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Abstract: Mangrove forests are a valuable resource for biological and species diversity, and play a
critical role in maintaining biodiversity. However, traditional plant biodiversity survey methods,
which rely on labor-intensive field surveys, are not suitable for large-scale continuous spatial obser-
vations. To overcome this challenge, we propose an innovative framework for mangrove biodiversity
assessment and zoning management based on drone low-altitude remote sensing, integrating data
such as vertical structure features and spectral diversity features extracted from on-site measurements,
airborne LiDAR, and hyperspectral data. This study focuses on the Maowei Sea mangrove commu-
nity, located in the estuary of China’s first Pinglu Canal since the founding of the People’s Republic of
China. Using the proposed framework, we construct an evaluation index for mangrove biodiversity
at the levels of species diversity, ecosystem diversity, and landscape diversity, achieving a quantitative
calculation of mangrove biodiversity and an evaluation of spatial distribution patterns. The results
show that the biodiversity index of mangroves ranges from 0 to 0.63, with an average value of 0.29,
and high-biodiversity areas are primarily concentrated in the southwest of the study area, while
low-value areas are mainly located in the north. We also select the elevation and offshore distance of
mangrove growth for the spatial zoning of biodiversity. The core area of biodiversity occupies the
smallest area, at 2.32%, and is mainly distributed in areas with an elevation of 1.43–1.59 m and an
offshore distance of 150.08–204.28 m. Buffer zones and experimental zones account for a significant
proportion, with values of 35.99% and 61.69%, respectively. Compared to traditional methods for
monitoring mangrove biodiversity, such as community field-sample surveys, the proposed method
using unmanned-aerial-vehicle LiDAR and hyperspectral coupling technology to assess mangrove
biodiversity and establish a zoning management framework is more conducive to formulating man-
grove biodiversity conservation strategies. The study provides a feasible solution for the large-scale
biodiversity mapping of mangroves in the Maowei Sea at the estuary of the Pinglu Canal.

Keywords: UAV-LiDAR; UAV hyperspectral; mangrove biodiversity; estuary of Pinglu Canal;
Beibu Gulf

1. Introduction

Mangroves are a type of wetland vegetation consisting of evergreen trees and shrubs
dominated by mangrove plants that grow in the intertidal zones of the tropical and subtrop-
ical coasts. This ecosystem is unique because it serves as a transitional zone between land
and sea [1]. Mangrove forests are commonly referred to as “coastal guardians” and “marine
green lungs” due to their vital roles in protecting coasts and maintaining the balance of
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marine life. They provide crucial habitats for rare and endangered waterfowls, as well
as fish, shrimp, crabs, and shellfish. Mangroves are essential for slowing tidal currents,
promoting sediment deposition, protecting coasts from erosion, sequestering carbon, and
maintaining biodiversity. Mangrove ecosystems have an extraordinary diversity of species
and the highest ecosystem service functions on the planet, making them of immense eco-
logical value [1–3]. Unfortunately, global climate change has led to an increase in sea levels,
seawater warming, and coastal disasters such as storm surges, ocean waves, shoreline
erosion, and typhoons [4]. Human activities such as wetland reclamation, aquaculture
expansion, and urbanization have also had devastating impacts on mangrove ecosystems
and their biodiversity [5,6]. Consequently, the global mangrove area has decreased by
30–50% over the past 50 years [7,8]. Mangrove forests in most regions of the world are
facing various challenges, including biodiversity decline, ecosystem function degradation,
and inadequate protection [9]. Therefore, it is essential to conduct a quantitative assess-
ment of the spatial distribution pattern of mangrove biodiversity to carry out mangrove
biodiversity assessments and identify key protected areas. This will provide a scientific
basis for governments to formulate conservation strategies, propose conservation measures,
and carry out conservation actions. The protection of global mangrove biodiversity is of
great significance for achieving sustainable goals.

An efficient evaluation of biodiversity is crucial for conservation efforts [10]. The
United Nations Convention on Biological Diversity (CBD) aims to prevent biodiversity
loss, with 196 nations serving as signatories. In 2022, the “Kunming Montreal Global
Biodiversity Framework” established a target to protect at least 30% of land and marine
areas by 2030, building on the “Aichi Biodiversity Goal 11” from 2010–2020 [11–13]. Re-
search shows that core protected areas have increased, but most critical marine areas,
such as mangroves, remain under-protected [14]. To achieve the 2030 goal, mangrove
biodiversity protection must be reinforced. Traditional mangrove monitoring methods,
which focus on field surveys and species changes, are affected by natural conditions and
require substantial resources [15–17]. Technological advancements have improved moni-
toring efficiency through satellite remote sensing, offering high-resolution hyperspectral
data [18,19]. For example, Wang et al. developed a global biodiversity method using
multispectral and hyperspectral images [20]. However, this study did not consider the
vertical structure of mangroves, which is essential for constructing a biodiversity index for
mangrove species [16,17].

Low-altitude unmanned-aerial-vehicle (UAV) remote sensing technology has emerged
as a promising tool for collecting high-resolution mangrove remote sensing data at any
time with characteristics such as fast image acquisition, short application cycle, high
definition, low constraints on the natural environment, and low operation and maintenance
costs [21–23]. UAV remote sensing can obtain high-precision hyperspectral images and
LiDAR data, which can fully compensate for the limitations of traditional satellite remote
sensing and ordinary aerial remote sensing and bridge the gap between satellite remote
sensing and traditional ground survey methods. This study provides a new perspective
and program for biodiversity investigation and monitoring and is considered to have
an important revolutionary role in the field of ecological research [24]. Low-altitude
remote sensing technology for monitoring biodiversity can directly identify mangrove
species, community types, and spatial distribution due to the high spatial and hyperspectral
resolution provided by drones [25–27], which reflects the biodiversity of mangroves. For
instance, Cao et al. [28] combined drone hyperspectral images with digital surface models
and studied the classification of mangrove populations in Qiao, Guangdong Province,
using the nearest neighbor method and support vector machine classification methods.
Moreover, several indicators derived from remote sensing data that can reflect biodiversity,
such as leaf area index [29], spectral diversity parameters [30,31], and biomass [32,33],
can be employed to assess biodiversity characteristics. Among the various biodiversity
estimation methods, the “spectral variation hypothesis” suggests that the number of plant
species increases with observed spectral diversity [34,35]. The spectral diversity index has
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gradually become a crucial approach for remote monitoring of biodiversity. For example,
Bongalov et al. [36] conducted spectral image clustering of airborne hyperspectral data
in the Malaysian tropical rainforest, treating each cluster as a “species”, and successfully
estimated the area’s β diversity; Gholizadeh et al. [37] used airborne imaging hyperspectral
data to evaluate the α and β diversity of grasslands and found that the performance of the
coefficient of variation of mapping biodiversity was better than that of mapping convex
hull volume and spectral angle over the entire study period, which was comparable to
the performance of spectral species. Xu et al. [38] established quantitative models for the
coefficient of variation, minimum convex hull volume, minimum convex hull area, and
Shannon–Wiener diversity index based on remote sensing data from unmanned aerial
vehicles in alpine grasslands. Most of these methods rely on low-altitude hyperspectral
remote sensing data to explore spectral diversity among species, which is an emerging
dimension for measuring plant biodiversity that integrates the characteristics of traits
within and between species. In recent years, the “height variation hypothesis” has been
increasingly employed to study forest biodiversity [39]. In complex mangrove ecosystems,
drone laser point clouds can be used to obtain height and three-dimensional structural
information within the mangrove canopy. By combining three-dimensional information,
it can also be used to distinguish the canopies of different mangrove species [16,28]. For
example, Tian et al. [16] classified mangrove species in the Maowei Sea of Beibu Gulf based
on UAV LiDAR point-cloud data and successfully classified the mangrove community
in the area into exotic Sonneratia apetala and Aegiceras corniculatum species. Combining
the “spectral variation hypothesis” with the “height variation hypothesis” to assess the
forest diversity often yields satisfactory results. For example, Asner et al. [40] combined
LiDAR and hyperspectral techniques to evaluate the biochemical characteristics of canopy
leaves in 79 sample plots in the Andes, and extended the study to the entire tropical
rainforest of Peru. They retrieved the leaf nitrogen and phosphorus content of different
forest canopy tree species and obtained the forest functional diversity index of the region.
Zheng et al. [41] obtained the morphological and physiological characteristics of each
individual tree crown based on LiDAR and hyperspectral data, and plotted a distribution
map of the functional diversity of subtropical forests in China at the individual level.
However, from the current research and application perspective, a technical scheme for
monitoring mangrove biodiversity by combining drones and ground-based methods has
not yet been established, with insufficient attention being given to mangrove natural
reserves as the primary research object. Most studies have focused on forest biodiversity
assessment, and effective monitoring methods and research frameworks for mangrove
biodiversity have not been established. There is limited interaction among multiple drone
surveys in terms of monitoring technology integration, analysis, and processing. Key
methods for managing and processing multi-source drone remote sensing monitoring data
require further breakthroughs, particularly in areas lacking field surveys of mangrove
biodiversity, based on low-altitude drone remote sensing technology. Few studies have
evaluated mangrove biodiversity by coupling the “spectral variation hypothesis” and
“height variation hypothesis” to construct a comprehensive indicator system.

