interrelated root segments with just a base and an end diameter will be hereafter
referred to as ‘segments’. Interrelated root points, each with a diameter, forming axes, and
segments, will be referred to as ‘root point data’.

This study focused on Pinus thunbergii Parl., which is the main plantation in Japanese
coastal forests. The excavated root systems of P. thunbergii were scanned using a 3D laser
scanner, and the point cloud data were converted to root point data, from which we
reconstructed the RSA data. Root point data were also acquired manually. We compared
the RSA data obtained by the two methods and examined the reproducibility of both
datasets from the root CSA.

2. Material and Methods
2.1. Test Trees

Root systems of Pinus thunbergii Parl. trees were targeted (root system 1, root system 2)
as shown in Figure 1. The trees grew in a coastal forest stretching 8 km to the west end of
the Atsumi Peninsula, Tahara City, Aichi, Tokai District, Japan [32-35], and were replanted
after heavy damage by Typhoon Vera in 1959 [32]. The soil was sandy in nature [36]. From
1981 to 2010, the mean annual temperature was 16.0 °C, and the mean annual precipitation
was 1603 mm [37].

Root system 2

Spherical target 4

Figure 1. Measurement of (a) Root system 1, (b) Root system 2 by 3D laser scanner.

After measuring the tree height and DBH, we measured the critical turning moment
in tree-pulling experiments using the method described by Todo et al. [35] and cut the trees
at the ground level. The tree-pulling experiment was performed as follows: a polyester belt
sling (safe working load: 6.3 t) was attached to the tree, connected to a 10 mm diameter wire
rope 1 m above the ground, and this was pulled, parallel to the ground, by an excavator.
A load cell (maximum load 50 kN, LT-50KNG56 NIKKEI Electronic Instruments Co. Ltd.,
Tokyo, Japan) was connected between the belt sling and wire rope, and the load data
were recorded at intervals of 0.1 s through a bridge unit (DBU-120A, KYOWA Electronic
Instruments Co. Ltd., Tokyo, Japan). Measurements of the loads for the tree-pulling
experiments began before the excavator commenced pulling the wire rope and stopped
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when the load began to decrease after reaching the maximum. In this study, the test trees
were not uprooted because the maximum critical turning moment has already reached
before [35] and the root system could keep the positions in soils.

The trees were aged from the rings in the stump, and the whole root system was dug
out using an air spade [33,34] in January 2014. The two trees were 45 and 50 years old, the
DBHs were 19.5 and 18.5 cm, and the heights were 10.8 m and 11.4 m (Table 1), respectively.
The maximum root depth was 126 cm in root system 1 and 106 cm in root system 2. Both
trees had tap root systems (Figure 1). On the other hand, the critical turning moment in root
system 2 was approximately 1.3 times that in root system 1, probably owing to different
RSAs (Table 1). The excavated root systems were placed inside a room so as to preserve the
3D RSA.

Table 1. Properties of Pinus thunbergii trees.

Properties Root System 1 Root System 2
Age (y) 45 50
Height (m) 10.8 114
Stem diameter at breast height (cm) 19.5 18.5
Critical turning moment (kN-m) 255 33.6
Maximum depth of root (cm) 126 106

2.2. 3D Laser Scanner Measurement

Point cloud data on the surface of the root system (Figures 2—4) were collected using
3D laser scanners (FARO Focus3D S120, FARO Technologies Inc., Lake Mary, FL, USA)
(Figure 1). The two root systems were suspended while facing up in a room and supported
to maintain the original RSA. The suspended root system was positioned by keeping the
ground surface portion of the stump horizontal and aligning it with the orientation of the
site. The two root systems were individually scanned from eight positions using a 3D laser
scanner (FARO 5120) within 2 m from the center of the collar. Scanning was performed to
cover the entire root system, and three spherical targets were identified in each scan. The
scanner had a measurement range of 0.6 m to 120 m with a vertical field of view of 300° and
a horizontal field of view of 360°. The angular resolution was 0.009° for both horizontal
and vertical angles. The scanner output was a 905 nm laser beam with a 3 mm circular
diameter and 0.19 mrad divergence. The scanner had a stated error of 2 mm between the
scanner position and the shooting object and a standard deviation in the optimum plane
scan of <2 mm [38]. The point cloud data taken from each position were integrated into
one 3D point cloud data by matching the reflected spherical targets. FARO Scene (FARO
Technologies, Inc., version 5.1.6) was used to integrate the point cloud data.
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Figure 3. (A-E) Top and (a—e) side views of Root system 1 drawn from (A,a) point cloud data collected by 3D laser
scanner; root point data; (B,b) converted from point cloud data; (D,d) gathered by hand; and (C,E,c,e) RSA reconstructed by

neuTube software.
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Figure 4. (A-E) Top and (a—e) side views of Root system 2 drawn from (A,a) point cloud data collected by 3D laser

scanner root point data; (B,b) converted from point cloud data; (D,d) gathered by hand; and (C,E,c,e) RSA reconstructed by

neuTube software.

