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Abstract: High-value timber species such as monarch birch (Betula maximowicziana Regel), castor
aralia (Kalopanax septemlobus (Thunb.) Koidz), and Japanese oak (Quercus crispula Blume) play
important ecological and economic roles in forest management in the cool temperate mixed forests
in northern Japan. The accurate measurement of their tree height is necessary for both practical
management and scientific reasons such as estimation of biomass and site index. In this study, we
investigated the similarity of individual tree heights derived from conventional field survey, digital
aerial photographs derived from unmanned aerial vehicle (UAV-DAP) data and light detection and
ranging (LiDAR) data. We aimed to assess the applicability of UAV-DAP in obtaining individual
tree height information for large-sized high-value broadleaf species. The spatial position, tree height,
and diameter at breast height (DBH) were measured in the field for 178 trees of high-value broadleaf
species. In addition, we manually derived individual tree height information from UAV-DAP and
LiDAR data with the aid of spatial position data and high resolution orthophotographs. Tree heights
from three different sources were cross-compared statistically through paired sample t-test, correlation
coefficient, and height-diameter model. We found that UAV-DAP derived tree heights were highly
correlated with LiDAR tree height and field measured tree height. The performance of individual
tree height measurement using traditional field survey is likely to be influenced by individual species.
Overall mean height difference between LiDAR and UAV-DAP derived tree height indicates that
UAV-DAP could underestimate individual tree height for target high-value timber species. The
height-diameter models revealed that tree height derived from LiDAR and UAV-DAP could be better
explained by DBH with lower prediction errors than field measured tree height. We confirmed
the applicability of UAV-DAP data for obtaining the individual tree height of large-size high-value
broadleaf species with comparable accuracy to LiDAR and field survey. The result of this study will
be useful for the species-specific forest management of economically high-value timber species.

Keywords: mixed conifer-broadleaf forest; broadleaf species; forest inventory; height-diameter
model; unmanned aerial vehicle; species-specific forest management
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1. Introduction

High-value timber species play important ecological and economic roles in forest management [1,2].
Trees with high economic value are often large in size [3] contributing to structural heterogeneity,
dynamics, and functions of the forest ecosystem [4,5], and make up a large fraction of aboveground
biomass [6]. They play an important role in the rate and pattern of regeneration and forest succession [7]
and provide habitats for wildlife species [8]. Because of their high commercial value, high-value timber
species are subjected to excessive and illegal harvesting [9,10]. In many regions of the world, their
numbers are declining [11] and therefore, species of high-value timber trees have often been earmarked
for special attention in conservation and forest management practices [12]. Due to their economic and
ecological importance in forest management, the single-tree management of high-value timber species
was recommended in previous studies [3,11]. Single tree selection, measuring and periodic monitoring
for the optimal management of these species are important elements under single-tree management.

For management and conservation purposes, the forest inventory needs to provide accurate
information of high-value individuals such as tree height and diameter at breast height (DBH). The
individual tree DBH can be measured accurately by traditional field measurements, but tree height
is relatively difficult to measure accurately [13]. Further, the results of tree height measurements are
greatly influenced by many factors including biophysical and topographic factors, instrument errors,
and human errors [14-17]. Although errors are likely to be presented in the field measurements of
tree height than other parameters, such as DBH [15,18], field-measured tree heights have been widely
understood to be the most reliable source of tree height information [19].

With the advancement of remote sensing (RS) technology such as airborne laser scanning (ALS)
and digital aerial photographs derived from unmanned aerial vehicle (UAV-DAP), the use of RS
technology may overcome difficulty in accurate tree height measurement in the field. ALS is an active
remote sensing technique that uses a light detection and ranging (LiDAR) sensor, which enables
us to measure the three-dimensional (3D) distribution of vegetation canopy components as well
as sub-canopy topography, resulting in an accurate estimation of vegetation height and ground
elevation [20,21]. Many previous studies have demonstrated the ability of LIDAR data in the estimation
of forest information over large areas of forests with high accuracy [22-24]. Further, a LiDAR 3D
forest structure can provide accurate individual tree height information [25-29]. However, the major
limitation of LiIDAR data is the high acquisition cost, which limits its application in forest management
directives [30,31].