The Pinglu Canal project spans approximately 140 km, originating at the mouth of
the Pingtang River in Hengzhou City, Nanning, and traverses the watershed between the
Shaping River and Jiuzhou River, a tributary of the Qinjiang River. After the reply to the
environmental impact assessment, the construction of the Pinglu Canal was officially started
on 28 August 2022, which was the first man-made canal built since the founding of the
People’s Republic of China. The mangrove community at the estuary of the Pinglu Canal is
located in the Maoweihai Mangrove Nature Reserve in the Beibu Gulf of Guangxi, which is a
typical composite mangrove ecosystem reserve in China characterized by south subtropical
estuaries, harbors, and coastal mudflat wetlands. The construction of the Pinglu Canal will
alter the geomorphic characteristics, sedimentary facies distribution characteristics, and
tidal flow characteristics of the mangrove area, resulting in changes in sediment erosion
and deposition. Sedimentation changes will affect the tidal flat elevation information of
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the mangrove forest, while habitat changes will directly impact the mangrove ecosystem,
indirectly affecting the quality of biological habitats and causing indirect damage to the
habitat. Moreover, changes in the area and location of the intertidal zone will affect the
degree of exposure and exposure time of mangroves, resulting in the disruption of the
original biological community structure and a reduction in species. The environmental
impact assessment results revealed that the Pinglu Canal project will occupy 13.8698 ha of
mangrove forests, with the number of mangrove plants within the proposed land area being
255,325. There will be a significant decrease in the population of Aegiceras corniculatumn by
248,330, 5789 Kandelia candel, 362 Sonneratia apetala, and 844 Acanthus ilicifolius. However,
limited research has been conducted on the assessment of mangrove biodiversity in this
area, and few scholars have utilized LiDAR and hyperspectral technology to investigate
the spatial distribution patterns of mangrove biodiversity.

To address the gaps in research, this study aims to combine hyperspectral and LiDAR
technology to acquire both the spectral characteristics of mangrove plants and the vertical
three-dimensional structural features of mangroves. Through data fusion and multi-source
data collaboration, the study aims to address the challenges in mangrove structure parame-
ter extraction, biodiversity assessment, and the identification of key protected species areas
within complex coastal mudflat habitats. Building on the core biodiversity monitoring
indicator system proposed by the Group on Earth Observations Biodiversity Observation
Network (GEO BON) [10], the study seeks to construct an evaluation index system for
mangrove biodiversity at the species diversity, ecosystem diversity, and landscape diversity
levels. After obtaining the biodiversity index of the study area through the proposed
framework calculation, spatial zoning of mangrove biodiversity will be carried out based
on two indicators: the elevation of mangrove growth and offshore distance. Measures were
taken to protect the existing mangrove biodiversity, with the aim of minimizing the adverse
effects on the local mangroves during the construction of the Pinglu Canal. This research
primarily pursues two objectives: (1) Supported by the hypotheses of “spectral variation”
and “height variation”, the applicability of UAV low-altitude LiDAR remote sensing and
hyperspectral remote sensing in the construction and evaluation of mangrove biodiversity
indicator system. (2) How to delineate the spatial zoning results of mangrove biodiversity
to provide effective protection for mangrove biodiversity and reduce the impact of canal
construction on mangrove biodiversity. The findings of this study can provide a scientific
basis and technical support for developing mangrove biodiversity conservation strategies
and offer a feasible solution for large-scale mangrove biodiversity mapping in the Maowei
Sea at the estuary of the Pinglu Canal.

2. Materials and Methods
2.1. Study Area

The upper reaches of the Pinglu Canal connect to the Xijiang shipping trunk line,
known as the “Golden Waterway”. In the west, it passes through the Yongjiang River and
leads directly to Nanning, the hinterland of the Zuo and Youjiang Rivers, and Yunnan. In
the east, it connects to the Yujiang River and reaches the Greater Bay Area of Guangdong,
Hong Kong, and Macao. In the north, it passes through the Qianjiang, Hongshui, and
Liujiang rivers, leading directly to Guizhou. The Canal flows out to the sea from the
Beibu Gulf in the south, serving as a shortcut for inland rivers in Guangxi and the vast
southwestern and south-central regions. The mangroves at the Canal Estuary are located
in Qinzhou City in the Guangxi Beibu Gulf. This area contains the Maowei Sea Mangrove
Nature Reserve, which is extraordinarily rich in mangrove biodiversity. The reserve hosts
11 families and 16 species of mangrove plants, accounting for 43% of China’s mangrove
flora and 69.6% of mangrove plants in Guangxi. The dominant species primarily include
Sonneratia apetala, Aegiceras corniculatumn, Kandelia candel, and Acanthus ilicifolius. The latter
is a rare mangrove plant belonging to the family Acanthaceae. The reserve is home to
491 species of various animals, including Ciconia nigra, Phalacrocorax Pelagicus, Dugong
dugon, Neophocaena, and 33 species of protected birds, under agreements between China,
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Australia, China, and Japan for the conservation of migratory birds and their habitats. The
mangrove research area in this article (Figure 1a,c) is located in the Jianxinwei Mangrove
Nature Reserve in the Maowei Sea, Guangxi (Figure 1b), and Figure 1d is our mangrove
biodiversity research area (237,241.50 m2). Since approximately 2002, Sonneratia apetala has
been introduced in the reserve, followed by large-scale artificial planting of local mangrove
species such as Aegiceras corniculatumn and Kandelia candel. As a result, mangrove areas
have increased significantly. These mangroves form the largest contiguous mangrove forest
in China, and are suitable for mangrove introduction, cultivation experiments, scientific
research, and development. The climate of this area is classified as southern subtropical
monsoon [16]. The tides are irregular diurnal tides, with an average tidal range of 2.51 m.
A warm and humid climate, along with abundant mudflat resources, provides favorable
conditions for mangrove growth.
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2.2. Materials and Method
2.2.1. UAV Hyperspectral and Laser-Point Cloud Data Acquisition

