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Abstract: Vegetation biodiversity in mountainous regions is controlled by altitudinal gradients and
their corresponding microclimate. Higher temperatures, shorter snow cover periods, and high
variability in the precipitation regime might lead to changes in vegetation distribution in mountains
all over the world. In this study, we evaluate vegetation distribution along an altitudinal gradient
(1334-1667 m.a.s.l.) in the Zao Mountains, northeastern Japan, by means of alpha diversity indices,
including species richness, the Shannon index, and the Simpson index. In order to assess vegetation
species and their characteristics along the mountain slope selected, fourteen 50 m x 50 m plots were
selected at different altitudes and scanned with RGB cameras attached to Unmanned Aerial Vehicles
(UAVs). Image analysis revealed the presence of 12 dominant tree and shrub species of which the
number of individuals and heights were validated with fieldwork ground truth data. The results
showed a significant variability in species richness along the altitudinal gradient. Species richness
ranged from 7 to 11 out of a total of 12 species. Notably, species such as Fagus crenata, despite their
low individual numbers, dominated the canopy area. In contrast, shrub species like Quercus crispula
and Acer tschonoskii had high individual numbers but covered smaller canopy areas. Tree height
correlated well with canopy areas, both representing tree size, which has a strong relationship with
species diversity indices. Species such as F. crenata, Q. crispula, Cornus controversa, and others have an
established range of altitudinal distribution. At high altitudes (1524-1653 m), the average shrubs’
height is less than 4 m, and the presence of Abies mariesii is negligible because of high mortality
rates caused by a severe bark beetle attack. These results highlight the complex interactions between
species abundance, canopy area, and altitude, providing valuable insights into vegetation distribution
in mountainous regions. However, species diversity indices vary slightly and show some unusually
low values without a clear pattern. Overall, these indices are higher at lower altitudes, peak at
mid-elevations, and decrease at higher elevations in the study area. Vegetation diversity indices did
not show a clear downward trend with altitude but depicted a vegetation composition at different
altitudes as controlled by their surrounding environment. Finally, UAVs showed their significant
potential for conducting large-scale vegetation surveys reliably and in a short time, with low costs
and low manpower.

Keywords: UAV imagery; RGB images; subalpine vegetation; classification; vegetation diversity
indices; alpha diversity indices; species richness; Simpson diversity index; Shannon diversity index
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1. Introduction

Forests are essential components of terrestrial ecosystems and are regarded as rich
in terrestrial biodiversity [1-3] since they encompass not only trees and understory veg-
etation but also various animal species and other forms of life [3]. Forests play a crucial
role in maintaining global biodiversity, supporting ecosystem health, resilience, and the
well-being of both wildlife and human communities. Because of the essential role and
contribution of tree species in the forest ecosystems, it is necessary to understand their
composition. The diversity of tree species ensures the resilience of forest ecosystems to
natural disturbances such as diseases, insect infestations (bark beetles, insect herbivores,
etc.), and extreme weather event conditions [4-6] and, in general, the stability of forest
stands [7,8]. Forest monitoring is indispensable for assessing ecosystem health, conserving
biodiversity, managing forests sustainably, understanding climate change impacts, and in-
forming policy and decision-making. A significant challenge in biodiversity research lies in
the precise and consistent identification of tree species, which is vital for understanding
plant communities’ structure, function, and changes over time [9]. In the last few decades,
despite being time-consuming and labor-intensive, field-based species identification has
remained one of the most used methods. It often focuses on species distribution at small
sample scales or can be limited by logistical challenges that affect accuracy when upscal-
ing to bigger areas [9-12]. For these reasons, the conventional approaches for measuring
forest species diversity are based on a sample scale with small typical areas, or limited
datasets collected through field surveys [13,14], while large-scale inventories have been
rarely conducted. Many studies have been conducted to assess tree species diversity based
on field inventories ([15-18]). Kanagaraj et al. [16] established 45 plots of 10 m x 10 m
each and conducted a forest inventory to assess tree species diversity and their distribu-
tion pattern in the Pachamalai Reserve Forest (in the Eastern Ghats of Tamil Nadu state,
India). Both the plot size and study area covered 3 hectares in total. To address the area
scale limitation, researchers are increasingly turning to innovative technologies such as
Unmanned Aerial Vehicles (UAVs) for biodiversity monitoring [13,14]. UAVs offer high-
resolution data collection capabilities over a large area, up to centimeter-level precision,
enabling swift and precise identification of individual trees and facilitating the assessment
of vegetation distribution in high-resolution digital maps. Moreover, UAVs can access
difficult terrains such as densely forested areas, steep slopes, or rugged landscapes that are
typically inaccessible for traditional fieldwork, thereby enhancing data collection efficiency
and accuracy. At present, several scholars are employing multispectral/hyperspectral
and LiDAR data to identify tree species and assess diversity [2,3,13,19]. However, certain
considerations must be taken when using these approaches as the spectral features are not
only affected by each species’ canopy characteristics but also differ among the same species
or are similar to other types of vegetation or bare soil [20-23]. UAV RGB imagery is more
cost-effective and easy to use for tree species classification as it efficiently classifies tree
species in natural forests, capturing seasonal vegetation changes with high spatial resolu-
tion and canopy boundaries. By combining vertical data, such as tree height and forest
structure, with spatial data detailing the geographic distribution of vegetation, researchers
can gain insights into the three-dimensional arrangement of trees and other vegetation
elements within the forest. This combined dataset enables more accurate assessments of
forest structure and tree species diversity and allows for monitoring the changes in forest
regarding disturbances. Ultimately, the integration of vertical and spatial data from UAVs
enhances our understanding of forest ecosystems and supports more effective management
and conservation strategies. Even if precise remote sensing technologies like UAV-acquired
RGB imagery provide valuable insights, field data remain indispensable for validating
and complementing remote sensing findings. Combining field data with precise sensing
imagery enhances the reliability of predicting tree species diversity, enabling more accurate
assessments of forest ecosystems [2]. By integrating both sources of information, researchers
can develop more robust models and achieve a deeper understanding of forest ecosystems,
enabling more accurate predictions and informed decision-making in conservation and
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management efforts. The aims of this study are the following: (1) To precisely identify
plant species and individually classify them using UAV-acquired RGB imagery combined
with ground truth data as validation; (2) To evaluate vegetation diversity by means of the
Simpson index, the Shannon index, and tree species richness.