Recently UAV-DAP has become a popular RS technique for fine-scale remote sensing due to its
flexibility in data acquisition, low operational cost, and high spatial and temporal resolution [32].
Software developments, such as Structure-from-Motion (SfM), offer the efficient processing of digital
aerial photographs (DAPs) acquired from low-cost UAV platforms, providing an cost-effective
alternative to generate the 3D forest information, i.e., photogrammetric point cloud (PPC) [33-35].
Although PPC fails to provide ground information especially in dense vegetation cover, it can provide
an upper canopy surface [36,37]. Thus, the accurate digital terrain model (DTM) is a prerequisite for
the accurate characterization of forest information using PPC. Where highly accurate DTM exists,
PPC has been proven to provide a cost-effective estimation of forest information with high accuracy
comparable to LiDAR data [38—44]. Moreover, recent studies suggested that UAV-DAP could provide
highly accurate individual tree height information [45-48]. However, most of these studies have been
employed in forests with simple structural complexity such as plantations or even-aged forests.

Applications of UAV-DAP for individual tree height measurement, particularly for large-size
broadleaf trees, have not been widely studied, especially in structurally complex mixed forests.
Moreover, a rigorous comparison of individual tree height estimation between LiDAR, UAV-DAP and
field survey data is rare. Therefore, we tried to address these issues in this study.

In cool-temperate mixed forests in northern Japan, monarch birch is the most valuable timber
species, with the log price reaching 20,000 USD per cubic meter, and castor aralia is the second most
expensive timber species, with its prices reaching 7500 USD per cubic meter [3]. Japanese oak, is
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another valuable broadleaved timber species; its timber supply is exclusively dependent on the cutting
of large trees within mixed forests [49]. Accurate individual tree information of these high-value timber
species is important for the reliable application of single-tree management system [2,3]. However, tree
height estimation for these species is a challenging task for forest managers.

The aim of the present study is, therefore, to examine whether UAV-DAP could be used to derive
the height of large-size high-value trees. First, we compare individual tree height derived from field
survey, LIDAR, and UAV-DAP data. Since tree height can be predicted from the individual tree DBH
(e.g., [50-52]), secondly, we assess the relationship between individual tree DBH and the tree height
derived from field survey, LIDAR, and UAV-DAP through height-diameter models to examine how
three height sources can be explained by tree diameter.

2. Materials and Methods

2.1. Study Site

This study was conducted in the University of Tokyo Hokkaido Forest (UTHF) (Figure 1). UTHF
is located in Furano City, central Hokkaido Island in northern Japan (43°10-20" N, 142°18-40" E,
190-1459 m asl). UTHF is a pan-mixed forest, where uneven-aged mixed forests with coniferous and
broad-leaved tree species are the main vegetation cover. The mean annual temperature was 6.4 °C
and precipitation was 1297 mm at the arboretum of the UTHF (230 m asl) during 2001-2010, and snow
usually covers the ground from late November to early April with a maximum depth of approximately 1
m. The predominant tree species included Sakhalin fir (Abies sachalinensis), Yezo spruce (Picea jezoensis),
Japanese linden (Tilia japonica), and painted maple (Acer pictum var. mono) [53]. Other common conifer
tree species include Taxus cuspidata, Picea glehnii. B. maximowicziana, K. septemlobus, Q. crispula, and
Ulmus laciniata, which are among the common deciduous broadleaved species.
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Figure 1. Location of the study area. (a) The University of Tokyo Hokkaido Forest, (b) Sub-compartment
36 Band 59 A, (c) Measured trees at sub-compartment 36B, (d) Measured trees at sub-compartment 59A.
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For this study, two forest management sub-compartments - compartment 36B and compartment
59A—were selected. Compartment 36B is scheduled for management activities in 2020 and
compartment 59A was managed in 2019. Major management activities included selection harvesting
except in reserved forest areas. Harvesting rates were determined based on the forest inventory
practices one year ahead of management activities.