This study utilized Bumblebee 4-rotor UAV (Figure 2 1©) and Spectrum Patrol HSG-1
(Figure 2 2©) for aerial photography and data collection of mangrove laser point clouds and
hyperspectral data. The bumblebee drone equipment was equipped with the AS-900HL
multi-platform laser scanning system (Figure 2 1©), which is a system that Huadian has
explored for many years in the field of measurement. It has the advantage of quickly
obtaining high-precision laser point clouds under complex terrain conditions, making it
suitable for obtaining complex three-dimensional mangrove laser point-cloud data. HSG-1
is a cost-effective unmanned airborne hyperspectral imager with a high-accuracy and
stability augmentation platform. It has excellent spectral and spatial resolution capabilities
and does not require POS calibration and splicing, thus allowing for quick mapping. HSG-1
uses high-quality optical systems to achieve excellent performance.
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(1) Spectrum Patrol HSG-1 UAV Hyperspectral Data Acquisition

The hyperspectral data used in this study were collected using an OptTrace patrol
hyperspectral imager (Hangzhou, China) mounted on a DJI Matrice 300 four-rotor UAV
equipped with a standard reflective whiteboard. The data were collected on 15 December
2022, under cloudless, sunny weather and low-tide levels to conduct aerial photography of
the mangroves in the research area. Prior to data collection, the flight route of the UAV was
planned with a flight height of approximately 150 m, flight speed of 8 m/s, 80% heading
overlap, 75% lateral overlap, and a mirror head pointed vertically downward. The exposure
time was set to 5 ms and the capture frame rate was 50 fps.

The original hyperspectral image contained 220 wavebands, with a spectral range of
400–1000 nm, spatial resolution of 0.1 m, and spectral resolution of 2.8 nm. The collected
data were processed using ENVI5.3 image processing software to stitch the images seam-
lessly. The stitching accuracy was evaluated based on the residuals of the homonymous
points between adjacent images. To carry this out, several overlapping corrected images
were selected from the shooting area, and a certain number of homonymous points were ex-
tracted from different mangrove tree species. The spatial coordinates of these homonymous
points on their respective images were calculated, and the coordinate differences were cal-
culated to evaluate the stitching accuracy quantitatively. The matching point mean square
error was calculated to be 0.858 pixels, meeting the requirements for the classification and
biodiversity evaluation of mangrove hyperspectral data in the study area.

After stitching, the processed image was radiometrically calibrated using a calibration
board to convert the digital number (DN) of the image into the surface reflectance. The
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collected hyperspectral images of the Jianxinwei Mangrove Nature Reserve are shown
in Figure 2 4©, with hyperspectral color stereograms of local areas in Figure 3 (R:660 nm,
G:550 nm, B:470 nm), and the spectral curves of different mangrove communities are
shown in Figure 4. Aerial photographs of Acanthus ilicifolius (AI), Sonneratia apetala (SA),
Aegiceras corniculatum (AC), Kandelia candel (KC), Cyperus malaccensis (CM), and mudflat
(MF) are shown in Figure 2(a3,b3,c3,d3,e3,f3), respectively. Figure 2(a1,b1,c1,d1,e1,f1) is the
comparison map of field photos collected from the ground of Acanthus ilicifolius, Sonneratia
apetala, Aegiceras corniculatum, Kandelia candel, Cyperus malaccensis, and mudflat, respectively.
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(2) Laser Radar Data Acquisition for a Bumblebee Unmanned Aerial Vehicle

On 15 December 2022, the AS-900HL unmanned-aerial-vehicle laser scanner system
(Shanghai Huace Navigation Technology Co., Ltd., Hangzhou, China) was used to collect
mangrove laser radar data synchronously with hyperspectral data. This system integrates
various high-performance sensors such as high-precision and long-range laser scanners,
and high-precision optical fiber inertial navigation systems. Its minimalist lightweight
design is suitable for controlling unmanned-aerial-vehicle platforms.

Prior to data collection, a flight path was planned to ensure that the flight path of the
laser point cloud was consistent with the hyperspectral flight path. The flight height was
set to 150 m with a flight speed of 6 m/s. The lens was pointed vertically downward with a
70% sidewise overlap rate and an 80% heading overlap rate. The collected laser point-cloud
data for the Jianxinwei Mangrove Nature Reserve are shown in Figures 2 and 3.

The preprocessing steps for the laser radar data were divided into two stages: POS
position calculation and point-cloud calculation. The position calculation used the Inertial
Explorer post-processing software to process global navigation satellite system (GNSS)
data to obtain a high-precision combination of navigation information, such as position,
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speed, and attitude. The point-cloud calculation used the round-trip time, position, and
attitude information of the laser pulses to generate mangrove three-dimensional laser point-
cloud data. The data provider (Guangxi Xuanxing Technology Co., Ltd., Nanning, China)
used QTModeler V8.2 software for preprocessing and provided point-cloud data products.
These data allow for the acquisition of vertical three-dimensional structural features of
mangroves, complementing the spectral characteristics obtained from hyperspectral data.
The combination of these data sources provides a comprehensive characterization of man-
grove biodiversity and forms the basis for further analysis and assessment of the impact of
the Pinglu Canal project on mangrove ecosystems. The data provider (Guangxi Xuanxing
Technology Co., Ltd., Nanning, China) used QTModeler V8.2 software for preprocessing
and provided point-cloud data products. The calculated 3D laser point-cloud data of differ-
ent mangrove species in Jianxinwei are shown in Figure 2 3©, and Figure 2(a2,b2,c2,d2,e2,f2)
shows the laser point-cloud images of Acanthus ilicifolius, Sonneratia apetala, Aegiceras cornic-
ulatum, Kandelia candel, Cyperus malaccensis, and mudflat, respectively. The process of the
laser point-cloud data acquisition is detailed in the literature [17].

(3) UAV hyperspectral and laser point-cloud data extraction

ENVI 5.3 software, developed by ESRI, Inc., was used to process hyperspectral data,
which includes atmospheric and geometric corrections as well as image mosaicking. After
atmospheric correction, spectral reflectance was obtained and then combined with a digital
surface model generated from LiDAR data to perform geometric correction through the
manual selection of ground control points. The resulting hyperspectral image was seam-
lessly mosaicked. Vegetation indices, which reflect mangrove plant growth, coverage, and
biomass, were calculated based on previous research and the distribution characteristics
of mangrove communities around Jianshan in the Maowei Sea. Ten vegetation indices,
BGI2, NDVI, RDVI, TCARI, OSAVI, MCARI1, MCARI2, PRI, SR, and CI, were used to clas-
sify mangrove ecosystem types. Because the hyperspectral data had 220 bands, principal
component analysis (PCA) was used to reduce data dimensionality [21,42], and texture
analysis was performed on the first waveband of PCA to generate seven texture variables:
contrast, correlation, data range, similarity, harmony, mean, and variance. The above
vegetation indices and texture variables were extracted using ENVI 5.3 software, and the
spatial resolution of various raster data was consistent with the original hyperspectral data
resolution of the drone, all of which were 0.1 m. All hyperspectral characteristic variables
and their specific descriptions are shown in Tables 1 and 2, respectively.

Table 1. Vegetation indices extracted based on hyperspectral data.

