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Abstract

The old-growth and giant tree is a nonrenewable resource with great value. However, old-growth

giant trees are now at risk of falling due to aging and external pressures such as typhoons. In Japan,

since some of the old-growth giant trees are located close to residential areas, damage from fallen trees

can be severe in these areas. Moreover, as a symbol of the local community, the giant trees have great

meaning to the local people. Therefore, it is important to check and record their periodic growth

conditions. The purpose of this study was to record and measure the entire tree using aerial images

taken by UAV from multiple directions. As a trial, Japanese larch (Larix kaempfer) and Japanese

cedar (Cryptomeria japonica) located in Mie University Forest were recorded and analyzed.

Orthophotos, dense clouds and 3D models of the tree were generated by SfM technology. The

measurement from the reconstructions of the tree showed that tree height and DBH could be measured

with relatively high accuracy using UAV images taken from the sides. This method was later

promoted at Mt.Nonobori. An old-growth and giant Japanese cedar was recorded and measured. The

measurements in different directions in our remote method differed from ground measurements by a

range of 0 cm to 12 cm in DBHs and tree heights by a range of 3 m to 7 m. The results of this study

showed that UAVs could be useful in recording the tree shape and measuring the tree structure

parameters of the old-growth giant tree.
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1. Introduction

The old-growth giant tree is a nonrenewable resource for all countries with great value such as

economic, cultural history, growing place, tree state, tree form, tree vigor, protection level, growth

environment, tree species, tree canopy, and so on (Becker and Freeman, 2009; Blicharska and

Mikusinski, 2014; Son et al., 2016; Li and Zhang, 2017). Even in Japan, a giant tree is symbolic of

nature and has long been a home of various creatures, an object of worship, and a symbol of the local

community (The Japanese Ministry of the Environment, 2017). Whereas old-growth giant trees might

have faced an increased risk of death and falling because of aging, disease and external pressures such

as typhoons. Climate change might accelerate damage to the growing conditions of old-growth giant

trees through heavy rains, strong winds, and an increase in typhoons. Since some old-growth giant

trees are located in temples and shrines close to the residential area, they might take a devastating toll

on the livelihood of the people when falling (Kuroda et al., 2021; Hirano et al., 2021). Therefore, it is

important to record the shape and size of old-growth giant trees both for the sake of documenting a

valuable resource and for observing the condition of the trees.

In order to record and measure the shape of old-growth giant trees, it is necessary to be able to

obtain data on the whole large tree. Recently, terrestrial laser scanning (TLS) and backpack personal

laser scanning (BPLS) has used as a method to capture the whole shape of trees (Disney M. et al.,

2019; Lecigne et al., 2021). TLS and BPLS obtain high-density point clouds and can get more detailed

information on forest internal structure, including tree location, DBH, tree height, crown width, and

other biophysical parameters (Bazezew et al., 2018; Liang et al., 2019; Wang et al., 2019; Yrttimaa et

al., 2019). However, the equipment is expensive and professional to the public. The cooperation of



local citizen volunteers is essential to record and maintain the old-growth giant trees since about

70,000 old-growth giant trees and forests have been registered in Japan (The Japanese Ministry of the

Environment, 2017). In fact, most registered trees were recorded by local citizen volunteers. An

inexpensive and easy-to-use equipment that can be used by local citizen volunteers is required.

Furthermore, TLS and BPLS cannot obtain images to identify the conditions of old-growth giant tree

by the color of leaves and trunks (Sankaran et al., 2010; Metzger et al., 2004).

In recent years, UAVs have become smaller and cheaper, and more and more familiar to citizens.

Several studies have recorded and measured medium-to-small-sized trees using UAV and SfM

(Structure from Motion) technology. Scher et al. (2019) examined drone-based photogrammetry for

the construction of high-resolution models of individual trees. They found that the models captured

diameter and interior internode length of branches well for an American elm (Ulmus americana

cultivar ‘New Horizon’) and a black walnut (Juglans nigra). Moreira et al. (2021) reported the

combination of UAV images and SfM could measure the DBH of individual trees, which were olives

with approximately 5 m tall, with very good accuracy under well-designed methodologies. Although

there are few studies on old-growth giant trees, UAVs that can fly at high altitudes would be suitable

to obtain data on old-growth giant trees.

The purpose of this study was to record and measure the shape and size of old-growth giant trees

as valuable resources using UAVs which are inexpensive and easy-to-use equipments and can fly at

high altitudes.



2. Materials and Methods

Fig. 1 shows the procedure of this study.

2.1 Sites and focal trees

2.1.1 Japanese larch and Japanese cedar in Mie University Forest

Two open-grown trees of different species, which are a Japanese larch (Fig. 4, Larix kaempferi)
and a Japanese cedar (Fig. 5, Cryptomeria japonica), were chosen within the grounds of Mie
University Forest, Mie prefecture, Central Japan (Fig. 2, 34° 27' 32", 136° 14' 15") at an elevation of
672 m and 523 m above sea level. The mean annual precipitation is 2,481.9 mm yr! and mean annual
temperature is 12.3°C (for 1966-1995; Mie University Forest, 1998). These are not known when they
were planted.