2.2. Data

2.2.1. Field Data

Field measurements of 178 trees of three high-value timber species (Figure 2) were carried out
during July and August of 2019. Measurement parameters included the DBH, tree height, and spatial
positions of individual trees. A summary of field measurement is given in Table 1. DBH was measured
using diameter tape. The tree heights were measured using a Vertex Il hypsometer and transponder
(Haglof, Sweden AB). Tree height measurements were carried out three times, and average height
values were assumed as the corresponding tree height. Individual tree spatial positions were recorded
using global navigation satellite system (GNSS). We used an R2 integrated GNSS system (Trimble,
USA) to record individual tree spatial positions with an accuracy of less than 1 m.

Figure 2. High-value timber species. (a) Monarch birch (Betula maximowicziana), (b) Castor aralia

(Kalopanax septemlobus), and (c) Japanese oak (Quercus crispula).

Table 1. Summary statistics of field measured trees (standard deviation in parenthesis).

DBH (cm)
Mean Minimum Maximum
Monarch birch (n = 62) 60.07 (10.13) 41.80 90.60
Castor aralia (n = 64) 59.34 (12.92) 44.00 94.40
Japanese oak (n = 52) 74.38 (14.09) 44.20 111.20

2.2.2. LiDAR Data

LiDAR data were acquired in September 2018 using an Optech Airborne Laser Terrain Mapper
(ALTM) Orion M300 sensor (Teledyne Technologies, Waterloo, ON, Canada) mounted on a helicopter.
The detail specifications of LIDAR data are summarized in Table 2. The acquired data included first,
second, third and last return and waveform data. The classification of LiDAR data into ground and
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non-ground points was initially processed by the data provider (Hokkaido Aero Asahi, Hokkaido,
Japan), and data were delivered in LAS format. In this study, we used first and last return data only.

Table 2. LiDAR flight parameters.

Parameters Description
Flying speed (km/h) 140.4
Flying height (m) 600

Course overlap (%) 50
Beam divergence (mrad) 0.16
Pulse rate (kHz) 100
Scan angle +30
Point density (points/m?) 16.07

2.2.3. UAV Data

UAYV imagery was acquired on 8 and 10 July 2019 for compartment 36B and 11 and 30 July 2019
for compartment 59A. We used an Inspire-2 platform mounted with a Zenmuse X55 RGB camera (D],
Shenzhen, China) for image acquisition. Eight separate flights for compartment 36B and 10 separate
flights for compartment 59A were employed. In both compartments, the flying altitudes were set to
120 m, but the actual flying height may have varied because of the terrain conditions. The average
ground sampling distances were 2.3 cm/pixel. Image overlaps were 80% for both longitudinal and
lateral overlaps. Before flight missions, ground control points (GCPs), take-off and landing points
were set in available open areas. The locations of GCPs were recorded using the Trimble R2 GNSS.
We collected 10 GCPs in Compartment 36B and 9 GCPs in Compartment 59A. There were total of
3292 images for compartment 36B and 2231 images for compartment 59A. All imagery had a photo
resolution of 5280 x 3956 pixels.

2.3. Data Processing and Canopy Height Model (CHM) Generation

2.3.1. LiDAR Data Processing and LiDAR-CHM Generation

For this study, LIDAR data processing was performed using US Forest Service FUSION/LDV 3.8.0
software [54]. LiDAR digital terrain models (LiDAR-DTM) of 0.5 m spatial resolution were generated
using GroundFilter and GridSurfaceCreate functions. LiDAR point clouds were normalized to the
height above ground by the subtraction of the LIDAR-DTM elevation from LiDAR digital surface models
(LiDAR-DSM) to generate the LiDAR canopy height model (LiDAR-CHM). We used the CanopyModel
function in FUSION/LDV software to generate a LIDAR-CHM with a 0.5 m spatial resolution.