Features Vegetation Index Formula References

BGI2 Blue Green Pigment Index 2 Band200
Band165 [28]

NDVI Normalized Difference
Vegetation Index

Band75−Bnad121
Band75+Band121 [43]

RDVI Reformed Difference
Vegetation Index

Band75−Band121√
Band75+Band121

[40]

TCARI
Transformed Chlorophyll
Absorption in Reflectance

Index
3 ∗

[
(Band110− Band121)− 0.2 ∗ (Band110− Band165) ∗ Band110

Band121

]
[41]

OSAVI Optimized Soil Adjusted
Vegetation Index

(1+0.16)∗(Band75−Band121)
Band75+Band121+0.16

[10]

MCARI1 Modified Chlorophyll
Absorption Ratio Index 1 1.2 ∗ [2.5 ∗ (Band75− Band121)− 1.3 ∗ (band75− band165)] [40]

MCARI2 Modified Chlorophyll
Absorption Ratio Index 2

1.5∗[(2.5∗(Band75−Band121)−1.3∗(Band75−Band165))]√
(2∗Band75+1)2∗−(6∗Band75−5∗

√
Band121)−0.5

[41]

PRI Photochemical Reflectance
Index

Band168−Band172
Band168+Band172 [10]

SR Simple Ratio Index Band75
Band121 [44]

CI Clumping Index Band55
Band99−1 [45]
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Table 2. Texture indices generated by the first variable of PCA principal components.

Features Texture Features Formula References

TM Textural Mean ui = ∑ iP[i, j]

[16]

HOM Homogeneity Hom = ∑
i

∑
j

P[i,j]
1+(i−j)2

Dis Dissimilarity Dis = ∑
i

∑
j

P[i, j]

Cor Correlation Cor = ∑i ∑j ijP[i,j]−uiuj
σiσj

Var Variance σ2
i = ∑ i2P[i, j]− u2

i
Ent Entropy Ent = −∑

i
∑
j

P[i, j], ln, P[i, j]

Con Contrast Con = ∑
i

∑
j

P(i− j)2P[i, j]

The mangrove laser point-cloud data, stored in the LAS1.4 format, included X, Y,
and Z three-dimensional coordinates, elevation values, echo numbers, echo intensity, and
other information [16]. Prior to classification using the Mangrove Aboveground Biomass
Retrieval System based on UAV-LiDAR (LiMARS system) [17], noise points were removed
from the LiDAR data to eliminate any potential interference caused by low-altitude flying
objects, birds, or other sources of noise. The classified point-cloud data included ground
and nonground point clouds. The ground point-cloud data can be used to generate a digital
elevation model (DEM) using the inverse distance interpolation method in the LiMARS
software. Nonground point-cloud data were rasterized to form a digital surface model
(DSM). Elevation variables based on DEM were used to normalize the elevation of all point-
cloud data. LiDAR feature variables were extracted, including height percentile (H95),
canopy coverage (CC), leaf area index (LAI), and canopy height model (CHM), using the
LiMARS software independently developed by our team [17]. Based on laser point-cloud
data, all grid data extracted using the LiMARS software have a spatial resolution of 0.5 m.
All laser point-cloud feature variables and descriptions are presented in Table 3.

Table 3. Structural variables generated from laser point-cloud data.

Features Lidar Index References

H95
n
∑
i

hi gi

n
∑
i

gi

[46]

CC Nc
Nc+Ng

[47]

LAI − 1
k ln(I/I0) [48]

CHM DSM − DEM [49]

2.2.2. Classification of Ecosystem Types and Construction of Biodiversity Indicators

(1) Classification of ecosystem types

The classification and regression tree (CART) decision tree uses a hill-climbing algo-
rithm [45] to select the optimal combination of attributes from a large set of data features
to form a classification model. The addition of data features may result in changes to the
classification rules; however, the resulting decision tree must still be the optimal solution.
The main data sources for this study were UAV hyperspectral and laser point-cloud data.
Variable combinations were formed using CHM generated by 220 hyperspectral bands,
10 vegetation indices, seven texture information, and laser point-cloud variables (the CHM,
canopy height model variable, was selected to identify different mangrove tree species
due to significant differences in the height of different mangrove tree species). The CART
decision tree automatic classification algorithm extension module under the ENVI5.3 soft-
ware was used to automatically select classification features based on the characteristics
of training samples obtained from field surveys and the test variables involved in classifi-
cation, followed by assignment operations to obtain the optimal binary tree. The CART
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decision tree applied binary segmentation to divide the data into two parts, and conducted
a Boolean test on the branch node. If the condition is true, the data are classified as the right
branch. Otherwise, they are classified as the left branch, ultimately forming a binary tree.

(2) Selection of the biodiversity indicator system

Based on the core biodiversity monitoring indicator system proposed by the Earth
Observation Organization Biodiversity Observation Network [10], this study proposes the
construction of a mangrove biodiversity evaluation indicator system at three levels: species
diversity, ecosystem diversity, and landscape diversity.

At the species diversity level, this study constructed canopy structure variables based
on LiDAR and vegetation indices using hyperspectral data from the perspectives of the
“spectral variation hypothesis” and “height variation hypothesis”, respectively. Based
on the canopy structure variables of LiDAR point-cloud data [50], we selected the height
percentile (H95, which is close to the crown height of mangroves and is the 95th percentile
height), canopy coverage (CC, the percentage of the vertical projection area of the outermost
periphery of the natural expansion of mangrove branches and leaves on the ground to
the surface area), and leaf area index (LAI, which refers to the result of the total area
of mangrove leaves per unit of mudflat area being multiplied by the mudflat area and
is related to the density, structure, biological characteristics of trees, and environmental
conditions of mangroves. The LAI is a comprehensive indicator of mangrove utilization of
light energy and canopy structure). Based on the vegetation index of the hyperspectral data,
this study selected three indicators: PRI [51], BGI2 [52], and CI [10]. The PRI represents the
spectral reflectance of mangrove leaves, which is related to changes in the composition of
lutein pigments. Lutein dynamics are closely related to plant stress, which is important in
mangrove plant photosynthesis and stress. BGI2 represents the blue–green pigment index
of mangroves, reflecting the carotenoid content in mangrove leaves, whereas CI uses the
reflectance ratio of NIR and red-edge bands to evaluate the chlorophyll content in leaves,
which directly depends on the nitrogen content in plants.

At the level of ecosystem diversity, this study selected the aboveground biomass of
mangrove ecosystems as an indicator of ecosystem diversity. Biodiversity is generated
by the niche diversity of common biological species, which leads to higher community
productivity or biomass owing to more effective resource utilization [53]. Tillman, Hector,
and Naeem also believed that there is a positive correlation between species diversity and
productivity, especially aboveground biomass [53–55]. An increase in diversity increases
the diversity of species with functional characteristics in communities, which can maximize
resource utilization and thereby increase ecosystem productivity or aboveground biomass.
Based on this, we selected mangrove aboveground biomass as an indicator of ecosystem
diversity, and the aboveground biomass was calculated using allometric growth equations
and incremental regression models for different types of mangrove tree species. The specific
calculation and estimation process is detailed in the research results of Wu et al. [56] for the
Maowei Sea of the Beibu Gulf.

Landscape indices were used to evaluate the heterogeneity and diversity of the land-
scapes. As a component of biodiversity, the relationship between landscape diversity and
species diversity generally assumes a normal distribution [57]. Within a certain range of
categories, the richer the types of landscape diversity, the higher the regional biodiversity.
In this study, the Simpson diversity index (SIDI), landscape separation index (SPLIT),
and landscape spread index (CONTAG) of mangrove ecosystems were used as indicators
of ecosystem diversity. The SIDI calculates the probability that two randomly sampled
individuals belong to different species to reflect the species richness of the community [58].
The landscape separation index represents the degree of separation between patches in
a landscape type. A smaller value indicates a more concentrated distribution of patches,
while a larger value indicates a more dispersed distribution of patches within the region,
reflecting, to a certain extent, the degree of human interference with the landscape, which is
a reverse indicator of the level of biodiversity [59]. The spread index refers to the degree of
aggregation or extension of different patch types in the landscape. A high degree of spread
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indicates that a patch type in the landscape has good connectivity, whereas the reverse
indicates that the landscape is more fragmented, and patches with high connectivity are
more conducive to the survival and reproduction of species within the landscape [60].