We used free software designed for digital reconstruction of neuron morphologies,
neuTube [39], to generate structural models of the roots from the image data. One method
used to measure the morphology of neurons with complex branching structures is to obtain
a series of images of fluorescently stained neurons while changing the focal plane (confocal
microscopic images) and then reconstruct the 3D structure. As neuTube was developed to
analyze the branching structure of neurons from confocal image data, we thought it may
be useful in analyzing tree root system data.

First, we extracted the point cloud data from only the root surfaces by deleting other
noise data using FARO Scene’s scatter filter and then manually eliminating the remaining
noise. Second, we stratified the point cloud data by depth and created a series of 2D cloud
image data points every 1 cm. As the point cloud data describe only the root surfaces,
the outer periphery of the root CSA appears in each image. Third, the area enclosed by
each circle along the long axis of each root segment was filled manually and visually using
Image] software. Even in an unclosed circle such as straight horizontal roots, we could
identify it and fill between unclosed parallel lines manually and visually. The series of
sliced images were loaded into neuTube [39], and the automatic tracing function tracked
each circle in the long axis direction, outputting data related to the diameter at the branch
points and connections between roots, that is, the information of root point data. The
number of root point data converted from the point cloud data in root systems 1 and 2
was 5885 and 2301, respectively. All these steps, including those involving neuTube, can
be performed on a regular PC. The cross-section of each segment was assumed to be a
circle in this software. In this study, we did not collect point data of the stumps from the
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point cloud data because we focused on the possibility of reconstruction of the root system,
particularly the traits of the main roots and root segments.

2.3. Manual Measurement

The root point data were also acquired through manual measurements [13]. Each
root system was fixed upside down over a sheet marked with a 100 mm x 100 mm grid
that served as a guide for the x and y coordinates (Figure S1). The horizontal level of the
stump was maintained at the ground surface to adjust the root position, the y-axis direction
was fixed to the north, and the flexible roots were fixed in stands while comparing the
photos taken in the field to those during the 3D scan. Roots whose z coordinates were
displaced by being upside down were adjusted on a stand. After cutting off thin roots
with a diameter of <5 mm, we measured the 3D coordinates (x, y, z) and the diameter of
roots at root end points, branch points, and where the grid lines intersected with the roots
(Figure S1). Each root point was assigned an ID number, and the connections between the
points were recorded. The horizontal coordinates (x, y) were measured with a steel tape
with reference to the grid lines, and the x and y coordinates were determined using the
center of the root collar as the origin. The z coordinates were determined by measuring
the distance from the measurement point on the root system to the ground along a plumb
line, using the ground surface as the origin. The root diameter was measured vertically
and horizontally using a digital caliper and averaged. The number of measured root data
points was 1791 for root system 1 and 1990 for root system 2.

2.4. Reconstruction of RSA from Root Point Data

The root point data set, either calculated from the point cloud data or measured
manually, was used to reconstruct the RSA (Figures 3 and 4). Pairs of adjacent points
were connected to the approximate frustum of the cones. neuTube was used to analyze
the connecting root point data and to display the roots. Since neuTube can import mor-
phological models based on the SWC file format [39], we saved both scanner and manual
measurement data in SWC format. The SWC format can allow the creation of MTG coding
files, which are often used to study the relationship between RSA and anchorage [40].

2.5. Calibration of RSA Data

RSA data were acquired as pixels. We selected 10 identifiable key points (root end
points and inflection points) in each root system (Figure S2), compared their xyz coordinates
and diameters between the 3D laser scanner data (in pixels) and the manual measurements
(in mm), and derived a formula to convert scanner data to mm (Table S1).