2. Materials and Methods
2.1. Study Area

The study area is located in the Zao Mountains (Figure 1), which forms an active
volcanic mountain in the Southeastern part of Yamagata prefecture, Japan (38°09'07”N,
140°25'55"E). The study site is located on the west-facing slopes of Jizo Mountain, and it is
divided into three distinctive areas ranging from 1334 m to 1667 m.a.s.l. The site covers
an area of 25 ha with a tree density of about 400 trees per hectare. At lower altitudes,
the forest is predominantly composed of a mix of deciduous broad-leaf trees and evergreen
shrubs intertwined with fir, which transitions into into mono-culture Abies mariesii forests
as altitude increases in the mountain.

Figure 1. The location of the study area in the Zao Mountains. Site 1 (mixed forest); Site 2 (transition
from mix to monoculture forest); Site 3 (monoculture).

The mountain is covered by either pure conifer species Maries fir (Abies mariesii) which
occupies about 87 percent of the forest area or is mixed with other coniferous and decid-
uous trees and shrubs (including Fagus crenata, Acer japonicum, llex crenata, Chengiopanax
sciadophylloides, Taxus cuspidata, Pinus spp., Acer tschonoskii, Cornus controversa, Quercus
crispula, and Sorbus commixta) (Table 1), while the lower vegetation layer is dominated by
Sasa grass (dwarf bamboo) [24]. With increasing altitude, the vegetation composition along
the mountain slope decreases in density and vegetation size.
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Table 1. Trees and shrubs species in Mt. Zao.

Scientific Name

Japanese Name

Common Name

Type of Vegetation

Abies mariesii

Oshirabiso or

Maries’ fir

Evergreen tree

Aomoritodomatsu
Pinus spp. Matsu Pine Evergreen tree
Chengiopanax . . Broad leaved
sciadophylloides Koshiabura Koshiabura deciduous tree
Fagus crenata Buna Beech dzi?giéii‘lige
Sorbus commixta Nanakamado Japanese Rowan dlircci)gi(iiasvtije
Cornus controversa Mizuki Wedding cake tree Br(?ad leaved
deciduous tree
. . . Broad leaved
Acer japonicum Hauchiwakaede Japanese Maple deciduous shrub
Acer tschonoskii Minekaede Butterfly Maple de]zglic(l)ia;,}?ib
Quercus crispula Mizunara Oak diﬁgiiiza:}fib
Ilex crenata Inutsuge Japanese Holly Evergreen shrub
Taxus cuspidata Kyaraboku Japanese Yew Evergreen shrub
. . Broad leaved
Salix spp- Yanagi deciduous shrub

2.2. Data Acquisition and Pre-Processing
2.2.1. UAV Image Collection and Pre-Processing

The RGB images used in this study were taken during the autumn season (on 13 Oc-
tober 2022 and 12 October 2023), when the leaf color of the deciduous species changes.
A DJI Mavic 2 Pro UAV equipped with a Hasselblad L1D-20c camera was used to collect
the data. The UAV acquired 20-megapixel images, following routes designed on the ap-
plication Drone Deploy (San Francisco, CA 94104, USA) at 90 m flying height using the
terrain awareness function. The photos were acquired with 90% front and side overlaps.
The camera was set at S priority (ISO-100) with shutter speed at 1/80-1/120 in case of
favorable conditions and at 1/240-1/320 s in case of unfavorable conditions such as strong
sun and wind. This setup kept exposure values (EV) of around 0 to +0.7, providing a
ground sampling distance (GSD) of 1.5-2.1 cm/pixel. The total number of RAW images of
Site 1, Site 2, and Site 3 flights were 287, 858 and 485 respectively. The raw RGB images
collected from the forests were processed using Agisoft Metashape professional v1.7.4
(Agisoft LLC, Saint Petersburg, Russia) to create Orthomosaics (Figure 2), Dense Point
Clouds and DEMs (Digital Elevation Models).



Remote Sens. 2024, 16, 3831 5o0f 25

Figure 2. The orthomosaics were generated using raw RGB photos in Metashape software v2.1.3.

Finally, the software Global Mapper v21.1, 64-bit (Blue Marble Geographic, Hallowell,
ME, USA) was used to generate 3D Models (Three Dimensional Models) (Figure 3).

Figure 3. The figure shows the 3D model of Site 1 was generated from the DPC.

The 3D model represents the study area in the view with gridded elevation data and
any overlying raster or vector data in a true perspective 3D format. In particular, the sample
plots can be selected and rotated to have a better look from directions (Figure 4).
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Eastern view

Southern view [

Figure 4. The 3D Models of Plot 4 with 5 directions, facilitating vegetation visualization.

After the 3D Models were created, the last step was the creation of the CHMs, which
represent the height of the trees and shrubs within each plot (Figure 5).