(3) Construction of biodiversity indicators (BI)

The biodiversity indicator evaluation system was constructed by selecting the above
10 indicators (Table 4), and each indicator was normalized (with a value range of 0 to 1).
The standardized calculation method for positive indicators is as follows:

Xq = (Aq − AqMin)/(AqMax − AqMin)

where Xq is the value of the normalized evaluation index q, Aq is the value of the pre-
normalized evaluation index, AqMin is the minimum value of the pre-normalized evaluation
index, and AqMax is the maximum value of the pre-normalized evaluation index. The
landscape separation index indicator is an inverse indicator, and the calculation of the
above formula must be processed in reverse order to obtain the standard value of this
inverse indicator.

Table 4. Variables for laser point-cloud data generation.

Biodiversity Levels Vegetation Index Index

Species diversity (SD)

LiDAR-based canopy structure variables
H95%

CC
LAI

Based on hyperspectral variables
PRI

BGI2
CI

Ecosystem diversity (ED) AGB

Landscape diversity (LD)
SIDI

SPLIT
CONTAG

The biodiversity index constructed in this article is as follows:

BI = H95%× βH95% + CC× βCC + LAI× βLAI + PRI× βPRI + BGI2× βBGI2 + CI× βCI
+AGB× βAGB + SIDI× βSIDI + SPLIT× βSPLIT + CONTAG× βCONTAG

In the formula, H95% is the mangrove 95th percentile height, CC is the mangrove
canopy coverage, LAI is the mangrove leaf area index, CRI is the carotenoid reflection
index, SR is the simple ratio index, CI is the photosynthetic activity of the mangrove canopy,
AGB is the aboveground biomass of the mangrove, SIDI is the Simpson diversity index,
SPLIT is the landscape separation index, CONTAG is the landscape spread index, and βi is
the weight of each sub-indicator. The value range of the BI biodiversity index is 0–1.

Currently, two main methods exist for determining indicator weights: subjective
and objective. Subjective methods, such as the analytic hierarchy process [61], Delphi
method [62], and ring comparison scoring method, have limitations in application because
of their high degree of subjectivity and qualitative components, leading to uncertainty
in the weight calculation. On the other hand, objective methods rely on mathematical
relationships between the original data and determine weights through methods such as
entropy, multi-objective programming, and principal component analysis [63]. Among the
objective methods, the entropy weight method reflects the utility value of the indicator
information entropy and provides a more accurate and credible weight value than the
subjective weighting method does [64]. In this study, different indicator weights were
determined using the calculation process of the entropy weight method in MATLAB 2022a.
The calculation process involved three stages: matrix standardization, entropy definition,
and weight definition. To implement the entropy weight method, a MATLAB script was
programmed in accordance with its definition. The specific code and calculation process
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can be found at https://mp.weixin.qq.com/s/LAF5wXycV8ZoAB9QHnU9Uw (accessed
on 10 May 2023).

2.3. Technical Process

In the context of the construction of China’s first Pinglu Canal since the founding of
the People’s Republic of China, this study aimed to assess the impact of construction on
the existing mangrove biodiversity. Data were extracted using unmanned-aerial-vehicle
LiDAR (to gather vertical structural features) and hyperspectral data (to gather canopy
spectral features) based on the hypotheses of “height variation” and “spectral variation”.
By dividing protection zones and taking protective measures, the aim was to minimize the
adverse effects of construction on local mangroves.

The technical process involved data acquisition and processing, with variable genera-
tion using UAV hyperspectral data and LiDAR data to extract parameters from the canopy
spectrum and the vertical structure of mangroves. The CART method was used to classify
mangrove tree species. An indicator system was constructed for mangrove biodiversity at
species diversity (six variables), ecosystem diversity (one variable), and landscape diversity
levels (three variables). Entropy weight theory and MATLAB 2022a software were used
to calculate different indicator weights, and the spatial distribution pattern of mangrove
biodiversity was assessed using biodiversity calculation formulas. Finally, by analyzing the
impact of different elevations of mangrove growth and offshore distances on biodiversity,
protection zones were designated, and measures were formulated for the protection of man-
grove biodiversity under the background of canal construction. Due to the inconsistency
in spatial resolution between laser point-cloud variables and hyperspectral variables, we
selected two types of mangrove tree species, Sonneratia apetala and Kandelia candel, which
are more prominent in the internal image of the sample plot, as control point positioning
points. With the support of the Geometric Correction module of ENVI5.3 software, we
performed geometric correction on the variables generated by the drone laser point-cloud.
After geometric correction, all laser point-cloud variables and hyperspectral variables were
aligned with an error of within 0.5 pixels, and the hyperspectral data were resampled to the
same resolution as the laser point-cloud data. In the end, we obtained mangrove variables
with a resolution of 0.5 m, and the coordinate system of all grid data was WGS-84, using
UTM 48N projection. The detailed technical process is illustrated in Figure 5.

https://mp.weixin.qq.com/s/LAF5wXycV8ZoAB9QHnU9Uw
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Figure 5. Technical process of mangrove biodiversity assessment based on UAV hyperspectral
and LiDAR remote sensing (SD, ED and LD represent the combined indicators of species diversity,
ecosystem diversity and landscape diversity, respectively; while βSD, βED and βLD represent
the combined indicator weights of species diversity, ecosystem diversity and landscape diversity,
respectively).

3. Results and Analysis
3.1. Classification Accuracy of Different Mangrove Tree Species

Based on hyperspectral and LiDAR point-cloud data, the spatial distribution pattern
of the study area was obtained using the CART algorithm (Figure 6). The overall accuracy
of mangrove classification obtained by the CART algorithm is 86.77% (kappa = 83.97%)
(refer to Table 5), with most of the user classification and mapping accuracies being over
80%. Specifically, SA has the highest classification accuracy owing to the noticeable height
features obtained from LiDAR data. Although the AI user accuracy is 59.49%, its mapping
accuracy is 97.51%. Through the normalized confusion matrix (shown in Figure 7), it was
found that the probability of AI being wrongly classified as MF is 0.28, which could be due
to AI growing along the tidal flat and their close survival position. The CART algorithm
shows excellent classification performance for mangrove tree species, which provides a
foundation for the construction of biodiversity indicators.
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Table 5. Confusion matrix for mangrove classification.

Truth
Predicted (Pixels)

Total UA (%)
SA AI CM AC KC MF

SA 121 0 0 0 0 0 121 100
AI 0 235 48 0 0 112 395 59.49

CM 0 6 282 0 0 23 311 90.68
AC 0 0 0 342 7 0 349 97.99
KC 8 0 0 23 262 0 293 89.42
MF 0 0 0 0 0 247 247 100

Total 129 241 330 365 269 382 1716
PA (%) 93.80 97.51 85.45 93.70 97.40 64.66

Kappa (%) 83.97 OA (%) 86.77
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3.2. Biodiversity Index Characteristics of Different Mangrove Tree Species

Table 6 shows the statistical indicators of different mangrove tree species at the levels
of species diversity, ecosystem diversity, and landscape diversity. The height percentile
(H95), canopy coverage (CC), and leaf area index (LAI) were the three indicators generated
based on laser point-cloud variables at the species diversity level. The spatial distribution
and composition of these indicators are shown in Figures 7 and 8, respectively. Figure 8
and Table 6 show that the H95, LAI, and CC of mangroves in the study area exhibit
significant regional differentiation patterns, with spatial distribution patterns being high in
the southwest, low in the northwest, and low in the southeast. The average values of H95,
LAI, and CC are 2.09 m, 0.78, and 0.72, respectively.

Table 6. Statistical characteristics of biodiversity indicator system of different mangrove tree species.