Japanese larch (Larix kaempferi) is one of the major plantation species in northern and central
regions of Japan (Kurinobu 2005). This larch is a tall deciduous coniferous tree with a height of up to
30 m and a diameter at breast height of about 1 m. Its bark is dark brown, sometimes red, and peels
off in thin scales. Tree crown shapes are usually slightly elongated cones (Yano, 1994).

Japanese cedar (Cryptomeria japonica) is a coniferous tree native to Japan, distributed in
northern Honshu, Shikoku, Kyushu, and Yaku Island, although there are some planted in southern
Hokkaido and Taiwan. This cedar is a large, straight-trunked tree with a height of 40-60 m and a
diameter of 2-6 m at the breast height. The bark is reddish brown or grayish brown, fibrous, and peels

longitudinally. The tree crown forms a conical to ovate canopy (Takakuwa, 2012).



2.1.2 Old-growth and giant Japanese cedar in Mt. Nonobori

An open-grown tree was chosen at Mt. Nonobori in Kameyama city, Mie Prefecture (Fig. 3, 34°
56'46", 136° 24' 59"), which is a Japanese cedar (Fig. 6, Cryptomeria japonica) at an elevation of 846
m above sea level. The mean annual precipitation is 1,853.7 mm yr' and mean annual temperature is
15.1°C (Kameyama city at 70m, for 1991-2020; Japan Meteorological Agency). This tree is registered
in the list of Giant Trees and Big Trees Forest Database as old-growth and giant trees (The Japanese
Ministry of the Environment, 2022). Although the actual age of the tree is unknown, it is said to be
over 300 years old. There were about 100 old-growth giant Japanese cedar trees in this area, making
it a veritable forest of giant trees. However, the typhoon in 1998 caused great damage to the giant tree
forest, and many trees were broken or uprooted (The Japanese Ministry of the Environment, 1998).

Japanese cedar (Cryptomeria japonica) is a coniferous tree native to Japan, distributed in
northern Honshu, Shikoku, Kyushu, and Yaku Island, although there are some planted in southern
Hokkaido and Taiwan. This cedar is a large, straight-trunked tree with a height of 40-60 m and a
diameter of 2-6 m at the breast height. The bark is reddish brown or grayish brown, fibrous, and peels

longitudinally. The tree crown forms a conical to ovate canopy (Takakuwa, 2012).

2.2 Photo capture

2.2.1 TELLO
In order to capture photos of the Japanese larch in Mie University Forest, and the Japanese cedar
in Mt.Nonobori, TELLO/DJI (China) was used. TELLO is a mini drone quadcopter with a take-off

weight of 80 g and dimensions of 98 mm L x 92.5 mm W x 41 mm H. The drone is equipped with



an RGB camera (Table 1). As all take-off and landings were performed manually, the drone was

equipped with a propeller protection to ensure operator safety.

2.2.2 BLUEGRASS FIELDS

In order to capture photos of the Japanese cedar in Mie University Forest, BLUEGRASS

FIELDS/Parrot (France) was used. BLUEGRASS FIELDS is a quadcopter drone with a take-off

weight of 1850 g and dimensions of 500 mm L x 440 mm W x 120 mm H. The drone was equipped

with a Sequoia Multispectral sensor and a full HD video camera (Table 2). In this study, only the video

camera is used to collect vertical aerial images.

2.2.3 Flight in Mie University Forest

The UAV (TELLO) was designed to fly vertically around the Japanese larch (Fig. 7 a). Two

concentric circles were laid out for the focal tree at a distance where the entire tree was able to be

captured which were 6 m and 10 m. Takeoff positions were set in 22.5-degree increments in all

directions on the concentric circle, except for directions with obstacles, with a total of four directions.

UAYV images were taken from these four directions vertically with the camera facing toward the focal

trees. The lowest position where the image was taken was 1-2 m above the ground, and each position

was 1 m above the last, continuing until the highest position was 1-2 m above the top of the tree.

Serval 1 to 2 m long poles were placed near the foot of the tree as markers to be used to scale the

model (Fig. 7 b). UAV images were taken on 21st June 2021 between 12:00 and 14:00 (JST). There

was a total of 100 images taken of this tree. All images had a photo resolution of 2592 x 1936 pixels.