Band 1 (Gray)
B854

The canopy height model of site 1

Figure 5. The Canopy Height Models (CHMs) were generated using 3D Models with the software
Global Mapper v21.1.
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2.2.2. Field Data Collection

Map posters of plots within each site were printed in A4 and A0 sizes. We printed A0
size posters (extend 84.1 cm in width and 118.9 cm in height) of the orthomosaic for each
site and A4 size (extend 21 cm in width and 29.7 cm in height) for each plot to validate the
digital data with the ground truth field data (Figure 6).

Field Surveys

Fieldwork was conducted to validate the vegetation that had been identified in the
orthomosaics. When accessibility limited the validation of vegetation in situ, a DJI mini
3 pro UAV was used to fly at a lower height (from 15 to 20 m) to take photos of a specific
tree and shrub to validate the vegetation. Weighing only around 249 g, it featured robust
obstacle avoidance capabilities. Additionally, it boasted a camera with a 1/1.3-inch CMOS
sensor and an f/1.7 lens, enabling it to capture RAW images at 12 or 48 MP without
any ghosting. These attributes made it an effective supporting instrument for our field
surveys, particularly in the realm of plant identification. During these surveys, we validated
vegetation by cross-referencing the manual annotation with the ground truth data to
confirm the type of vegetation, the number of tree species, colors, and canopy shape.

Figure 6. An example for one of the posters that were used for fieldwork purposes.

2.2.3. Processing Data
Setting Plots and Individual Tree Detection

In this study, 14 plots, each of 50 m x 50 m, were randomly selected along the
altitudinal gradient of the slope (Figure 7). Within these plots, individual tree species were
meticulously identified and manually annotated. Due to the intricate structure of the forest,
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which included the overlapping of upper layers obscuring smaller trees in the understory
layer, some smaller trees may have been overlooked.

Figure 7. Fourteen sample plots were set up in the study area regarding the increase in elevation.

Annotation, a crucial step in data preparation, was undertaken using RGB ortho-
mosaic images (in .tif format) and 3D Models in QGIS (version 3.24.3, Tisler, 2022.02.18).
A Shapefile layer was created for each species, denoted as “treecanopy.name of the plant”,
to annotate all vegetation within the sample plots. Tree canopies were delineated by draw-
ing polygons around individual trees. The technological workflow of the individual tree
image annotation method is shown below (Figure 8).

Collecting
RGB images

Raw RGB images (*.jpg)

Study workflow

Orthomosaic (* tif) Dense Point Cloud (* las) DEM (* tif)

-5 » o Metashape QIS Eglnhal mapper

3D Model CHM (*.tif)
f Tree species
diversity indices
+
‘ E Species richness
D o
Field works & & Shannon Index
EE\ a Simpson Index
=

Figure 8. Workflow in this study.

2.3. Diversity Measurement

Vegetation diversity represents the variety and abundance of distinct vegetation within
a given ecosystem or area. It can be assessed across various spatial scales, including alpha
diversity (within a specific habitat), beta diversity (between different habitats), and gamma
diversity (multiple ecosystems or habitats at a regional or landscape level) [25]. There
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are various indices that can be used to measure species diversity, with some of them
emphasizing a particular aspect of diversity. However, combining indices can provide a
comprehensive point of view about species diversity in a given ecosystem or community.
The diversity indices can be chosen depending on the specific purposes of the research
and the type of data collected. In this study, the richness, abundance, and evenness of tree
species within a specific habitat were evaluated by species richness (S), Simpson’s Diversity
Index (D), and the Shannon-Wiener Diversity Index (H or H’').

2.3.1. Simpson’s Diversity Index (D)

Furthermore, Simpson’s Diversity Index (D) is considered both species richness and
the abundance of each species, as it can be used as a measure of species dominance.
The formula for Simpson’s Diversity Index is typically expressed as:

N
D=)Y 1-(n;/N)?

where:

D represents the Simpson Index

n; represents the number of individuals of a particular species

N represents the total number of individuals in the community

Values of the index range from 0 to 1, and a higher D indicates greater diversity or
evenness in a community, while a lower index implies less diversity and greater dominance
by one or a few species (Figure 1 indicates the maximum diversity (all species are equally
represented).

2.3.2. Shannon-Wiener Diversity Index (H or H’)

The other measure is the Shannon-Wiener Diversity Index (H or H’), which shows both
species richness and evenness. It gives more weight to less abundant species, providing a
measure of both the number of species and their relative abundances.

The Shannon index is calculated using the following formula:

N
H=-) pi*In(p)
i

where:

H represents the Shannon Diversity Index.

pi represents the proportion of individuals of species i relative to the total number of
individuals in the community.

In(p;) represents the natural logarithm of p;.

In this case, values of the index range from 0 to 5, usually ranging from 1.5 to 3.5.
A higher H value indicates more diversity, with more equally distributed species, while a
lower H value implies lower diversity or the dominance of a few species.

2.3.3. Species Richness (S) Index
One of the simplest and straightforward measures of species diversity is the species richness
(S) index. It represents the total number of different species present in a specific location.

Species Richness (S) = Number of different species

The first step is determining the number of species (S) and individuals n; of each
species, which are the basic figures used to measure all indices.

2.3.4. Tree and Shrub Species

In total, the 12 tree and shrub species that are identified in the elevational gradient
were annotated using QGIS. Thus, 12 shapefile layers were generated within the selected
50 m x 50 m plots. Tree and shrub species were meticulously annotated, classified, and
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counted manually. Subsequently, in the combination with Canopy Height Models (CHMs)
data, the treetops were identified by utilizing the “Raster analysis” tool to determine the
highest pixel value within each polygon in QGIS, thus obtaining the corresponding tree
height measurements.