Landscape

SD
ED LD

Canopy Structure Variables Hyperspectral Variables

LAI H95 CC PRI BGI2 CI AGB SPLIT CONTAG SIDI

AI range 0~2.445 0.03519~8.5045 0~1 0.1798~0.2222 0.2688~1.1701 0.3318~2.6129 5.6~26.4 1~11.3636 0~72.6204 0~0.784
mean 0.4414 1.6475 0.5338 0.0313 0.6332 1.0533 16.8 2.5406 26.6774 0.4787

SA
range 0~3.1651 0.1488~10.7132 0~1 0.1093~0.1369 0.2208~0.9873 0.7214~1.7 0~138.4 1~5.3419 0~64.7213 0~0.7648

mean 1.2319 6.5329 0.8671 0.0313 0.3986 1.3701 86 1.4622 22.6995 0.2059

AC range 0~3.4685 0.0413~9.6681 0~1 0.1541~0.2471 0.1111~1.0991 0.3127~2.0153 17.6~37.3 1~9.9206 0~71.6011 0~0.7968
mean 0.9409 2.2381 0.8219 0.0776 0.3815 1.2096 28.5 1.8601 31.7659 0.3414

KC range 0~3.4685 0.0764~9.6681 0~1 0.1012~0.3077 0.1155~0.9221 0.5099~2.1814 12.4~30.9 1~10.9649 0~72.3656 0~0.7936
mean 0.9448 2.486 0.8298 0.0884 0.3407 1.3116 23.2 2.039 25.0976 0.4007

CM range 0~2.445 0.0370~6.8239 0~1 0.1607~0.2027 0.2731~1.2165 0.3015~2.0921 20~37.3 1~9.6154 0~69.1964 0~0.7968
mean 0.3498 1.5634 0.4454 0.0287 0.6499 1.0289 28.65 2.567 25.1932 0.4679

MF range 0~1.3526 0~2.5179 0~1 0.0960~0.1475 0.1813~1.1995 0.0933~1.6695 0 1~7.9114 0~69.5627 0~0.7904
mean 0.01856 0.2485 0.029 0.0273 0.2792 0.5316 0 1.419 13.9131 0.1598
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The composite image of the three indicators (Figure 9) and Table 6 show that the
yellow area in the northwest of the study area has a high canopy height and H95 (e.g.,
SA, b1), indicating that the tree height in this area is high, and the mangrove leaves have
a large crown cover degree. This area is mainly occupied by Sonneratia apetala, with a
maximum tree height of 10.71 m and an average crown cover degree of 0.87. The green and
yellow areas (e.g., KC, d1) in the central part of the study are covered by higher leaf area
indices, higher trees, and more complex layered crown cover. This area is mainly covered
by Kandelia candel, with an average leaf area index of 0.95 m2/m2, an average tree height
of 2.49 m, and an average canopy cover of 0.83. The average of the three is only second
to the LAI (1.23 m2/m2), H95 (6.53 m), and CC (0.87) of Sonneratia apetala. The yellow
area in the south of the study area (e.g., AC, c1) is mainly the coverage area of Aegiceras
corniculatumn. The leaf area index and crown cover of this tree species are comparable
to those of the Kandelia candel, but the average tree height is slightly lower than that of
Kandelia candel. The tree height in the yellow area of this region is approximately 2.24 m,
while the average tree height of Kandelia candel is approximately 0.25 m lower than that of
Aegiceras corniculatumn. The yellow-green areas (e.g., AI, a1) and green areas (e.g., CM, e1)
in the southern part of the study area represent the coverage areas of Acanthus ilicifolius and
Cyperus malaccensis, respectively. The three indicators of the Acanthus ilicifolius mangrove
species are the lowest among the other three mangrove species, but these three indicators
are slightly higher than the leaf area index, tree height, and crown cover values of the
Cyperus malaccensis community.
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Figure 9. Synthetic map of mangrove canopy structure variables based on UAV laser point-cloud
data. Notes: panels (a1,b1,c1,d1,e1,f1) are Acanthus ilicifolius (AI), Sonneratia apetala (SA), Aegiceras
corniculatum (AC), Kandelia cande l(KC), Cyperus malaccensis (CM), and mudflat (MF), respectively.

The three diversity indicators generated based on hyperspectral data from unmanned
aerial vehicles are PRI, BGI2, and CI. The spatial distribution and composition diagrams of
these three indicators are shown in Figures 10 and 11, respectively. Figure 10 and Table 6
show that the PRI and SR of mangroves in the study area exhibit significant regional
differentiation. These two indicators show a spatial distribution pattern of high values in
the southwest, low values in the northwest, and low values in the southeast. The average
values of the two indicators are 0.07 and 9.3, respectively, but the spatial differentiation
degree of CI is not significant. From the composite image of the three indicators (Figure 11)
and Table 6, it can be seen that the purple region in the southwest of the study area has
higher PRI and CI values (for example, AC, c1), indicating that the mangrove forests in
this area have higher levels of lutein and chlorophyll, but the BGI2 in this area is relatively
low. This area is mainly the distribution area of Aegiceras corniculatum, with a maximum
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PRI of 0.0776, which is second only to Kandelia candel, with an average CI of 1.2096. The
deep-purple region (e.g., KC, d1) in the central region of the study area is characterized by
high PRI and high CI index values. This region is mainly covered by the Kandelia candel,
with a maximum PRI value of 0.0884 and a CI index value of 1.3116. In the northwest of
the study area (e.g., SA, b1), the BGI2 and CI values reached their maximum values in the
study area, indicating that the carotenoid and chlorophyll contents of the Sonneratia apetala
mangrove tree species were high. The green areas (e.g., AI and a1) and (e.g., CM and e1)
the southern part of the study area represent the distribution areas of Acanthus ilicifolius
and Cyperus malaccensis, respectively. The BGI2 values of these two mangrove tree species
are both high in the study area, indicating that the carotenoid content of these two tree
species is high, while the PRI and CI indices of these two tree species are low.
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Figure 10. Mangrove level variables generated based on UAV hyperspectral data (three indicators:
PRI [51], BGI2 (SR, [52]) and CI [10], respectively.

Based on the results of Wu et al. [56] from the First Institute of Oceanography of the
Ministry of Natural Resources of China on the aboveground biomass of different mangrove
tree species in the Maowei Sea area, we drew a spatial distribution map of mangrove
biomass in the area (Figure 12). From the distribution of aboveground biomass of different
mangrove tree species (Figure 12), it can be observed that Sonneratia apetala has the highest
aboveground biomass, followed by Aegiceras corniculatum, Cyperus malaccensis, and Kandelia
candel, while Acanthus ilicifolius has the lowest aboveground biomass. As a tall tree, Sonner-
atia apetala can reach a maximum height of over 10 m in the Maoweihai Mangrove Reserve
and grows rapidly, making it dominant over other mangrove species. Hence, it has dense
branches and the highest aboveground biomass per unit area. The Aegiceras corniculatum
community is relatively dense and grows lushly, with the aboveground biomass distribu-
tion being mainly concentrated in the range of 1.76–3.73 kg/m2, averaging 2.85 kg/m2.
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Kandelia candel grows relatively slowly, and its aboveground biomass distribution ranges
from 1.24–3.09 kg/m2, with an average of 2.32 kg/m2. The aboveground biomass of
Acanthus ilicifolius ranges from 0.56–2.64 kg/m2, with an average of 1.68 kg/m2, with the
majority of aboveground biomass being located at 2.00–3.73 kg/m2.
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Based on the spatial distribution map of mangroves in the study area, three landscape
diversity indicators were calculated using the Fragstats software [51]: the Simpson diversity
index (SIDI), landscape separation index (SPLIT), and landscape spread index (CONTAG).
The spatial distribution and composite diagrams of these three indicators are shown in
Figures 13 and 14, respectively. Figure 13 and Table 6 show that the SPLIT, SIDI, and
CONTAG of mangroves in the study area exhibited significant regional differentiation,
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with average values of 2.05, 0.38, and 28.32, respectively. From the composite image of
the three indicators (Figure 14) and Table 6, it can be seen that the dark-blue areas in the
southwest and northeast of the study area have the highest landscape spread index (e.g.,
AC, c), which is mainly the distribution area of Aegiceras corniculatum, with a maximum
value of 31.7659. The light-white areas in the central part of the study area (e.g., KC, d) are
mainly characterized by high landscape spread and a high Simpson diversity index. This
area is mainly characterized by the coverage of Kandelia candel, with CONTAG and SIDI
values of 25.0976 and 0.4007, respectively. In the northwestern part of the study area (e.g.,
SA, b), the CONTAG value of the Sonneratia apetala mangrove species is equivalent to that
of the Kandelia candel species, but its SIDI value is approximately half of the CONTAG value.
The green areas (e.g., AI, a) and (e.g., CM, e) the southern part of the study area represent
the distribution areas of Acanthus ilicifolius and Cyperus malaccensis, respectively. The
landscape separation index SPLIT of these two mangrove tree species is at the highest value
of different mangrove tree species, and the SPLIT values of the two mangrove tree species
are 2.5406 and 2.567, respectively, indicating that the degree of mangrove fragmentation
of these two species is greater than that of other species, and their spatial distribution is
more dispersed.
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Figure 14. Synthetic map of mangrove landscape diversity index calculated based on the spatial
distribution of mangrove species.