2.6. Comparison of RSA Data Obtained by Different Methods

To evaluate the differences in RSA data at the root point level between the methods,
we compared the xyz coordinates and root diameters at another 10 points in each root
system (Figure 5). The differences (Di) in distances from each coordinate obtained by the
manual measurement to that of the 3D laser scanner were calculated at the 10 root points
in each root system. The accuracy (Ac) of root diameter at the 10 root points in each root
system was defined as the percentage of the diameter estimated by the 3D laser scanner to
that of the manual measurement according to Lau et al. [27]. To evaluate the differences
across all RSA data in each root system, we compared the top and side views of the point
cloud data with the RSA data reconstructed from the laser scanner data, and the latter with
the manual measurements.
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Point data by Point data by
manual measurement

3D laser scanner measurement R

Root
systeml

(d)

Root
system 2

Figure 5. Positions of 10 points (P1-P10) set to evaluate the accuracy of the xyz coordinates and root diameters in root point
data collected in (a,b) Root system 1 and (c,d) Root system 2 by (a,c) 3D laser scanner and (b,d) hand.

We compared the change in root diameter (degree of root taper) in the direction of
root extension between the measurement methods. We selected 10 main root segments
in each reconstructed RSA (Figure 6) and compared the diameters between the methods.
The accuracy (Ac) of the diameter in each root segment was defined as shown above.
We also compared the differences between the methods in total root CSA in the vertical
direction at a given horizontal distance from the collar center in the reconstructed RSAs.
To approximate the root-soil plate as an elliptical pillar or a cylinder, it was necessary
to measure the number, diameter, and CSA of the roots on the side of the cylinder (the
root-soil plate). The total root CSA of the reconstructed RSA was calculated from the cross-
sectional diameter at concentric columnar surfaces every 100 mm (between 300 mm and
1800 mm) from the collar center. The accuracy (Ac) of CSA was defined as the percentage
of CSA by the 3D laser scanner to that of the manual measurement in each root system.
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Figure 6. Ten main root segments in each root system selected to compare tapering between (a,b) in Root system 1; and (c,d)

in Root system 2 measured by (a,c) 3D scanner and (b,d) hand.

2.7. Statistical Analysis

Normal distribution of xyz coordinates and diameters of 10 selected root point data,
the diameters of 10 root segments along the long axis data, and total root CSA data in
each root system was confirmed by the Kolmogorov-Smirnov test. We conducted a paired
t-test to compare the differences in the diameters of the 10 root segments along the long
axis data obtained by the manual measurement with those measurements obtained by the
3D laser scanner. We produced correlations between the manual and 3D laser scanner
measurements in xyz coordinates and the diameter of 10 selected root point data, and total
CSA data. Because of the small sample size for each trait, we calculated bootstrapped
estimates of the correlation coefficient for 1000 iterations and showed the values in the
results. Statistical analyses were conducted using the R software version 4.0.2 [41].

3. Results
3.1. Reconstruction of RSA in Manual and 3D Laser Scanner Measurements

We successfully reconstructed the RSAs of the two P. thunbergii trees using neuTube
software (Figures 3 and 4). Visually, the views from the top (Figure 3B,C and Figure 4B,C)
and side (Figure 3b,c and Figure 4b,c) of the 3D laser scanner RSAs, which were very
similar to those of the point clouds (Figure 3A,a and Figure 4A,a; Figures S3a,b and S4a,b),
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and the main root segments were reproduced. However, the reconstructed RSAs were
more sparse and were simpler than point clouds.

The manual data RSAs (Figure 3D,E,d,e and Figure 4D,E,d,e) were reconstructed to a
similar extent as in the 3D laser scanner RSAs (Figure 3B,C,b,c and Figure 4B,C,b,c) based
on visual comparison. Similarly, the main root segments were well reproduced. However,
the manual data RSAs were simpler and sparser than the surface-shaped 3D laser scanner
RSAs (Figure 3A,a and Figure 4A a).

3.2. Comparison of Root Point Data between Manual and 3D Laser Scanner Measurements

The positions and root diameters at the 10 points in the root point data were positively
correlated with the 3D laser scanner and the manual measurements in root systems 1
and 2 (p < 0.01; Figure 7). The differences (Di) in the distance of x, y, and z coordinates
were —1.4, —7.7, and —19.0 mm in root system 1 and —45.7, 20.5, and —7.7 mm in root
system 2, respectively (Figure 7a—c). Roots with a diameter of approximately 7 to 50 mm
were measured accurately in the root point data converted from the 3D laser scanner data
(Figure 7d). The accuracies (Ac) of the diameters were 97.7% and 86.6% in root systems 1
and 2, respectively.