The UAV (BLUEGRASS FIELDS) was designed to fly vertically around the Japanese cedar

(Fig. 8 a). Two concentric circles were laid out for the focal tree at a distance where the entire tree was

able to be captured, which were 7 m/8 m and 10 m. Takeoff positions were set in 30-degree increments

in all directions on the concentric circle, except for directions with obstacles, with a total of six

directions. UAV images were taken from these six directions vertically with the camera facing toward

the focal trees. The lowest position where the image was taken was 1-2 m above the ground, and each

position was 1 m above the last, continuing until the highest position was 1-2 m above the top of the

tree. Serval 1 m to 2 m long poles were placed near the foot of the tree as markers to be used to scale

the model (Fig. 8 b). UAV images were taken on 19th November 2021 between 13:00 and 15:00

(JST). There was a total of 387 images taken for this tree. All images had a photo resolution of 4096

x 3072 pixels.

2.2.4 Flight in Mt. Nonobori

The UAV (TELLO) was designed to fly vertically around the Japanese cedar (Fig. 9 a). One

concentric circle was laid out for the focal tree at a distance where the entire tree was able to be

captured which was 13-14 m. Takeoff positions were set in about 90-degree increments in all

directions on the concentric circle, with a total of four directions. UAV images were taken from these

four directions vertically with the camera facing toward the focal trees. The lowest position where the

image was taken was 1-2 m above the ground, and each position was 1 m above the last, continuing

until the highest position was 1-2 m above the top of the tree. Serval 1 m to 2 m long poles were placed

near the foot of the tree as markers to be used to scale the model (Fig. 9 b). UAV images were taken



on 25th April 2022 between 12:00 and 14:00 (JST). There was a total of 93 images taken for this tree.

All images had a photo resolution of 2592 x 1936 pixels.

2.3 Photo processing

Agisoft Metashape Professional Edition 1.7.1 (Agisoft/Russia) which is a 3D modelling software

was used for UAV photogrammetric processing. Metashape offers a user-friendly workflow that

combines proprietary algorithms based on computer vision SfM and stereo-matching for image

alignment and reconstruction of the 3D image (Verhoeven et al., 2012). The workflow included image

alignment, building a dense point cloud (Dense Cloud), building mesh, building orthomosaic, building

texture and building 3D model. During the image alignment stage, the stage at which camera location,

orientation and other internal parameters are optimized (Agisoft, 2018), we used medium accuracy

for image matching. Using the SfM techniques, this stage extract features within the images and match

those features to pair the images. This stage produced a sparse 3D point cloud. After initial alignment,

we deleted many extraneous points based on gradual selection procedures in Metashape (Agisoft,

2018) to speed up the dense cloud reconstruction process and for more accurate points. We then added

markers in each corresponding image for a more accurate optimization of camera positions and

orientation as well as other internal camera parameters. In the building dense point cloud stage, the

stage that generates a dense point cloud, we used high quality to generate more points and mild depth

filtering to remove the outliers. We followed the Metashape default setting for the 3D building stage

and orthomosaic building stage (Fig.10).
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For the Japanese larch in Mie University Forest, 4,541,024 points were generated in the dense

point cloud, while the Japanese cedar generated 19,144,068 points. Orthophotos were generated from

four directions for Japanese larch, and Japanese cedar generates orthophotos from six directions. The

orthophotos had an average ground sample distance of 0.42 cm/pix for the Japanese larch, and 0.59

cm/pix for the Japanese cedar.

For the Japanese cedar in Mt. Nonobori, 3,188,978 points were generated and the orthophotos

were generated from four directions with an average ground sample distance of 0.59 cm/pix.

2.4 Validating accuracy

2.4.1 Tree heights and DBHs obtained from orthophotos, dense clouds and 3D models

Tree heights and DBHs were measured using the ruler tool in Metashape.

For the measurements in orthophotos, tree heights and DBHs were measured planarly from the

sides in the directions in which the orthophotos were generated (Fig. 11). For the measurements in

dense clouds and 3D models (Fig. 12 and 13), the tree height was measured by carefully rotating the

model to find the apex and measuring the distance of straight lines which from that point to the ground.

DBH was calculated from the longest and shortest diameters inside the tree trunk measured at 1.3 m

from the ground. The shortest diameter was a line drawn perpendicular to the longest diameter.

The approximate circle of the tree trunk at 1.3 m from the ground was also used to estimate the

DBH as a reference and comparison of the DBHs in the dense cloud and the 3D model (Fig. 14).
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2.4.2 Ground Data Acquisition

All the trees analyzed in this study had their tree heights and trunk circumferences manually

quantified with Vertex IV (Haglof Sweden AB, Sweden) and a tape measure, respectively, to compare

the ground truth values to the remote estimations for accuracy assessment. The height typically used

for trunk circumference measurements is close to 1.3 m (Wieser et al,, 2017). Tree height

measurements were carried out one or two times from different directions, and average height values

were assumed as the corresponding tree height. DBH was calculated from trunk circumferences.

These surveys were conducted on the same day as the UAV filming.