2.3.2. UAV Data Processing and UAV-DAP-CHM Generation

We used the 3D modelling software Agisoft Metashape Professional Edition 1.5.3 (Agisoft, St.
Petersburg, Russia) 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 [35]. The workflow included four stages: image
alignment, building a dense point cloud, building a digital elevation model (DEM) and building
an orthomosaic. During the image alignment stage, the stage at which camera location, orientation
and other internal parameters are optimized [55], we used high 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
abnormal points based on gradual selection procedures in Metashape [55] to optimize the camera
locations. We then added GCPs in each corresponding image for a more accurate optimization of
camera locations and orientation as well as other internal camera parameters. In the building dense
point cloud stage, the stage that generates a dense point clouds, we used medium quality to reduce the
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image processing time and mild depth filtering to remove the outliers. We followed the Metashape
default setting for the DEM building stage and orthomosaic building stage. Dense point clouds were
exported in LAS format with average point density of 547.01 points/m?. and orthophotographs with a
3 cm pixel resolution were exported in GeoTiff format.

Previous studies [37,40,42] highlighted the need for accurate DTM for the normalization of DAP
point clouds. To generate UAV-DAP-CHM, we used LiDAR-DTM for normalization of PPC. We used
the same procedure as the LIDAR-CHM generation in the FUSION software package, and the resulting
DAP-CHM was exported with a 0.5 m spatial resolution.

2.4. Individual Tree Height Measurement Using RS Data

In order to evaluate the reliability of individual tree height measurement using different data
sources—i.e., field, LIDAR and UAV-DAP—exact individual trees need to be identified in all three
data sources. Further, methods of measuring tree height need to be carried out separately to ensure
independent measurements from the statistical point of view. An individual tree crown detection
algorithm may impose errors in detecting individual trees and previous studies reported poor results
in tree detection under a complex forest structure [23,56]. Therefore, field measured individual
tree positions were used to identify the exact trees on both CHMSs with the help of UAV-DAP
orthophotographs. The manual delineation of an individual tree crown was carried out using high
resolution orthophotographs. These crown polygons were used as reference crowns and for extracting
individual tree heights from both LiDAR-CHM and UAV-DAP-CHM.

In forestry, tree height can be defined as the vertical distance between the ground level and tip
of the tree [57]. We also used this definition in measuring tree height in the field. According to this
definition, the difference between maximum point within a crown and the ground is the tree height.
Therefore, the maximum value within a manually delineated crown polygon was considered to be
the corresponding tree height. Height measurements were carried out separately for LIDAR-CHM
and UAV-DAP-CHM.

It should be noted that there is a temporal discrepancy of 10 to 11 months between the LiDAR
data acquisition and UAV imagery acquisition. Field measurements were carried out at the same
time as UAV imagery acquisition. Previous studies suggested that trees typically invest heavily in
height growth when young, rapidly approaching their maximum height, but then continue to grow
in diameter throughout their lives [58]. In our data, only large diameter trees (DBH > 40 cm) were
included (Table 1). Therefore, we assumed that there are no large increments in the tree heights of
large size trees.

2.5. Data Analysis

2.5.1. Individual Tree Height Comparison

The individual tree height comparison was carried out in pairs; i.e., Field height vs. LiDAR
height, Field height vs. UAV-DAP height, and LiDAR height vs. UAV-DAP height. To access the
degree of association between pairs, we calculated the Pearson correlation coefficient (r). Further, we
calculated the root mean square difference (RMSD). The RMSD indicates the average height difference
between measurement methods and clarifies the magnitude of the differences between measurement
methods. Further we calculated the mean difference (MD) to indicate whether tree heights derived
from one measurement technique were generally greater or smaller than those derived from another
measurement technique.