3. Results
3.1. Individual Tree and Shrub Detection

In this study, the main purposes of the vegetation identification process are tree and
shrub annotation and corresponding height estimation. All tree and shrub species and
the number of individuals of each one of them within the selected plots were recorded for
the vegetation diversity analysis. Additionally, the forest structure was assessed using the
CHM data (Table 2).

Species compositions were analyzed in detail for each plot (Figure 9). Within the
altitude range (1344-1382 m.a.s.l) encompassing Plot 1 to Plot 3, eight types of vegetation
were found, but their distribution was not uniform. This area was covered mainly by large
Fagus crenata, and A. mariesii trees with the canopy coverage of approximately 50% of the
total species composition in Plots 1 and 2, and nearly 70% in Plot 3. In contrast, vegetation
such as Ilex crenata, C. sciadophylloides, and A. japonicum constituted a smaller percentage.
In particular, Ilex crenata made up 1%, 6%, and 2% of the total species composition in Plot
1, Plot 2, and Plot 3, respectively. Similarly, Acer japonicum comprised 2-3% of the total in
Plots 1,2, and 3. At higher elevations (from Plot 4), shrub species became more prevalent,
while Abies mariesii became the dominant tree species as Fagus crenata did not grow above
this altitude. Notably, A. tschonoskii and Q. crispula emerge as dominant shrub species,
constituting nearly half of the species composition in Plots 4 and 11. In Plot 7 and Plot 10,
Q. crispula made up almost a third of all the individuals present in these plots. The number
of A. tschonoskii shrubs is consistently prevalent in the elevation ranging from 1415 m to
1618 m (Plot 5 to Plot 12), making it one of the top three species with the highest number
of individuals in these plots. However, as we reached the highest plots (Plot 13 and Plot
14), the number of A. tschonoskii individuals decreased while Q. crispula was not present
anymore, thus yielding ground to Taxus cuspidata, which overwhelmingly dominated the
majority of plots. In our study, we identify two Acer. species: Acer japonicum and Acer
tschonoskii. Although Acer japonicum is not abundant, it is distributed from 1344 m (Plot
1) to 1483 m (Plot 11). In contrast, Acer tschonoskii is one of the dominant shrub species
found from Plot 4 to Plot 14. Additionally, at the top of the mountain, particularly in Plot
13 (1592 m-1618 m) and Plot 14 (1637 m-1653 m), shrubs belonging to Salix species were
found. Abies mariesii trees were the unique species found from Plot 1 to Plot 14. As the
forest transitions from a mixed composition at lower elevations to a monoculture at higher
elevations, the sensibility of the forest toward disturbances increases. This heightened
sensitivity likely contributed to the high tree mortality rate caused by bark beetle infestation
in the last decade.

Even though the number of Abies and F. crenata trees was small, their canopy area
covered the majority of the area in a single plot (Figure 9). In contrast, shrubs species such
as Quercus crispula and Acer tschonoskii exhibited a high number of individuals but covered
smaller canopy areas.
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Table 2. Summary of the number of trees and shrubs in each plot.
Plot Plot 1 Plot 2 Plot 3 Plot 4 Plot 5 Plot 6 Plot 7 Plot 8 Plot9 Plot10 Plot1l Plot12 Plot13 Plot14

n n n n n n n n n n n n n n
Fagus crenata 33 32 32 12 1 11 0 0 0 0 0 0 0 0
Sorbus commixta 21 17 18 20 40 19 10 23 19 7 16 31 19 15
Acer japonicum 4 3 2 7 8 12 6 7 14 3 5 0 22 6
Acer tschonoskii 0 0 47 89 146 170 56 70 122 110 115 15 7
Quercus crispula 0 0 0 73 17 9 140 73 50 99 50 5 155 30
Cornus controversa 34 1 2 37 33 25 14 1 8 1 10 0
Chengiopanax sciadophylloides 12 20 3 5 8 7 5 7 11 2 4 3 0 0
Taxus cuspidata 10 17 2 7 7 0 3 10 19 6 6 18 88 64
Ilex crenata 1 8 2 6 14 9 3 29 19 8 4 8 10 2
Pinus spp. 0 0 0 1 1 4 0 3 5 8 0 0 14 20
Salix spp. 0 0 0 0 0 0 0 0 0 0 30 13
Abies mariesii 43 31 39 66 51 53 47 102 96 90 89 42 1 4
Total (N) 158 129 100 281 269 295 398 311 311 346 294 225 354 161

n;: Number of individual trees/ shrubs of each species in plot i. ;: the average tree height of each species in plot i. N: Total number of individual trees/ shrubs in plot i.
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Figure 9. The number of individuals and the canopy area of dominant species in the 14 plots along
the altitudinal gradient.

The number of trees and shrubs peaked at Plot 7, reaching approximately 400 indi-
viduals in total, followed by Plot 10 and Plot 13 with 346 and 324 individuals, respectively.
In addition, Plots 4 and 5 showed the highest species richness in the study area, with
11 species present. In contrast, Plots 12, 13, and 14 showed the lowest species diversity,
with seven species identified, representing the change in the species richness and the num-
ber of individuals along the elevation gradients (Figure 10). There is a slight fluctuation in
the number of species between the plots at lower and higher altitudes, but vegetation was
different. For instance, although there were seven species present in Plots 12, 13, and 14,
the vegetation identified in Plot 12 included Sorbus commixta, Acer tschonoskii, Chengiopanax
sciadophylloides, Ilex crenata, and Abies mariesii. In contrast, Chengiopanax sciadophylloides was
not observed in Plots 13 and 14; instead, Salix spp. was present in these plots.
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Figure 10. Change in tree species composition at different altitude layers within the study area.