(a) x coordinate (b) y coordinate (c) z coordinate (d) diameter

Root system 1

1566 Fa 800 50
) 600 Gl
— D
£ , 30 -
£ 9 7 400 -
er? b6 X T ‘% B = 56 (@)
™ -1900 g 1500 —1400 A 1500 J y=0.93x+44.10 /7 y=087x+2.74
g 1 y=0.94x-3.33 N y=1.01x+7.29 2004 OB r=0.97,P<0.01 - r=0.97,P<0.01
@ r=0.99,P<0.01 r=0.99,P<0.01 o Di=—19.0+164| 10 Ac=97.7+49
> 2 1 Di=—14+277 Di=-7.7£145 (mm) (%)
C 0 . : : 0 . . . :
(mm) (mm)
1500 oo 0 200 400 600 800 10 20 30 40 50
Root system 2
1566 1500 1660 70
60
e 800
£ 50
g 600 4 40
T:g 14 500 —19 1500 400 £ =
—18 1500 —19 ~ 1 =1.07x+1.42
gAY \ A = o Y
% {y=087x+55.20 y = 1.04x—23.86 A y=1.09x-3023 20 r=0.99,P <001
s r=0.99,P <0.01 r=099,P<001| 5,99 ] & p=0. 9855001 .
_ . B s 10 Ac=86.6%23
1 Di=-45.7%37.8 , Di=20.5%283 Di=-7.7%27. %)
(mm) = (mm) 0 —— (i) 0+
1500

0

200 400 600 800 1000

3D laser scanner (mm)

10 20 30 40 50 60 70

Figure 7. Relationships of (a) x, (b) y, (¢) z coordinates, and (d) diameter of 10 selected root points between 3D laser scanner
and manual measurements. The correlation coefficient (r) was calculated as the mean value estimated by 1000 bootstraps.

The differences (Di, mean =+ standard error) in distances from each coordinate obtained by the manual measurement to that

of the 3D laser scanner were calculated at the 10 root points in each root system. The accuracy (Ac, mean =+ standard error)

of root diameter at 10 root points in each root system was defined as the percentage of the diameter estimated by the 3D

laser scanner to that of the manual measurement according to Lau et al. [27].

3.3. Differences in Taper and CSA of Roots between Manual and 3D Laser Scanner Measurements

In a visual comparison, the taper trends of the 20 root segments in both root systems
were similar between the 3D laser scanner and manual measurements, with variation
(Figure 8). The mean difference in root diameter between the two measurement methods
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was 4.0 mm, and the maximum was 16.4 mm. The mean diameters of 14 of the 20 root
segments estimated by manual measurement were not significantly different from the
3D laser scanner (p > 0.05; Figure 8). Although the diameters of the remaining six root
segments were significantly different between the measurements (p < 0.05; Figure 8), the
differences were minimal (—7.44 and 7.94 mm). The average accuracy (Ac) of the 3D laser
scanner measured diameter compared to the manually measured diameter of the root
segment ranged between 80.1% to 117.0% for root system 1 and from 83.0% to 145.1% for
root system 2, respectively (Figure 8).
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Figure 8. Changes in the diameters of 10 root segments along the long axis in each root system by 3D laser scanner and
manual measurements. A paired t-test was used to compare the differences in the diameters of 10 root segments along
the long axis data obtained by the manual measurement with those obtained by the 3D laser scanner. NS: not significant
(p > 0.05). The correlation coefficient (r) was calculated as the mean value estimated by 1000 bootstraps. The accuracy
(Ac, mean =+ standard error) of the diameter at 10 root segments in each root system was defined as the percentage of the
diameter estimated by the 3D laser scanner to that of the manual measurement according to Lau et al. [27].

The total CSAs tended to decrease with distance from the collar center in both methods
(Figure 9a,b), notably so in root system 1 at <500 mm. The correlations of the total CSAs
between the measurements were consistently high in each root system (root system 1,
r = 0.90; root system 2, r = 0.93; Figure 9a,b). The accuracy (Ac) of CSA was 103.0% in
root system 1 and 95.7% in root system 2. There was a positive correlation between the
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methods, with a slope of 0.82 (r = 0.88), as seen in Figure 9c. This indicated that the
total CSAs estimated by the 3D laser scanner were smaller than those estimated from
manual measurements.
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Figure 9. Total cross-sectional area (CSA) of (a) Root system 1 and (b) Root system 2 with distance from the collar center
by 3D laser scanner and manual measurements. (c) Relationship of the total CSA of both root systems between 3D laser
scanner and manual measurements. Paired t-test was used to compare the differences in the CSA at the distances from the

collar center obtained by the manual measurement with those by the 3D laser scanner measurement. NS: not significant

(p > 0.05). The correlation coefficient (r) was calculated as the mean value estimated by 1000 bootstraps. The accuracy (Ac,

mean = standard error) of the CSA at the distances from the collar center in each root system was defined as the percentage

of the CSA estimated by the 3D laser scanner to that of the manual measurement according to Lau et al. [27].