2.5.2. Height-Diameter Relationships

Tree height-diameter (H-D) models are widely used to predict individual tree heights (e.g., [51,
52,59]). Tree height data predicted from DBH using these models can be used as an input variable
in various forest models such as growth and yield models, and biomass models [15,24]. Most of the
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previously published studies used one tree height measurement technique, i.e., field survey, in H-D
models. As UAV-DAP and LiDAR data could provide accurate tree height information, it is worth
to examine how different tree height data sources may provide improved H-D models. To assess
the performance of different tree height measuring techniques in the H-D model, we tested a simple
non-linear function (Equation (1)) which was widely used in the height-diameter allometric models:

Height = 1.3 + a x DBH? (1)

where, a and b are parameters to be estimated. The value of 1.3 is included in all models to account
for the fact that DBH is measured at 1.3 m above the ground. It was excluded when height values
from LiDAR and UAV-DAP were used in model development. We tested species-specific non-linear
models to examine the relationships between DBH and tree height derived from field, LIDAR and
UAV-DAP data. RMSE and coefficient of determination (R?) values were used for model evaluation.
All statistical analyses were performed in R software [60].

3. Results

3.1. Correlation between Observed Tree Heights

Observed tree heights are listed in Table 3. The comparison of field, LIDAR and UAV-DAP tree
height for the three species is summarized in Table 4 and Figure 3. The RMSD and r values showed
good agreement and consistency between the field, LIDAR and UAV-DAP tree height measurement.
Among the three pairs for the individual tree height comparison of all species, the LIDAR vs. UAV-DAP
pair has the highest r values and lowest RMSD values, while the lowest r values and highest RMSD
values occurred in Field vs. UAV-DAP pair. The same results were also found for species specific
comparison. The correlation coefficients in Table 4 also indicate that tree height measurement accuracy
could differ between species.

Table 3. Observed tree height from field, LIDAR and UAV-DAP (standard deviation in parenthesis).

Speci Field Height (m) LiDAR Height (m) UAV-DAP Height (m)
pecies
Mean Min Max Mean Min Max Mean Min Max

Monarch 25.35 25.39 25.21
birch (n = 62) (2.65) 20.87 32.83 (1.66) 2213 30.64 2.01) 21.43 30.73
Castor aralia 23.40 23.70 23.52

(n = 64) (3.10) 14.10 29.73 2.51) 16.58 30.27 2.75) 15.92 30.50
Japanese oak 24.67 24.56 24.24

(n = 52) (2.64) 20.43 30.13 (1.79) 20.81 28.80 (2.03) 20.21 29.48

Table 4. Correlation of tree height derived from field, LIDAR and UAV-DAP data for three high-value
timber species.

Species Field vs. LIDAR Field vs. UAV-DAP LiDAR vs. UAV-DAP

r RMSD Bias r RMSD Bias r RMSD Bias
bigﬁ?ﬁf}gz) 0.69 1.91 -0.05 0.61 2.12 0.14 0.77 1.29 0.19
Caf;":r ngha 0.76 2.04 -0.30 0.74 2.14 -0.12 0.92 1.07 0.18
]ap(i“:es;z;’ak 0.63 2.05 0.11 0.55 231 043 091 091 0.31
All(n=178) 073 2.00 -0.93 0.68 2.18 0.13 0.89 111 022

Note: all values of r were statistically significant at p < 0.001. Paired sample t-tests were not statistically significant
for all pairs of comparison at 0.05 significant levels.
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Figure 3. Correlation between tree heights derived from field survey, LIDAR, and UAV-DAP data.
Red, green, and blue dots represent individual monarch birch, castor aralia, and Japanese oak tree
heights, respectively.
3.2. Height Differences between Three Height Measurement Methods

Height differences between Field vs. LiDAR, Field vs. UAV-DAP and LiDAR vs. UAV-DAP
are shown in Table 5 and Figure 4. As shown in Figure 4a, the height differences between field and
LiDAR tree height increase as the field measured tree heights increase. A similar trend was observed
in the height differences of field-measured and UAV-DAP tree height (Figure 4b). However, tree height
differences between LiDAR and UAV-DAP decreased with increasing UAV-DAP tree height as shown

in Figure 4c.

Table 5. Height differences between field measured and RS tree height (standard deviation in parenthesis).