2.4.3 Data Analysis

We compared the tree heights and DBHs of all the individual trees. That is, tree heights from

field ground survey vs. tree heights from orthophotos, dense clouds and 3D models, DBHs from field

ground survey vs. DBHs from orthophotos, dense clouds and 3D models.
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3. Results

3.1 Japanese larch and cedar in Mie University Forest

3.1.1 Orthophotos, Dense Cloud, 3D Model of the Japanese larch

Figure 15-17 show the generated orthophotos, dense cloud and 3D model of the Japanese larch

in Mie University Forest. Four orthophotos from four sides were generated using 29, 30, 29 and 28

photos respectively. For the dense cloud and 3D model, 100 photos were used. The image quality of

the Japanese larch used for generating dense cloud and 3D model was calculated by the quality

estimation function in Metashape for all 100 successfully aligned images in all 116 photos, and the

average image quality value was 0.85.

The treetop is important to be clearly visible in order to measure tree heights. Although there are

some parts that were not well reconstructed because of the neighboring tree, all orthophotos were able

to reconstruct the tree trunk in all four directions (Fig. 15). In total, 4,541,024 points were generated

for dense cloud. More than half of the tree shape in the vertical direction was successfully

reconstructed in the dense cloud and the 3D model. Even though the other half of the tree was not

successfully reconstructed because of the overlap with a neighboring tree, the parts where tree height

and DBH could be measured were well reconstructed (Figs. 16 and 17).

3.1.2 Tree heights and DBHs of the Japanese larch

Table 3, Fig. 18 and 19 show tree heights obtained from the ground, orthophotos, dense cloud

and 3D model. Since we couldn't stay far enough from the target tree, the directions in which the

treetop was visible from the ground were restricted. Therefore, tree heights were measured from only

two directions (Direction 1 and 2) using Vertex. The tree heights measured from the ground were 21.8
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m and 25.8 m (average: 23.80 m). In orthophotos, dense cloud and 3D model, tree heights measured

from the four directions were 17.5-20.3 m (average: 19.19 m), 19.6-19.9 m (average: 19.75 m) and

19.6-19.9 m (average: 19.75 m), respectively (Table 3). In Direction 1 and 2, tree heights measured

from the ground were about 2-6 m higher than the reconstructions, and on average it was about 4 m

higher than the reconstructions (Fig. 18 and 19).

Table 4, Fig. 20 and 21 show DBHs obtained from the ground, orthophotos, dense cloud and 3D

model. DBH calculated from the ground result measured with a tape measure was 51.91 cm. DBHs

measured in the orthophotos were 47.0-52.0 cm from four directions (average: 48.83 cm). DBHs in

dense cloud and 3D model calculated from the longest and shortest diameters were 47.5 and 53.0 cm

(average: 50.25 cm), 50.5 and 55.0 cm (average: 52.75 cm), respectively. While the DBHs estimated

from the approximate circles in dense cloud and 3D model were 51.33 and 54.03 cm, respectively

(Table 4). Compared with the DBH obtained from the ground, the difference with the average DBH

of each reconstruction measured from different directions was -3.08 to +0.84 cm, and the difference

with the estimated DBHs from the approximate circles in dense cloud and 3D model were -0.58 and

-2.12 cm (Fig. 20 and 21).

3.1.3 Orthophotos, Dense Cloud, 3D Model of the Japanese cedar

Figure 22-24 show the generated orthophotos, dense cloud and 3D model of the Japanese cedar

in Mie University Forest. Six orthophotos from six sides were generated using 29, 65, 65, 68, 63 and

31 photos respectively. For dense cloud and 3D model, 321 photos were used. The image quality of

the Japanese cedar which used for generating dense cloud and 3D model was calculated by the quality

14



estimation function in Metashape for all 321 successfully aligned images in all 387 photos, and the

average image quality value was 0.71.

The treetop is important to be clearly visible to measure tree heights. Although there are some

parts that were not well reconstructed because of the lack of the UAV images, orthophotos were able

to reconstruct the tree trunk and treetop in all six directions (Fig. 22). Dense cloud was generated with

19,144,068 points. Although almost the entire tree shape was successfully reconstructed, there was a

small part of the tree that wasn’t reconstructed due to lack of the UAV images. Several branches from

neighboring trees prevented the UAV from flying in certain directions. However, in the dense cloud

and the 3D model, the part where tree height and DBH could be measured were well reconstructed

(Fig. 23 and 24).