3.2. Tree Height and Elevation

A negative correlation was observed between tree height and elevation, as evidenced
by the transition of some trees into shrub form at higher elevations (Table 3). The deviation
in vegetation height for individual species indicates the differences from both the average
height and the heights of individual plants within a selected plot (Tables 4 and 5).

At lower elevations ( from 1337 m to 1407 m), Abies mariesii, Fagus crenata, Chengiopanax
sciadophylloides, Sorbus commixta stood out as the four tallest tree species, with the average
height of 12.2 m, 11.9 m, 9.9 m, 9.1 m respectively, while Acer japonicum, Cornus controversa,
and Taxus cuspidata showed nearly identical average heights of approximately 7 m; Ilex
crenata was the species occupying the lowest layer, with a height of around 6.1 m. In the
elevation ranging from 1407 m to 1550 m, there is a decrease in the height of all species,
with a change of approximately 4 m. At higher elevations (1550 m to 1654 m), species tend
to be even smaller, with an average height ranging from 1 to 3 m. Vegetation such as Taxus
cuspidata and others were considered shrubs.
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Table 3. Average vegetation height in the 14 selected plots.

Scientific Name Japanese Name Plot1 Plot2 Plot3 Plot4 Plot5 Plot6 Plot7 Plot8 Plot9 Plot10 Plot11l Plot12 Plot13 Plot14
Abies mariesii Oshirabiso or Ao- 1290 11.67 12.01 9.36 10 8.86 9.2 7.01 5.86 6.3 7.1 7.32 2.01 1.11
moritodomatsu

Fagus crenata Buna 10.85 125 1237 9.91 3.23 9.21 0 0 0 0 0 0 0 0
Chengiopanax  sciado- Koshiabura 10.84 9.88 9.12 2.48 3.35 2.63 412 2.93 241 1.46 2.47 3.49 0 0
phylloides

Sorbus commixta Nanakamado 8.95 9.21 9.12 4.02 414 5.96 4.52 3.76 2.51 3.95 4.08 2.66 1.58 1.32
Acer japonicum Hauchiwakaede 7.71 5.35 8.88 3 39 36 207 274 1.09 2.1 2.58 0 0 0
Cornus controversa Mizuki 581 11.14 4.05 2.88 2.55 3.3 291 2.98 2.28 2.49 1.54 1.98 0 0
Acer tschonoskii Minekaede 0 0 0 3.41 2.91 3.25 2.62 2.47 1.42 1.64 1.62 2.41 1.26 0.88
Quercus crispula Mizunara 0 0 0 2.42 3.8 3.72 1.63 1.78 1.45 1.09 1.32 0 0 0
Taxus cuspidata Kyaraboku 8.41 6.42 6.09 3.76 3.92 0 3.26 2.67 2.36 3.15 3.15 2.12 1.75 1.62
Ilex crenata Inutsuge 5.95 5.72 6.69 1.83 231 3.43 1.57 2.39 1.6 1.63 1.31 221 1.34 1.01
Pinus spp. Matsu 0 0 0 4.88 3.83 3.45 0 2.53 441 1.58 0 0 1.24 1.17
Salix spp. Yanagi 0 0 0 0 0 0 0 0 0 0 0 0 1.07 0.88
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Table 4. The average tree height and standard deviation from plot 1 to plot 7.
Plot 1 Plot 2 Plot 3 Plot 4 Plot 5 Plot 6 Plot 7
Scientific Name Japanese Name Average Average Average Average Average Average Average
Height Height Height Height Height Height Height

Abies mariesii Fir 129£233 11.67£2.02 1201+194 936+206 10+3.6 8.86 £212 920+221
Fagus crenata Buna 10.85 £237 1254221 1237 +214 991+244 9.21 +2.87

Chengiopanax sciadophylloides Koshiabura 1084 £1.84 9.88+209 9124115 248+192 335£194 263112 4124242
Sorbus commixta Nanakamado 895+177 921+242 912+£199 4.02+129 414+185 596+187 452£073
Acer japonicum Hauchiwakaede 771+112 535+115 888+754 300+1.06 399+096 3.60+099 2.07+0.33
Cornus controversa Mizuki 581+208 11.14+0 405+129 288+£149 255+086 330+1.63 291+1.28
Acer tschonoskii Minekaede 0 0 341+12 291£075 325+£149 262+0.95
Quercus crispula Mizunara 0 0 242+£07 3.80+124 3.72+0.95 1.63 £0.74
Taxus cuspidata Kyaraboku 841+1.62 642+315 6.09+£267 376141 3924131 3.26 +1.18
Ilex crenata Inutsuge 595+0 5724222 6.69+287 183+£103 231+111 343+138 1.57 £ 0.66
Pinus spp. Matsu 0 0 4838=*0 3.83£0 3.45 £ 0.38

Salix spp. Yanagi 0 0
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Table 5. The average tree height and standard deviation from plot 8 to plot 14.
Plot 8 Plot 9 Plot 10 Plot 11 Plot 12 Plot 13 Plot 14
Scientific Name Japanese Name