Field vs. LIDAR (m)

Field vs. UAV-DAP (m)

LiDAR vs. UAV-DAP (m)

Species
Mean Min Max Mean Min Max Mean Min Max
Monarch birch -0.05(1.9) -3.85 3.60 0.14 (2.13) —4.88 3.10 0.19 (1.29) —2.47 4.00
Castor aralia -0.30(2.0) -3.80 3.95 -0.12 (2.15) —4.27 447 0.18 (1.07) -2.70 3.19
Japanese oak 0.11 (2.1) -3.72 3.87 0.43 (2.29) —4.68 4.66 0.31 (0.86) -1.56 2.20
All -0.09 (2.0) -3.85 3.95 0.13 (2.19) -4.88 4.66 0.22 (1.09) -2.74 4.00
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values for lower height trees and higher tree height values for higher trees when compared with
RS data. Figure 4c indicates that UAV-DAP could produce higher tree height values of higher trees
and lower tree height values for lower trees when compared with LiDAR data. However, the mean
difference in Table 5 indicates that UAV-DAP underestimates the individual tree height in comparison

Field Height (m)

Field Height (m)

UAV-DAP Height (m)

Figure 4. Height differences between measurement methods. (a) Difference between field height and
LiDAR height, (b) Difference between field height and UAV-DAP height, and (c) Difference between
LiDAR height and UAV-DAP height. Red, green, and blue dots represent individual monarch birch,
castor aralia, and Japanese oak tree height respectively.

According to Figure 4a,b, field tree height measurements were likely to produce lower tree height
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with LiDAR data. The lowest and highest individual tree height differences between LiDAR data and
UAV-DAP were —2.74 m and 4.00 m, respectively, with mean tree height differences for all species of
less than 1 m.

3.3. Relation between Tree Height and DBH

3.3.1. Height-Diameter Relationships

Correlations between individual tree DBH and tree height derived from the field survey, LiDAR,
and UAV-DAP are summarized in Table 6 and Figure 5. The tree height derived from LiDAR data
showed a stronger correlation with DBH than field-measured and UAV-DAP tree height. A better
correlation between tree height and DBH was observed for castor aralia than the other two species,
while Japanese oak exhibited a significant but relatively poor correlation among the three species.

Table 6. Pearson’s correlation coefficient between tree height and DBH.

Species Field Height LiDAR Height = UAV-DAP Height
Monarch birch 0.41* 0.58 *** 0.47 ***
Castor aralia 0.56 *** 0.67 *** 0.65 ***
Japanese oak 0.34* 0.35* 0.25
All 0.41 ** 0.46 *** 0.40 ***

Significance: *** p < 0.001, * p < 0.05.
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Figure 5. Correlation between individual tree DBH and tree height derived from Field, LiDAR, and
UAV-DAP. Red, green, and blue dots represent individual monarch birch, castor aralia, and Japanese
oak tree respectively.

3.3.2. H-D Models

The results of the non-linear H-D models are summarized in Table 7. In comparison with the
field measured tree height, the UAV-DAP tree height showed better prediction power in terms of
RMSE for all species (Table 7). H-D model using LiDAR derived tree height exhibited lower RMSE
values and higher R? values for all target species. Figure 6 indicates the distribution of prediction
errors across DBH and tree height which also shows the lower variation for LIDAR derived tree height
estimation. It also shows that UAV-DAP derived tree height can be predicted from tree DBH with
comparable level of prediction errors to field and LiDAR derived tree height. Figure 6 also reveals the
smaller prediction errors for LIDAR derived tree height and UAV-DAP derived tree height. The mean
prediction errors across height classes were shown in Figure 7. According to Figure 7, highest negative
mean prediction errors were observed for field measured tree height in the lower high classes and
larger positive mean prediction errors were observed in higher height classes for all species. Lower
positive and negative mean prediction errors were found for LIDAR and UAV-DAP derived tree height.
In Figure 8, we showed the similarity of LIDAR and UAV-DAP tree height predicted from tree DBH to
the field measured tree height for height diameter curve.
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Table 7. H-D models using tree height derived from field survey, LIDAR and UAV-DAP data.