3.1.4 Tree heights and DBHs of the Japanese cedar

Table 5, Fig. 25 and Fig. 26 show tree heights obtained from the ground, orthophotos, dense

cloud and 3D model. Since we couldn't stay far enough from the target tree, the directions in which

the treetop was visible from the ground were restricted. Therefore, only two directions (Direction 2

and 5) were used to measure tree heights with Vertex. The tree heights measured from the ground

were 38.0 and 42.9 m (average: 40.45 m). In orthophotos, dense cloud and 3D model, tree heights

measured from six directions were 33.7-35.9 m (average: 34.65 m), 36.2-36.5 m (average: 36.36 m)

and 35.6-35.7 m (average: 35.64 m), respectively (Table 5). In Direction 2 and 5, tree heights

measured from the ground were about 2-8 m higher than the reconstructions, and on average it was

about 4-6 m higher than the reconstructions (Fig. 25 and 26).
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Table 6, Fig. 27 and Fig. 28 show DBHs obtained from the ground survey, orthophotos, dense

cloud and 3D model. DBH calculated from the ground measured with a tape measure was 126.91 cm.

DBHs measured in the orthophotos were 124.0-134.7 cm (average: 129.83 cm) from six directions.

DBHs in dense cloud and 3D model calculated from the longest and shortest diameters were 128.3-

137.7 cm (average: 133.00 cm), 130.7-139.0 cm (average: 134.84 cm), respectively. While the DBHs

estimated from the approximate circles in dense cloud and 3D model were 140.64 and 142.55 cm,

respectively (Table 6). Compared with the DBH obtained from the ground, the difference with the

average DBH of each reconstruction measured from different directions was +2.92 to +7.92 cm, and

the difference with the estimated DBHs from the approximate circles in dense cloud and 3D model

were +13.73 and +15.64 cm (Fig. 27 and 28).

3.2 Old-growth giant Japanese cedar in Mt. Nonobori

3.2.1 Orthophotos, Dense Cloud, 3D Model

Figure 29-31 show the generated orthophotos, dense cloud and 3D model of Japanese cedar in

Mt. Nonobori. Four orthophotos from four sides were generated using 26, 30, 9 and 28 photos

respectively. For dense cloud and 3D model, 65 photos were used. The image quality of the Japanese

cedar which used for generating dense cloud and 3D model was calculated by the quality estimation

function in Metashape for all 65 successfully aligned images in all 93 photos, and the average image

quality value was 0.85.

The treetop is important to be clearly visible in order to measure tree heights. Although there are

some parts that were not well reconstructed because of the influence of light and shadow conditions,

16



orthophotos were able to reconstruct the tree trunk in all four directions, and the treetop in three

directions (Fig. 29). Dense cloud was generated with 3,188,978 points. More than half of the tree

shape in the vertical direction was successfully reconstructed in the dense cloud. Although the other

half of the tree was not successfully reconstructed because of the light and shadow conditions, the part

where tree height and DBH could be measured were well reconstructed (Fig. 30 and 31).

3.2.2 Tree heights and DBHs

Table 7, Fig. 32, and Fig 33 show tree heights obtained from the ground, orthophotos, dense

cloud and 3D model. Since we couldn't have distance from the target tree enough, the directions in

which the treetop was visible from the ground were restricted. Therefore, only two directions

(Direction 1 and 3) were used to measure tree heights using Vertex, and they were 30.1 and 36.9 m

(average: 33.50 m). In orthophotos, dense cloud and 3D model, tree heights measured from two

directions were 28.6 and 29.8 m (average: 29.20 m), 30.2-30.7 m (average: 30.40 m) and 30.3-30.8 m

(average: 30.54 m), respectively (Table 7). In Directions 1 and 3, compared with the average tree

height measured from the ground, the difference with the average of each reconstruction was -2.96 to

-4.30 m (Fig. 32 and 33). Orthophotos could not be reconstructed in those directions and are excluded

from this comparison by directions.

Table 8, Fig. 34 and Fig 35 show DBHs obtained from the ground, orthophotos, dense cloud and

3D model. The DBH calculated from the ground measured with a tape measure were 161.46 cm.

DBHs measured in orthophotos were 150.5-164.0 cm from two directions (average: 155.83 cm).

DBHs in dense cloud and 3D model calculated from the longest and shortest diameters were 153.8

17



and 167.7 cm (average: 160.71 cm), 152.5 and 168.0cm (average: 160.25 cm), respectively. While

the DBHs estimated from the approximate circles in dense cloud and 3D model were 164.85 and

169.27 cm, respectively (Table 8). Compared with the DBH obtained from the ground, and the

difference with the average DBH of each reconstruction measured from different directions was -5.63

to -0.76 cm, and the difference with the estimated DBHs from the approximate circles in dense cloud

and 3D model were +3.39 and +7.81 cm (Fig. 34 and 35).
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4. Discussion

4.1 Characteristics of tree heights and DBHs by measurement methods

It was found through this study that we might be able to provide the method to obtain multi-

directional and three-dimensional records of old-growth giant trees using UAV as a remote method.

The difference between the DBHs estimated by the approximate circle method and the common

ground-based method was -2.12 to +15.64 cm. While the difference between the common ground-

based method and our measurements in different directions in the remote method was approximately

3-7 m in tree heights and 0-12 cm in DBHs.