Average Average Average Average Average Average Average

Height Height Height Height Height Height Height
Abies mariesii Fir 701 £186 586+£226  6.30=+280 710 £ 1.46 7.32 £254 2010 1110
Fagus crenata Buna
Chengiopanax sciadophylloides Koshiabura 293 +142 2414240 146042 247 +1.1 3.49 £1.20
Sorbus commixta Nanakamado 376 £1.05 251+£112  395+1.39 4.08 +1.88 2.66 £ 0.96 1.88 4= 0.57 1.70+£0
Acer japonicum Hauchiwakaede 274+146 1.09£054 210+1.16 2.58 £1.05 1.85+0.73 1.06 £ 0.71
Cornus controversa Mizuki 298+ 0 228+024 249%£0 1.54 £+ 0.67 1.98 £ 0.43
Acer tschonoskii Minekaede 247 +£073 142+062 1.64=£081 1.62 + 0.81 241+133 1.93 +0.20 1.29 + 0.89
Quercus crispula Mizunara 178 £0 1.45+0.81 1.09 £ 0.51 1.32 £ 0.55 1.13 £0.20 1.33 £ 0.64 1.07 £ 0.89
Taxus cuspidata Kyaraboku 267 +1.09 236108 315+£121 315+1.21 212 +1.82 1.75 £ 0.86 1.62 £ 0.78
Ilex crenata Inutsuge 239+085 1.60+1.08  1.63 £0.60 1.31 £0.93 2.21 +£0.69 1.54 £0.15 1.01 £0.85
Pinus spp. Matsu 253+0 441+266 158+ 0.51 1.24 £ 0.40 1.17 £ 0.50
Salix spp. Yanagi 1.07 + 0.64 0.88 £0.35




Remote Sens. 2024, 16, 3831

18 of 25

Diversity index value
< < e g ot o g
w S wn [=} ~ oo o
. L L . )
loo
\\]
(3o}
0o

.O
o

e
-

loo

Vegetation was identified and classified manually in QGIS and subsequently validated
during fieldwork. The number of individuals for each vegetation type was counted from
each shapefile layer. The results were used for assessing tree species diversity across the
whole study area.

The diversity indices were computed by integrating data from individual tree and
shrub species with computer vision identification, along with fieldwork validation for each
plot. Although the calculated values indicate a minimal disparity between the low and
high elevation plots, a slight decrease was observed at higher elevations (especially in
Plots 12 to 14). Analysis of vegetation distribution across different plots revealed that those
located between 1460 m and 1653 m (from Plot 10 to Plot 14) showed the lowest Shannon
and Simpson diversity indices. Moreover, Plot 12 to Plot 14 (1524 m to 1653 m) had the
lowest species richness value. In contrast, Plots 4 and 5 (spanning from 1407 m to 1426 m),
as well as Plot 9 (ranging from 1439 m to 1457 m), demonstrated the highest values for
alpha-diversity (Figure 11).
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Figure 11. Change in alpha-diversity indices in the plots along the altitudinal gradient (13361667 m).

3.2.1. Simpson Diversity Index

Based on the definition, the Simpson diversity index is a measure of diversity that
takes into account the number of species present as well as the relative abundance of
each species. Although the values of this index were higher than the Shannon index,
they also varied with elevation. The same trend was observed in line with other indices.
The most abundant areas were found at elevations ranging from 1407 m to 1426 m with the
corresponding Simpson index value of 0.81 to 0.83. In these areas, the forests consisted of
mixed vegetation with predominantly tall trees. The Simpson index value is lower in Plots
12 to 14 because of the high fir tree mortality rate caused by severe bark beetle infestation
(elevation ranging from 1524 m to 1653 m).

3.2.2. Shannon Diversity Index

The Shannon diversity index considers both the abundance and evenness of species
present in a given area. In this study, the Shannon index was used to assess the change
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in diversity along the altitude gradients, which have different environmental conditions.
It displayed a decreasing trend with altitude, reaching the highest value in Plots 4 and 9
(0.84) and the lowest in Plots 7 and 12 (0.6), showing a high variability where altitude was
not the only limiting factor for species abundance and evenness. Notably, although eight
species were recorded in Plot 7, some species had very few individuals, resulting in low
species diversity as measured by the Shannon index. In contrast, Plots 4 and 9 had both the
highest species richness (11 and 10 species respectively) and the highest Shannon index
value due to the evenness in the number of individual tree species. The Shannon diversity
index indicated that Plot 13 had the most abundant and equally distributed vegetation
composition (0.69). However, overall, the Shannon diversity index exhibited a decreasing
trend with increasing elevation.

3.2.3. Species Richness

The alpha diversity, species richness is one of the most important indices that expresses
the number of species in a given plot. The species richness in Plots 1 to 3 (with eight species
each) was lower than those of Plots 4 to 10 (ranging from 9 to 11 species of the total 12
identified). On the other hand, the number of vegetation types decreased to 7 at Plots 12,
13, and 14.

4. Discussion
4.1. Vegetation Distribution

The diversity of tree species plays an essential role in maintaining the health and
resilience of forest ecosystems to natural disturbances. In this study, we successfully
estimated tree species diversity and construct the 3D structure of the forest in Zao Mt. using
UAV-acquired RGB imagery. Ref. [26] found a strong correlation between tree size and tree
species diversity in subtropical forests, indicating a positive and independent relationship
with habitat. They computed alpha diversity indices and observed a clear relationship with
tree diameter at breast height (DBH). However, in our study, we could not find a negative
or positive correlation between vegetation height (we used vegetation height as a proxy for
vegetation size) and species diversity.