Field Height LiDAR Height UAV-DAP Height

a b RMSE R? a b RMSE R? a b RMSE R?

Monarch birch ~ 9.22*  0.25** 2.42 0.18 9.95**  0.23**  1.35 0.50 10.10 % 0.22**  1.77 0.27
Castor aralia ~ 5.35** 0.36** 253 0.47 574  035**  1.81 0.88 520  0.37** 204 0.77
Japanese oak  10.69 *  0.19 ** 2.46 0.13 13.96 *** 0.13* 1.67 0.13 15.49 *** 0.10 1.96 0.10

a and b are the parameters of Equation (1). Significance: *** p < 0.001, ** p < 0.01, * p < 0.05.
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Figure 8. Height-Diameter curves. Blue, red, and black lines represent field measured height, predicted
LiDAR height, and predicted UAV-DAP height, respectively.

4. Discussion

In this study, we demonstrated the ability of UAV-DAP to perform the individual tree height
estimation of high-value timber individuals in mixed conifer-broadleaf forests in northern Japan.
We observed that UAV-DAP enabled individual tree height estimation with comparable accuracy to
airborne laser scanning or LiDAR data and field-measured data.

According to Table 4, stronger correlation coefficients were observed in LIDAR and UAV-DAP
tree height comparison among three pairs of comparison. LiDAR derived tree height showed better
correlation with field measure tree height than UAV-DAP derived tree height. This result is consistent
with a previous study by Wallace et al. [44]. They also reported a stronger correlation between Field vs.
LiDAR than Field vs. UAV-DAP. However, the correlation between LiDAR and field measured tree
height in this study was lower than other studies [25,27-29]. This lower correlation could be related to
the species, the tree height itself and measurement errors in the field. In addition, the accuracy of tree
heights derived from RS data might also be influenced by many factors such as structural complexity
of the forest canopy which could affect photogrammetric reconstruction [44,61,62]. Moreover, LIDAR
data also have limitations such as tree height estimation errors due to different canopy height model
generation methods [63], susceptibility to influence of slope and crown shape on canopy height [64].

One of the key questions when using field-measured tree height as reference data for the evaluation
of LiDAR or UAV-DAP is the accuracy of field measurement. Sibona et al. [29] assessed the accuracy
of LiDAR tree height using actual tree height derived from 100 felled trees. They found that tree
height derived from LiDAR data was closer to actual height than field measurement. Since our target
species are large-size high-value broadleaved trees, some error in field measurement could be expected
because of the tree height itself and tree crowns which limit the visibility to the tree tops. This was
also highlighted by Hunter et al. [15] and Stereficzak et al. [17]. These studies reported that small
measurement errors were found in conifer species and larger trees were subjected more to height
measurement errors in the field. Further, the number of leaves present in our study species may impact
the accuracy of field tree height measurement. Huang et al. [48] also highlighted that the effect of
number of leaves in the canopy may affect the tree height estimation for deciduous trees.

For all three high-value broadleaved species, the highest correlation and consistency was observed
between UAV-DAP tree height and LiDAR tree height. Using the area-based approach, previous studies
comparing the performance of UAV-DAP and LiDAR data also reported the high correlation and
accuracy in forest attribute estimation such as mean height, and dominant height (e.g., [38,39,41,61]).

Among the three broadleaved species, castor aralia showed a higher correlation than the other two
species in all three pairs of comparison. The crown of castor aralia is somewhat rounded and regular in
shape, which makes it easier for the surveyor to detect the tree tops from the ground during the field
measurement than other two species. The size and shape of monarch birch crown are highly irregular.
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Moreover, the maximum size of field measured trees of Japanese oak was 110 cm in DBH with an
average DBH larger than other two species. The older and larger oak tree crowns may produce extensive
crowns, causing difficulty in determining the position of the highest point of the oak trees. This could
contribute to some errors in estimating tree height using height measuring instruments. Larjavaara
and Muller-Landau [16] also reported that, under typical forest conditions with limited visibility to the
tree tops, tree height measurement instruments cannot produce manufacturer-reported accuracies.