In the tree height, the remote method in this study was always smaller than the ground-based

method. It is known that the measurement of tree height from ground using triangulation methods

such as Vertex has errors of 1-5 m or more, largely due to the limited visibility of the very top of the

tree from the ground (Bragg, 2008; Goetz et.al., 2011). Moreover, Larjavaara and Muller-Landau

(2013) indicated that due to the difficulty in determining the exact locations of the base and the top of

the tree from a distance, operators tend to shoot high up when using tangential tree height instruments,

leading to overestimation of the tree height. Our results show the same tendency. The measurement

using orthophotos might not have been able to capture the true treetops same as ground-based method

as heights were measured from each lateral view. Although the deviation within the same method was

less than 0.5 m in the dense cloud and 3D model, it was about 1-3 m in the orthophotos. Measurement

differences are likely to be small due to nearly identical treetops being able to capture measurements

in all directions in dense clouds and 3D models by rotating the model.
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In the DBH measurement, although the DBH varied depending on the direction of measurement

since the trunk is not perfectly round, we could not find any tendency in the difference. The difference

between measured values might have been due to the methods. Namely, on the ground, the

circumference of tree trunks was measured using a tape measure, and DBHs were calculated. In the

orthophoto, it measured the width of the tree trunk from each lateral view. While DBHs in dense

clouds and 3D models were measured and estimated by two different methods. One was to measure

the longest and shortest diameters and take the average of the two as the DBH. The other was to

estimate by the approximate circle.

Recently, the terrestrial laser scanning (TLS) and backpack personal laser scanning (BPLS) has

used as a method to capture the whole shape of trees (Disney, 2019; Lecigne et al., 2021). TLS and

BPLS obtain high density point clouds and can get more detailed information on forest internal

structure, including tree location, DBH, tree height, crown width, and other biophysical parameters

(Bazezew et al., 2018; Liang et al., 2019; Wang et al., 2019; Yrttimaa et al., 2019). By using TLS and

BPLS, it has been reported that tree height and DBH can be measured with an accuracy of -9.90 m to

+3.06 m, and -1.11 cm to +1.71 cm, respectively (Table 9). The results in this study showed similar

differences in tree height with theirs, while the difference in DBH were larger than them. Some studies

estimated DBHs based on circumferences approximating the cross-section of the trunk, the value

would be more similar to the ground-based method than our methods that measured from different

directions. However, the DBHs estimated from the approximate circles in this study show a more

significant difference, especially when trees have bigger trunks. DBHs of trees in other studies were

less than 100 cm, and the DBHs of the Japanese larch in this study (DBH<100 cm) show similar
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accuracy (-2.12 to -0.58 cm). In addition, Zhang, Y. et al. (2022) indicated that image quality as one

of the important parameters in Metashape software would affect 3D recovery. In this study, image

quality of the Japanese cedar in the Mie University Forest (image quality: 0.71) was not as good as

the other two (image quality: 0.85, 0.85), which might significantly affect the reconstruction, bringing

up more noise points. The results might be improved with a better camera. Furthermore, the advantage

of UAV data collection compared to TLS and BPLS are the ability to acquire images to identify the

condition of the old-growth giant trees through the color of leaves and trunks.

4.2 Environments of data acquisition

We designed the flight path to take images from different directions in two concentric circles to

obtain detailed images of the target trees (Scher et al., 2019) except for the Japanese cedar in Mt.

Nonobori. In Mt. Nonobori, it was taken from different directions in one concentric circle. When there

are trees or buildings around the target tree, there might not be enough space for the UAV to fly. At

this case, we might need to reduce the number of concentric circles or increase the interval between

shooting directions, but we also need to consider whether the images taken under such a flight path

can provide us with sufficient results. Although it is not caused by only it, orthophoto, dense cloud

and 3D model were not enough reconstructed in the Japanese cedar in Mt. Nonobori.

In this study, there were some missing parts under some branches and leaves in the dense cloud

and 3D model, especially when the crown size of the target tree was larger. We might need to change

the camera angle depending on objects. During the images taking of the target trees, we left the camera

angle at the default setting which was horizontal (0°). Moreira et al. (2021) proposed a way to
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complement it by adjusting camera’s shooting angle. They varied the tilt of the camera from vertical

(90°, nadir) to oblique (60°) in order to obtain viewpoints of tree trunks completely or partially hidden

under the canopies during the acquisition of images using the UAV. It helped to reconstruct the parts

under the branches or leaves.

It is also necessary to devise light conditions. There were some parts of the trees could not be

reconstructed in the dense cloud and 3D model caused by the difference between the shaded part of

the trees and the part with strong light. Scher et al. (2019) evaluated the ambient light conditions in

the drone-based photogrammetry method and pointed out that the models reconstructed using images

taken on sunny days had larger errors than those using images taken on overcast day. It was reported

that the occurrence of shadows and uneven illumination can also affect the quality of the point cloud

(Dandois et al., 2015). Although there is no option to remove the trees and buildings around the target

trees, we would consider and decide the weather and time of day for taking images.