3.3. Spatial Distribution of the Mangrove Biodiversity index

The weights of the mangrove community biodiversity indicator systems in the study
area are listed in Table 7. Based on the weights of various indicators calculated using
MATLAB 2022a, the highest weight is assigned to landscape diversity, with a value of 0.5577,
followed by species diversity indicators (0.4116), and ecosystem diversity with the lowest
weight (0.0307). Regarding species diversity, the vegetation leaf area index and carotenoid
BGI2 have a high weight contribution to mangrove biodiversity, while PRI has a relatively
small weight contribution. In terms of landscape diversity, the landscape separation index
has the largest contribution to mangrove biodiversity, whereas the Simpson diversity index
has a smaller contribution weight to biodiversity.

Table 7. Results of calculating the weights of mangrove species diversity, ecosystem diversity and
landscape diversity indicators.

Index
SD ED LD

Canopy Structure Variables Hyperspectral Variables
LAI H95 FVC PRI SR CI AGB SPLIT DIVISION SIDI

Entropy
weight 0.1192 0.0360 0.0608 0.0085 0.1704 0.0167 0.0307 0.2749 0.1454 0.1374

The evaluation index system of mangrove ecosystem biodiversity in the Maowei
Sea and its weight calculation results led to the calculation of a comprehensive index of
mangrove biodiversity in the study area (Figure 15). The index ranges from 0 to 0.63, with an
average value of 0.29. In this study, we divided the biodiversity index of mangroves into five
levels: very low (0–0.12), low (0.12–0.23), moderate (0.23–0.31), high (0.31–0.38), and very
high (0.38–0.63). The proportions of these five levels were 4.70%, 21.50%, 25.76%, 31.32%,
and 16.72%, respectively. The spatial distribution of the biodiversity index shows strong
heterogeneity, with high values in the southwest and low values in the northwest, southeast,
and southern regions. This pattern may be influenced by factors such as altitude, offshore
distance, and hydrological response units of the tidal channel. The northwestern region has
a large number of Cyperus malaccensis communities, resulting in relatively low biodiversity
indices. The northeast region has a high number of Aegiceras corniculatum communities,
with a relatively small aboveground biomass. In the southeast region, the distribution of a
large number of Acanthus ilicifolius communities leads to a relatively fragmented community
structure and lower biodiversity indices. The contribution of different indicators to the
biodiversity index was calculated using the R language software (Figure 16). The script
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used in the R language in this study is Rscript. During the drawing process, we mainly used
two packages, ggplot and ggpairs, from the official website of the R language. The URLs
of these two packages are https://search.r-project.org/CRAN/refmans/GGally/html/
ggpairs.html (accessed on 10 May 2023) and https://search.r-project.org/CRAN/refmans/
ggplotify/html/as.ggplot.html (accessed on 10 May 2023), respectively. The landscape
spread index (CONTAG) exhibits the highest correlation coefficient with the mangrove
biodiversity index in the landscape diversity index, with a value of 0.861. At the species
diversity level, crown cover exhibits the highest correlation coefficient with the mangrove
biodiversity index, with a value of 0.243. The correlation coefficient between aboveground
biomass and the biodiversity index at the level of ecosystem diversity is small, with a value
of only 0.136.
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3.4. Mangrove Biodiversity Zoning Scheme

Because of the ongoing excavation and construction stage of the Pinglu Canal, which
is the first artificial canal in China since the founding of the People’s Republic of China,
our research aimed to use drone hyperspectral and laser point-cloud data to study the
spatial distribution patterns of mangrove biodiversity. By exploring the spatial distribution
pattern of mangrove biodiversity and its differentiation in elevation and offshore distance,
this study aimed to provide data support for the spatial zoning of mangrove biodiversity.
We extracted ground point-cloud information from the study area using the LiMARS
system, which we developed independently based on the point-cloud data obtained via
UAV laser scanning. We generated a surface model of the mangrove mudflat by using the
digital elevation processing module of the LiMARS system. To investigate the impact of
different beach elevations on mangrove biodiversity, we reclassified the beach elevation
data (DEM) in ArcGIS 10.2 into nine categories, as shown in Figure 17. Using elevation
classification data, we calculated the spatial diversity of mangrove biodiversity indices
at different elevations. The spatial distribution of mangrove biodiversity at different
elevations displays a pattern of initially increasing, then decreasing, and then increasing
again. The maximum value of the biodiversity index (0.32) is observed at an altitude of
1.43 to 1.59, indicating that this range is the most suitable elevation distribution interval for
mangrove biodiversity.

https://search.r-project.org/CRAN/refmans/GGally/html/ggpairs.html
https://search.r-project.org/CRAN/refmans/GGally/html/ggpairs.html
https://search.r-project.org/CRAN/refmans/ggplotify/html/as.ggplot.html
https://search.r-project.org/CRAN/refmans/ggplotify/html/as.ggplot.html
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Figure 16. Correlation coefficients between different index systems and mangrove biodiversity
indices. Notes: in the above figure, 1–5, respectively represent the levels of the mangrove biodiversity
index, which are relatively low (0–0.12), low (0.12–0.23), medium (0.23–0.31), high (0.31–0.38), and
high (0.38–0.63). * Signifcant correlation at the 0.05 level (both sides); *** signifcant correlation at the
0.001 level (both sides).
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and offshore distances.

We also investigated the impact of offshore distance on the mangrove biodiversity
index. We used the Euclidean distance tool in ArcGIS 10.2 toolbox to extract spatial
distribution grid maps of different offshore distances based on the artificial seawall lines
in the western region of the study area and the roads in the northern region of the study
area. The maps are shown in Figure 16. Next, we plotted the statistical characteristics of
the mangrove biodiversity at different offshore distances. The biodiversity index fluctuates
over different offshore distances, with the highest value being observed in the distance
range from 150.08 to 204.28, reaching a value as high as 0.304. In contrast, the mangrove
biodiversity index has its minimum value in the distance range from 258.47 to 312.67 m.
Our goal is to use these findings to inform the designation of protection zones and the
implementation of protective measures to minimize the potential adverse effects of the
construction of the Pinglu Canal on local mangrove forests.