Elevation thresholds were observed for most of the vegetation in the study area, high-
lighting the significant impact of environmental conditions (temperature, soil properties,
variability, precipitation, and solar radiation) [27,28], elevation, and slope on the ecological
characteristics of specific areas. As altitude increases, temperature (approximately 0.65 °C
per 100 m of elevation) as well as air pressure tend to decline [29], while precipitation often
rises, leading to different distribution patterns of vegetation across elevation gradients.
Evidence indicates that elevation significantly influences vegetation distribution, which
may relate to variations in many environmental factors and plant species adaptation char-
acteristics [30,31]. In our study, one of the most obvious tree species was Fagus crenata
because of its size; and it could be found occupying large areas from 1334 m to 1426 m but
be completely absent at higher elevations. This observation is relevant for understanding
vegetation expansion as a result of climate change, particularly in higher altitudes where
warming trends are more pronounced [32-35]. The increasing temperatures contribute
to accelerated snowmelt and reduced snow accumulation, which together may promote
vegetation growth and facilitate the upward expansion of ecological thresholds. In the
hypothetical case that air temperature continues increasing the threshold line defined for
some tree or shrub species in this study might shift to higher elevations [36—40] or grow
larger in the future. The same can be observed for other vegetation such as Quercus crispula,
which, unlike Fagus crenata, was always found in a shrub form and distributed from 1407 m
to 1483 m. In addition, species such as Cornus controversa and Acer jacponicum are abundant
at the elevation range of 1334 m to 1483 m, but they cease to grow at higher elevations. Both
species are not suited for high altitude environmental conditions. In contrast, Salix spp. was
found only at higher elevations (ranging from 1592 m to 1653 m). In this study, Abies mariesii
is the species distributed in the whole study area (from 1334 m to 1653 m), although the
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number of individual trees decreased and became scattered at higher elevations. The only
two species that were found in all the plots besides Abies mariesii were Sorbus commixtra and
Ilex cranata. In the study area, Abies mariesii individuals found at elevations above 1550 m
were predominantly saplings. Although mature dead trees are still standing, they no longer
contribute to forest biodiversity. Highlighting the importance of insect outbreaks as an
agent of change in vegetation dynamics. Bark beetle infestation caused a high mortality rate
in Plots 12 to 14 and has slowly but steadily moved downwards as it is also observed by
dead trees found in Plots 4 to 11; there is a relatively low mortality in Plots 1 to 3. The high
mortality inflicted on Abies mariesii has impacted species diversity in the plots where, first,
Abies mariesii trees are not present anymore and, second, the expansion in the proportion of
the area is covered by the remaining shrub vegetation in the respective plots. Positioned at
the highest elevation, Site 3 represents the most vulnerable area as it was severely damaged
by bark beetle infestation from 2012 to 2016 [24]. In Plots 12 to 14, the average vegetation
height was less than 4 m and at present—the vegetation is predominantly composed of
shrub species, where the indices for species diversity exhibited a declining trend compared
to the lower elevation plots.

4.2. Alpha Diversity Indices

The results of this study indicated that changes in tree and shrub size, with increas-
ing elevation, were influenced by environmental conditions, which in turn affect species
diversity. In the mixed forest at lower altitudes, deciduous trees are dominant, creating a
competitive environment that challenges the growth of evergreen species, which typically
exist as shrubs. These shrub species struggle to adapt to the shaded conditions, which
explains the absence of certain species in these areas, such as Fagus crenata, Acer japonicum,
and Quercus crispula [41,42] implied that the decrease in species richness and diversity
was linked to increases in elevation. However, recent studies indicate that vegetation
diversity indices often vary and reach their highest value at mid-elevations [30,31,43,44].
In our study, the diversity indices similarly exhibited a weak correlation with altitude,
corresponding with the above findings. At lower elevations (Plot 1 to Plot 3), the Shannon
index, the Simpson index and the species richness were in average 0.73, 0.78 and 8 respec-
tively, while at higher elevations (Plot 12 to Plot 14) the same indices were 0.65, 0.72 and
7. In between these altitude ranges, the same indices were 0.74, 0.76, and 10, respectively.
As it can be observed the Shannon index and Simpson index at higher elevations were
just slightly lower than at lower elevations, especially the Shannon index which represents
the evenness of species showed its lowest value in Plot 12, however, similar values were
found in Plot 7 and 10 (0.6 and 0.65, respectively). The species richness is one of the
indices that represents the number of different species. In our study, the value was the
same at low as well as at high elevations; however, the vegetation types, except for Abies
mariesii and Sobus commixta, were different. These findings also indicated the impacts of
environmental conditions on the species diversity. Air temperature along the altitudinal
gradient is the most important parameter that controls vegetation distribution in the Zao
Mountains. Vegetation that is able to thrive under a warmer regime was found in lower
altitudes and included Fagus crenata, Quercus crispula, and Cornus controversa, while more
low temperature vegetation, such as Salix spp., were found at high altitudes. Those able
to thrive along the whole altitudinal range, such as Acer tschonoskii and Sorbus commixta,
showed wide thermal tolerance, although at higher altitudes, vegetation size decreases.
As the results showed both lower and higher altitudes where the temperature was extreme,
the vegetation diversity indices were limited [45] (especially species richness). While in the
mid-elevation, where the temperatures were milder and suitable for more species, a more
diverse ecosystem was created [46]. Even though precipitation was not measured along
the altitude gradient, there appears to be negligible difference among the plots. However,
lower snow depth and especially earlier snow melting in steep slopes, which are exposed to
strong western winds and solar radiation, might limit soil water availability in the usually
dry spring months of Zao Mountains. That could be an additional limiting factor for
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some of the vegetation, especially in Site 3 (Plots 12-14). It is worth mentioning that these
characteristics might have been responsible for the fir forest vulnerability to the bark beetle
attack reported for this same site for the period 2012-2016 [24,47]. The Zao Mountains in
Japan are unique because they are the only area in Japan where bark beetle infestation has
caused a high mortality rate in the treeline, and it is representative of the Ou Mountain
Range that divides northeastern Japan between east and west. Since there has been no
study analyzing vegetation distribution based on altitude or latitude gradients in this area,
this study constitutes the first large-scale and detailed study on vegetation distribution and
can become the basis for comparative studies with other similar regions in northeastern
Japan first and then with other regions in Japan.