4.3 Benefit from citizen volunteers

The cooperation of local citizen volunteers is essential to recording and maintaining the old-

growth giant trees since about 70,000 old-growth giant trees and forests have been registered in Japan

(The Japanese Ministry of the Environment, 2017). In fact, most registered and measured trees were

recorded by local citizen volunteers. Since they are rarely equipped with specialist and expensive

equipment such as Vertex, tree height is usually measured visually, and trunk circumference is

measured with a tape measure. In addition, since old-growth giant trees often has an intricate and

unique shape, it is difficult to describe their appearance through these measurements accurately.
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Therefore, it is recommended to make sketches and take photos of the trees (Biodiversity Center of

Japan, 2000). Although it might still be difficult for local citizen volunteers to generate orthophotos,

dense clouds and 3D models because it requires specialized software and knowledge, it has become

much easier to obtain images of target trees using UAV. In recent years, UAVs have become smaller

and cheaper, making them more and more familiar to citizens. We used two types of UAVs in this

study, one costs about 10,000 yen for TELLO and the other is about 600,000 yen for BLUEGRASS

FIELDS. We found that we could obtained data even low-cost products was comparable to expansive

one. Moreover, although the tallest tree is Japanese cedar (Cryptomeria japonica), which is 62.3 m in

Japan (Forestry Agency, 2017), the maximum flight altitudes of many UAVs exceed these. We should

start asking local citizen volunteers to regularly use drones to photograph trees and accumulate data.

old-growth giant trees are facing the problem of aging and given their longevity and the pressures of

environmental change, we need to start recording those trees immediately.
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5. Conclusion

Through our research, we found that we might be able to provide a method of using UAV as a

remote method to obtain multi-directional and three-dimensional records of old-growth giant trees.

Old-growth giant trees are facing the problem of aging and given their longevity and the pressures of

environmental change, we need to start recording these trees immediately using UAV with the help

of citizen volunteers.
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Table 1. Specification of UAV (TELLO/DJI)

Parameters Specifications
Speed 8m/s (maximum)
) Flight height 30m (maximum)
Aircraft Flight time 13min
Size 98x92.5x41 mm
Weight 80g

Camera(RGB) Image resolution 5MP (2592x1936)
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Table 2. Specification of UAV (BLUEGRASS FIELDS/Parrot)

Parameters Specifications
Speed 60km/h (maximum)
. Flight time 25mins (maximum)
Aircraft Size 50 x 44 x 12 cm
Weight 18509
Video . .
Camera Image resolution  14MP wide angle camera
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Table 3 Tree heights of the Japanese larch in Mie University Forest

Direction
1 2 3 4 Average
Vertex (m) 21.8 25.8 N/A N/A 23.80

Orthophoto (m) 202 203 188 175 19.19

Dense Cloud (m) 19.9 19.6 19.7 19.8 19.75

3D Model (m) 19.9 19.6 19.7 19.9 19.75
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Table 4 DBHs of the Japanese larch in Mie University Forest

Direction Approximate
1 2 3 4 Average circle
Tape (cm) 51.91 51.91 N/A
Orthophoto (cm) 52.0 47.0 47.0 493 48.83 N/A
Dense Cloud (cm) Longest: 53.0; Shortest: 47.5 50.25 51.33
3D Model (cm) Longest: 55.0; Shortest: 50.5 52.75 54.03
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Table 5 Tree heights of the Japanese cedar in Mie University Forest

Direction
1 2 3 4 5 6 Average
Vertex (m) N/A 38.0 N/A N/A 42.9 N/A 40.45

Orthophoto (m) 34.7 34.5 33.7 359 34.8 344 34.65

Dense Cloud (m) 36.5 36.2 36.3 36.3 36.4 36.5 36.36

3D Model (m) 35.7 35.6 35.6 35.6 35.6 35.7 35.64
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Table 6 DBHs of the Japanese cedar in Mie University Forest

Direction Approximate
1 2 3 4 5 6 Average circle
Tape (cm) 126.91 126.91 N/A
Orthophoto (cm)  128.0 1240 N/A 1347 1333 1270  129.83 N/A
Dense Cloud (cm) Longest: 137.7; Shortest: 128.3 133.00 140.64
3D Model (cm) Longest: 139.0; Shortest: 130.7 134.84 142.55
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Table 7 Tree heights of the Japanese cedar in Mt. Nonobori

Direction
1 2 3 4 Average
Vertex (m) 30.1 N/A 36.9 N/A 33.50
Orthophoto (m) N/A 29.8 N/A 28.6 29.20
Dense Cloud (m) 30.3 30.7 30.2 N/A 30.40
3D Model (m) 30.5 30.8 30.3 N/A 30.54
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Table 8 DBHs of the Japanese cedar in Mt. Nonobori