Positive height differences were observed for higher trees and negative height differences were
found for lower height trees between field and RS-derived tree height (Figure 4), meaning field
measured tree height overestimated the tree height of higher trees and underestimated the height of
lower trees. This result is consistent with previous studies. For example, Hunter et al. [15] in their
study in the Brazilian Amazon reported that ground-based measurements of tree heights of emergent
crowns exceeded LiDAR-measured tree heights by an average of 1.4 m. Moreover Laurin et al. [13]
and Wang et al. [28] reported that traditional field measurement techniques may overestimate the tree
height of tall trees. Imai et al. [26] also concluded in their study in Japan that LiDAR data tend to
estimate the tree height as lower than the actual height.

In terms of LiIDAR and UAV-DAP tree height differences; there was a positive height difference in
lower trees and negative height difference in higher trees. Tree height differences between LiDAR and
UAV-DAP varied with species. The largest height difference was found for monarch birch (-2.74 m and
4.00 m). A previous study in a mixed conifer-broadleaf forest in northern Japan [61] reported that the
mean differences between LIDAR-CHM and UAV-DAP-CHM in terms of the maximum tree heights of
the sample plots were 2.96 m and 1.05 m in two study compartments. However, higher mean height
differences were found in UAV-DAP data [61].

The applicability of tree height information derived from UAV-DAP was analysed using the
height-diameter model for each species since tree diameter play significant role in predicting the tree
height. UAV-DAP derived tree height can be explained by tree diameter with high accuracy compare
to LiDAR and field measured tree height (Table 7, Figures 6-8). Mean prediction errors of the tested
height-diameter models also revealed the lowest errors for LIDAR and UAV-DAP derived tree height
in all height class. In Figure 7, highest negative mean prediction errors were found for castor aralia
which may be due to the unequal high distribution of field measured tree of castor aralia trees with
minimum height values of 14.1 m which could affect the model performance. For all species, higher
prediction errors were observed for field measure tree height. This can also be confirmed by the larger
RMSE values of field measured tree height. Although there is not sufficient evidence in the existing
literature for these results, the tree height of large-size high-value trees derived from LiDAR and
UAV-DAP can be explained better by the tree diameter than field-measured height. Therefore, this
study confirmed the applicability of the UAV-DAP for tree height estimation of large-size high-value
trees and its potential for estimating tree diameter. The use of UAV-DAP could facilitate the periodic
monitoring and assessment of high-value timber species.

5. Conclusions

Our study demonstrates the applicability of UAV-DAP for individual tree height estimation of
large-size high-value timber species in mixed conifer-broadleaf forests in northern Japan. We compared
the tree heights derived from field survey, LIDAR data and UAV-DAP data through statistical analysis
and height-diameter models. The results revealed the high similarity between three different height
sources. Lower tree height values for higher trees and higher values for lower trees may occur in
UAV-DAP derived tree height in comparison with field-based measurement. Although overall mean
tree height difference between LiDAR and UAV-DAP data indicates that UAV-DAP could underestimate
the tree height, it is likely to observe higher tree height values for higher trees and lower tree height
values for lower trees in UAV-DAP derived tree height when comparing with LiDAR derived tree
height for our study species. In addition, the height-diameter models revealed that tree height derived
from UAV-DAP can be explained by tree DBH with comparable accuracy to LIDAR and field measured
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tree height. Smaller mean prediction errors across RS-derived tree height classes were observed in
comparison with field measured tree height confirming the high accuracy of UAV-DAP which can
facilitate tree height estimation of high-value timber species.

Our focus in this study only includes high-value broadleaf species. As this study demonstrated
the applicability of UAV-DAP for tree height estimation, it would be better to further examine other
species so that it can use in the periodic monitoring of permanent sample plots in the study area.
Further research should also focus on how UAV-DAP in combination with LiDAR data would be useful
for species-specific or single-tree management planning by accurately locating the spatial position and
stem size of high-value tree individuals.
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