In this study, we considered not only the number of different species but also the
individuals present in a given plot that represent the abundance and evenness of the
vegetation within the study area. Although the Shannon index and Simpson index both
consider species abundance, what they assess is different. The Shannon index tends to be
more sensitive to rare species, while the Simpson index is more influenced by the most
common species. In the majority of the analyzed plots, Shannon index values were observed
to be lower than Simpson index values. This discrepancy indicates an uneven distribution of
species within these plots, where some species are significantly more abundant than others.
It is notable that Plots 13 and 14 demonstrated relatively low Shannon index values (0.69
and 0.67, respectively) compared to their Simpson index values (0.77 and 0.73, respectively).
Despite the high total number of individuals (354 in Plot 13), the distribution was highly
uneven. For instance, Plot 13 contained 155 individuals of Acer tschonoskii and only one
sapling of Abies mariesii. Although Abies mariesii is the dominant species in the forest, its
presence in both Plots 13 and 14 has been severely impacted by bark beetle infestations
during the last decade, thus influencing the overall species composition and distribution
within these plots. Although dead Abies mariesii trees may persist as standing snags, they
do not contribute to the current species diversity of the forest. In contrast, the presence of
Abies mariesii saplings can indicate the process of forest regeneration following the bark
beetle infestation. Despite their low abundance, these saplings serve as a sign of the species’
recovery and its potential role in reestablishing ecological functions within the forest. In
contrast, Plots 4, 5, 6, and 9 (ranging from 1407 m to 1426 m and 1439 m to 1457 m) exhibited
higher Shannon index values relative to Simpson index values, suggesting greater species
diversity and more balanced distribution among species. Specifically, Plots 4, 5, and 9
had high total numbers of individuals (281, 269, and 311, respectively) and also displayed
relatively high evenness among species.

Overall, vegetation in the plots showed high variability: some plots exhibited high
species richness and evenness, and others may have high species richness but with uneven
distribution, leading to differences in diversity indices. In this context, the interplay be-
tween species richness and evenness is crucial for accurately assessing and interpreting
biodiversity in these areas. This pattern suggests that in most of the forest plots, the even-
ness of species distribution was relatively low. This variability may be attributed to micro
environment, micro climate, and micro relief that also influenced vegetation distribution.

4.3. Challenges during the Field Surveys

Zao Mountains are characterized by rugged terrain and steep slopes, which present
unique challenges for biodiversity assessment. The complex topography, coupled with the
dense vegetation and diverse species composition, complicates efforts to accurately assess
the region’s biodiversity. One of the primary challenges in biodiversity assessment on Zao
Mountain is the difficulty in accessing and validating species data. The dense understory
vegetation, composed of a mix of canopy shapes and sizes, presents challenges in species
identification. This heterogeneity often results in overlooked individuals, leading to gaps in
the identified data. The presence of Sasa grass, with an average height of 2 m and covering
the forest floor, further complicates biodiversity assessment. When conducting this study,
we found that RGB imagery, while valuable for capturing tree-top views, has limitations
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when it comes to canopy penetration. In dense forest areas, the tangled complexity of
tree branches and the height of the Sasa grass obstruct the view, making it difficult to
identify species from above. As a result, ground points became the primary data source for
biodiversity assessment, highlighting the need for complementary data collection methods
such as LIDAR or UAV-based remote sensing, which includes multispectral or hyperspectral
imagery. Multispectral and hyperspectral data, with their varying wavelength bands,
provide both geometric and spectral information about vegetation. When combined with
LiDAR data, which excels in topography and 3D surface features, this integration improves
vegetation detection and classification, resulting in higher reliability and accuracy [48-51].
Another significant challenge faced during fieldwork is the unpredictability of encountering
dangerous wildlife. In addition, although summer and autumn are the best periods
for the validation procedure, the weather is highly variable, with rain, fog, and strong
winds making data collection and vegetation validation difficult. All these highlight the
complexities of studying natural forest ecosystems, but with the use of UAV technology,
it is possible to understand and map vegetation distribution of large areas with relatively
high precision. The next step for reducing the fieldwork hurdles and limitations will be the
development of Deep Learning Models that can facilitate automatic surveys of large areas.

5. Conclusions

In this study, we successfully used the capacity of UAV high-resolution RGB imagery
to identify individual species and assess alpha-diversity indices in the large-scale area
in the Zao Mountains. The results of this study showed the potential of RGB imagery
to classify vegetation and calculate tree species diversity with high accuracy, which can
provide essential information for understanding biodiversity and achieving sustainable
forest management. This is the first study of its kind in the Zao Mountains, and its results
can be used to better understand vegetation distribution in the mountainous areas of Japan.

Several findings were confirmed that are consistent with previous studies. First,
tree and shrub size reduction, with increasing altitude, affected species diversity indices,
especially the Shannon index, which is related to the evenness of vegetation. Second,
the distribution of the different ranges of representative subalpine trees and shrub species
of mountains in Japan was clearly determined based on their altitude range.

Third, a weak negative relationship was observed between tree species diversity and
elevation. Specifically, species diversity indices increased with altitude at lower elevations,
peaked at mid-elevation, and then declined at higher elevations. Both species richness
and the Simpson and Shannon diversity indices were significantly higher at mid-elevation,
reflecting a suitable environment for more species to exist.

Future research could investigate the combination of UAV RGB imagery with other
data sources, such as LiDAR, multispectral, or hyperspectral data, to determine if they
can be applied to a broader range of ecosystem monitoring and enhance the accuracy
and reliability of the species diversity calculation. Additionally, exploring the integration
of these data sources with technologies such as machine learning or deep learning for
automated vegetation classification could further enhance the efficiency and accuracy
of detection.
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