4. Discussion
4.1. Significant Steps in Reconstructing RSA from Point Cloud Data

We proposed an innovative method for reconstructing RSA and calculating traits
such as taper and CSA of roots from root point data converted from point cloud data
collected by a 3D laser scanner. This is the first application of the neuTube software, which
was developed to reconstruct the neuronal structure [39], to the RSA of forest trees. The
accuracy was very similar to that of the manually collected root point data. Although
previous studies have scanned excavated root systems using a 3D laser scanner [28,31,42],
the accuracy of the resultant root system models have not been evaluated against intensive
manual measurements [31]. Moreover, one drawback of measuring RSA using a 3D laser
scanner is that it is obtained as point cloud data [12].

Lau et al. [27] reported an absolute error of 5.14 cm in the diameter class of 10-20 cm
of tree branches and —3.46 cm in the 20-60 cm class when the data calculated by the QSM
model using the point cloud data by the 3D laser scanner were compared with that of
the manual measurement data. The accuracy (Ac) of the root diameter estimated by our
proposed methods using the point cloud data of the 3D laser scanner measurement to the
manually measured root diameter was 98% for root system 1 and 87% for root system 2
(Figure 7c). The difference in root diameter between the methods might have occurred
due to the difference in the degree of dryness of the roots at the time of measurement.
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The maximum difference in distance (Di) between the coordinates of the roots was less
than 46 mm, and the minimum was 1.4 mm (Figure 7a—c). These results indicated that our
proposed method, without any specific parameters, can be reproduced with high accuracy
using a 3D laser scanner. Our proposed method can easily convert point cloud data to root
point data and RSA data and calculate RSA traits. Such analysis is important for examining
the resistance of trees to uprooting and landslides [2,11,43]. Information on root traits can
only be obtained through the direct measurement of the root system. However, if the root
point data or point cloud data are converted to RSA data, further details can be obtained
from the stored data if required.

Another advantage of 3D laser scanner measurement is that it requires less labor and
time to collect data where root systems were set either outside or inside the laboratory
compared to manual and semi-automatic methods [12]. In this study, collecting xy coordi-
nates by hand at intervals of 10 cm and at the branches and tips of roots took three people
and five days per root system. In contrast, 3D laser scanners set at eight points scanned
the root system in 60 min. By collecting a large number of data points, we can reconstruct
subtle root irregularities and changes in root diameter that manual measurement would
not reveal.

On the other hand, for the data treatment after the acquisition, 3D laser scanner
measurement took one person 15 h per root system to eliminate noise from the point
cloud data in 2014. However, the recent software for point cloud analysis has improved
the performance and reduced the time required for noise elimination. Our process of
converting the point cloud data of the root system into root point data was partly manual
using Image]. It took about one person-hour to complete the conversion of the whole
root system, and more than 2000 root point data were made. Thus, it took approximately
2.0 person-days to obtain the root point data from the point cloud data using a 3D laser
scanner. The semi-automated method using 3D digitizing also took 2.5 person-days to
obtain the whole root system in a 14-year P. pinaster with a DBH of 17.0-17.4 cm and the
height of 9.7-10.9 m [6]. However, the method proposed in our study did not include the
time for classifying segments in several root compartments, such as the ZRT. On the other
hand, semi-automatic measurements provide the direction of ovality, which is required to
compute flexural stiffness in a given direction of load [6]. Therefore, the 3D laser scanner
method is inferior to the semi-automated method using 3D digitizing. If the time required
for noise processing of point cloud data can be reduced and the work in Image]J can be
automated, further time reduction can be expected in the proposed method.

4.2. Other Issues to Consider in the Use of 3D Laser Scanning

There are some issues in the acquisition and analysis of point cloud data using 3D
scanner measurements. First, when root systems are scanned, the positions of the excavated
roots should be the same as that of the soil as much as possible, especially in the vertical
direction. In our results, root system 1 and the z coordinates, which indicate root depth,
differed slightly between methods with the x and y coordinates (Figure 7). This may be
because we scanned the root systems upright but measured them while upside down. Thin
horizontal roots can be bolted to a plate [14] or tied to a stage or pole [28], but plenty of
space is needed.