Direction Approximate
1 2 3 4 Average circle
Tape (cm) 161.46 161.46 N/A
Orthophoto (cm) N/A 164.0 N/A 150.5 155.83 N/A
Dense Cloud (cm) Longest: 167.7; Shortest: 153.8 160.71 164.85
3D Model (cm) Longest: 168.0; Shortest: 152.5 160.25 169.27
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Table 9 Accuracy of tree heights and DBHs measured by terrestrial laser scanning (TLS) and

backpack personal laser scanning (BPLS) in previous studiess

Difference of tree height

between grand survey and Tree species Reference
TLS/BPLS
Quercus petraea, Carpinus betulus, Fagus .
- ~+
9:90~+228 m sylvatica, Larix decidua, Picea abies Brolly & Kiraly (2009)
1.02 ~+145m Quercus serrata, Magnolz.a obovate, Aruga et al. (2017)
Castanea crenata, Cerasus jama- sakura

0~3.06m Schima superba and Agathis Yubo et al. (2019)

+0.78 ~+1.01 m Japanese cypress (Chamaecyparis obtusa) ~ Furukawa and Nagashima (2020)

-1.61 ~-1.18 m Japanese cedar (Cryptomeria Japonica) Ko etal. (2021)

Difference of DBH between
grand survey and TLS/BPLS

Tree species

Reference

-0.67 ~+1.58 cm

-0.18 ~+0.76 cm

-1.11 ~+0.39 cm
0~1.71 cm
-1.06 ~-0.87 cm

Spruce, Beech, Fir Spruce, Larch, Fir

Pine, Spruce, Deciduous, Spruce

Quercus serrata, Magnolia obovate,
Castanea crenata, Cerasus jama- sakura

Schima superba and Agathis

Japanese cedar (Cryptomeria Japonica)

Maas et al. (2008)
Liang and Hyyppa (2013)
Aruga et al. (2017)
Yubo et al. (2019)

Koetal. (2021)
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Fig 1. Methodological processes of this study.
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Fig 2. Location of Mie University Forest.
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Fig 3. Location of Mt.Nonobori.

47




Fig 4. Japanese larch in Mie University Forest.
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Fig 5. Japanese cedar in Mie University Forest.

49



Fig 6. Japanese cedar in Mt.Nonobori.
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Fig 7. Flying paths for the Japanese larch in Mie University Forest.
a: UAV positions from the side. b: UAYV positions from the top.

51



® Focal tree  ®mUAV position = Pole & Other trees

Fig 8. Flying paths for the Japanese cedar in Mie University Forest.
a: UAV positions from the side. b: UAYV peositions from the top.
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Fig 10. Procedure of UAV images processing.
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Fig 12. Measurement methods in the generated dense clouds

a: Tree height measurement. b: DBH measurement
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Fig 13. Measurement methods in the generated 3D model.
a: Tree height measurement. b: DBH measurement.
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Fig 14. Measurement method using approximate circle in the generated dense clouds and 3D
models.
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Fig 15. Orthophotos of the Japanese larch in Mie University Forest.
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Fig 16. Dense Cloud of the Japanese larch in Mie University Forest.
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Fig 17. 3D Model of the Japanese larch in Mie University Forest.
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Fig 18. Tree heights of the Japanese larch in Mie University Forest.
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Fig 19. Differ in the tree height measurements of the Japanese larch in Mie University Forest.
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Fig 20. DBHs of the Japanese larch in Mie University Forest.
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Fig 21. Differ in the DBH measurements of the Japanese larch in Mie University Forest.
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Fig 22. Orthophotos of the Japanese cedar in Mie University Forest.
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Fig 23. Dense Cloud of the Japanese cedar in Mie University Forest.
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Fig 24. 3D Model of the Japanese cedar in Mie University Forest.
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Fig 25. Tree heights of the Japanese cedar in Mie University Forest.
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Fig 26. Differ in the tree height measurements of the Japanese cedar in Mie University Forest.
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Fig 27. DBHs of the Japanese cedar in Mie University Forest.
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Fig 28. Differ in the DBH measurements of the Japanese cedar in Mie University Forest.
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Fig 29. Orthophotos of the Japanese cedar in Mt.Nonobori.
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Fig 30. Dense Cloud of the Japanese cedar in Mt.Nonobori.
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Fig 31. 3D Model of the Japanese cedar in Mt.Nonobori.
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Fig 32. Tree heights of the Japanese cedar in Mt.Nonobori.
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Fig 33. Differ in the tree height measurements of the Japanese cedar in Mt.Nonobori.
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Fig 34. DBHs of the Japanese cedar in Mt.Nonobori.
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Fig 35. Differ in the DBH measurements of the Japanese cedar in Mt.Nonobori.
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