Second, the CSA of roots close to the collar, especially within 500 mm, differed between
methods (Figure 9), perhaps because the laser beam did not reach the whole root surface,
owing to their proximity to each other and the collar. In fact, the slope of the relationship
of CSA between the two methods was 0.99 at 600-1800 mm from the collar center (r = 0.96;
Figure 9c), but was only 0.82 at 300-1800 mm, indicating that the CSA of roots near collars
was larger by manual measurement than by 3D laser scanner measurement. The error can
be reduced by: (i) taking a more detailed scan or using pointer lamps [28], where errors
are likely to occur; and (ii) finding a location where the root diameter changes notably and
then using a correction.
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Finally, a priority task is to tackle the problem of cross-sectional ovality, model the
stump, and convert it into a file for RSA analysis (e.g., MTG file) to obtain a complete
pipeline of measurements. neuTube assumes a circular cross-sectional shape; thus, each
root segment is a frustum of a cone. This assumption is unsuitable for representing the
heterogeneous shapes of root cross-sections, particularly for T- and I-shapes formed under
intense stress [44]. Therefore, it is necessary to adapt this method to tree species with
non-cylindrical roots. Furthermore, in this study, we did not collect point data from the
stump, which is an important part of considering the whole root system and plays a specific
role in anchorage [45].

Resolving these issues would allow for more accurate RSA data acquisition from
3D laser scanner measurements using our proposed method. As other reconstruction
methods for modeling or branch architecture exist, comparison with these methods would
be ideal to elucidate the advantages and disadvantages depending on the objective of the
reconstruction [46].

The limitation of this study is that it focused on only one tree species of two Pinus
thunbergii trees that had typical tap root systems. To establish it as a practical method,
the estimated root traits in several tree species with different root system types and the
advantages and disadvantages of the method during the measurement should be compared
with the most common semi-automatic measurement methods [7].

4.3. Future Aspects for RSA Measurement

3D measurement requires digging out the root system, so time-series data cannot be
collected. Because root point data obtained by non-destructive methods, such as ground-
penetrating radars [47], do not indicate connections, it is difficult to convert them into RSA
data without a connection algorithm [48]. Recently, we devised a connection algorithm
for point data of Cryptomeria japonica roots [13]. Such methods can be used to process
root point data without connection information, but it is still necessary to excavate root
systems and measure root positions, diameters, and connections manually before devising
an algorithm [13]. Our results confirm that the root point data converted from the point
cloud data and the reconstructed RSA are very similar to the manual data. Therefore, using
3D laser scanner data, we can develop connection algorithms for the root systems of other
tree species.

5. Conclusions

We proposed a new method using the neuTube software to convert point cloud data
to root point data to reconstruct the RSA of P. thunbergii. The RSAs proved to be accurate.
The root point data were connected with frustum of the cones, and thus, the reconstructed
RSAs were relatively simple but included the main coarse root segments. Although a 3D
laser scanner can collect detailed data in a short time, it is expensive, the root system must
be brought inside for measurement, and specific technology and time are required for
imaging. In contrast, manual measurement requires intensive labor and time but does not
require special machinery or technology. Semi-automatic measurements can address these
challenges [11,12,20]. Essentially, RSA data can be obtained efficiently by 3D laser scanner
analysis to evaluate the root anchorage and the slope stability of forest trees, provided that
we could succeed in modeling both the stump and ovality of root sections.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/f12081117/s1, Table S1: Conversions of root point data from 3D laser scanner to scale based on
the relationships in the coordinates or diameter of roots between manual measurement data (xm,
ym, zm, dm) and 3D laser scanner measurement data (x3D, y3D, z3D, d3D). Figure S1: How we
measured the root system by hand against a 100 mmx 100 mm grid. This photo shows Cryptomeria
japonica. Figure S2: Positions of 10 points (K1-K10) set to relate the locations of roots to the actual
scale. Figure S3: (a) Top and (b) side views of root system 1 drawn from point cloud data collected by
the 3D laser scanner. These are the same as in Figure 3 (A,a) but enlarged. Figure S4: (a) Top and (b)


https://www.mdpi.com/article/10.3390/f12081117/s1
https://www.mdpi.com/article/10.3390/f12081117/s1
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side views of root system 2 drawn from point cloud data collected by the 3D laser scanner. These are
the same as in Figure 4 (A,a) but enlarged.
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