Based on these results, we conclude that the most suitable distribution area for the spa-
tial distribution of biodiversity in the study area is the threshold value of 150.08–204.28 m.
We used the optimal elevation range and offshore distance for mangrove biodiversity to
perform spatial overlay analysis using the GIS spatial overlay analysis function. As a result,
we divided the biodiversity index of the study area into three regions: core, buffer, and
experimental areas, as shown in Figure 18. According to the zoning results presented in
Figure 18, the core area (red area) is primarily located at an elevation range of 1.43–1.59 m
and a distance range of 258.47–312.67 m offshore. The buffer area (yellow area) is mainly
located at an elevation range of 0.95~1.43 m. The experimental area (blue area) is irregularly
distributed in the periphery of the buffer area. Statistical analysis of the different regions
revealed that the experimental area accounted for the largest proportion of the research
area, representing 61.68% of the total area. The buffer area accounted for the second largest
proportion, representing 35.99% of the research area, while the core area accounted for the
smallest proportion, representing only 2.32% of the research area.
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4. Discussion
4.1. Selection of Biodiversity Indicators

Mangrove forests are among the most diverse ecosystems on the planet and have the
highest value for ecosystem services. Monitoring biodiversity is essential for the imple-
mentation of biodiversity conservation and mangrove biodiversity restoration. Rapid and
accurate assessment of biodiversity and identification of core protected areas are prerequi-
sites for supporting mangrove biodiversity restoration. However, because of differences in
research areas and research objects, as well as limitations in data acquisition, biodiversity
indicators and methods are not the same, and a universal biodiversity evaluation method
has not been established [65]. Previous researchers often used one of the “spectral variation
hypothesis” [66,67] or “height variation hypothesis” [39] as an indicator system to assess
forest biodiversity in a certain area. This study is based on the “spectral variation” and
“height variation” hypotheses, and constructs an evaluation index system for mangrove
biodiversity at three levels: species diversity, ecosystem diversity, and landscape diversity.
This method combines the two hypotheses in terms of three-dimensional structure and
canopy spectral characteristics, overcoming the difficulty of assessing mangrove biodi-
versity with a single property. In this study, the canopy spectral variable characteristics
generated from hyperspectral data of unmanned aerial vehicles [68] and the height variable
characteristics generated from laser point clouds of unmanned aerial vehicles [69–73] are
fused at the level of species diversity, which effectively solves the problem of selecting
indicator systems at the level of species diversity. In the selection of species diversity and
landscape diversity indicator systems, this study is based on the classification results of
unmanned-aerial-vehicle remote sensing images, which derive mangrove aboveground
biomass and three landscape pattern indices (Simpson diversity index (SIDI), landscape
separation index (SPLIT), and landscape spread Index (CONTAG)). This indicator system
selection emphasizes both the representativeness and practicality of indicator selection,
fully analyzes the connotation of biodiversity, and reflects various levels of biodiversity.
UAV data are easy to obtain with strong timeliness and operability, which solves the prob-
lem of difficult extraction of biodiversity indicators and parameters in coastal mudflat areas
for biodiversity assessment.
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4.2. Applicability of UAV Hyperspectral and Lidar in Biodiversity Assessment

Scholars have combined optical remote sensing data and laser radar to conduct forest
biodiversity modeling based on the relationships between spectral heterogeneity, structural
diversity, and species diversity. This has resulted in improved accuracy in estimating tree
species diversity [74–76]. Integrating optical and LiDAR or microwave remote sensing
data can fully explain forest biodiversity variability from both canopy spectral and vertical
structure features, providing a significant opportunity for biodiversity remote sensing mon-
itoring. The hyperspectral data and LiDAR data obtained via drone remote sensing can be
used to monitor forest biodiversity from both canopy spectral features and vertical structure
features, which provides the possibility for rapid monitoring of mangrove biodiversity.

In this study, we extracted PRI (spectral reflectance of mangrove leaves), BGI2 (man-
grove blue–green pigment index), and CI (chlorophyll content) from the hyperspectral data
of unmanned aerial vehicles to characterize the mangrove canopy’s spectral variability.
These physiological characteristics depict the biodiversity of mangroves on the scale of the
photosynthetic effective rate, carotenoids in leaves, and chlorophyll properties, which can
describe the biodiversity characteristics of mangroves in a more detailed spectral dimension
than previous research results have. Previous researchers using the “spectral variation
hypothesis” mainly used the variation characteristics (standard deviation, variance, and
coefficient of variation) of NDVI indices extracted from multispectral data as predictive
factors for tree species diversity modeling [77–80]. Their results showed that the standard
deviations of the green light band reflectance and infrared band derivative have strong
explanatory power for the Shannon diversity of tropical tree species. Therefore, this study
used PRI, BGI2, and CI indices extracted from unmanned-aerial-vehicle LiDAR data to
establish mangrove biodiversity indicators, which can take advantage of hyperspectral
data in spectral dimensions. The contents of lutein pigments, carotenoids, and chlorophyll
can better reflect the characteristics of mangroves at the mangrove level, providing the
possibility for the application of UAV hyperspectral data to mangrove biodiversity. UAV
LiDAR can quickly and accurately obtain the three-dimensional coordinates of research
objects all day and under all weather conditions, which provides convenience for the classi-
fication of mangrove populations and extraction of structural diversity information [16]. In
this study, we extracted three indicators of mangroves (H95), LAI, and canopy coverage
(CC) from UAV laser point-cloud data to characterize the biodiversity characteristics of the
vertical structure of mangroves. These morphological characteristics represent the height,
openness, and complexity of the mangrove canopy structure and have been widely used
to characterize the diversity of the canopy structure [81–83]. The correlation coefficient
between the vegetation index generated by hyperspectral variables of unmanned aerial
vehicles and the mangrove biodiversity index is generally lower than that generated by
laser point-cloud data, indicating that the characteristic parameters of the vertical structure
are better able to characterize the biodiversity status of mangroves. This is consistent with
the results of Zheng et al. [41], who investigated the effects of laser point-cloud variables
(H95, LAI, and FHD) and hyperspectral variables (CRI, SLA, and NDNI) on the biodiversity
of subtropical forests in China. The results showed that the H95 variable in the laser point
cloud contributed the most to biodiversity, whereas hyperspectral variables contributed
less to the functional diversity of forests.

4.3. Uncertainty of Model Evaluation Results and Future Research Directions

In this study, a specific indicator system was adopted at three levels to evaluate
biodiversity indicators: species diversity, ecosystem diversity, and landscape diversity
indicators. The generation of ecosystem and landscape diversity indicators was based
on the UAV landscape classification results. The classification of mangrove landscape
patterns in the study area was performed using various vegetation, UAV hyperspectral,
and laser radar data with the support of the CART method [45]. Although the CART
decision tree is a supervised classification method that can improve classification accuracy,
it is necessary to select a high-quality supervised classification sample set to construct and
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evaluate the decision tree. Thus, other classification methods, such as machine learning
algorithms (random forest [43], SVM [25], and XGBoost [16]), can be considered in the
future by integrating UAV laser remote sensing data and hyperspectral remote sensing
data for mangrove landscape classification. At the species diversity level, this study mainly
selected the PRI, BGI2, and CI of mangroves as hyperspectral variables to characterize the
mangrove’s canopy spectral variability. However, it is possible to obtain sensitive indices
for other traits that contribute to tree growth, reproduction, survival, vegetation dynamics,
and ecosystem function. Incorporating such traits, including functional traits such as
chlorophyll, nitrogen, carbon content, and other functional traits of leaves of different
mangrove species [40,84], into the biodiversity assessment index system may result in more
accurate mangrove biodiversity assessment results.

It is important to consider the environmental conditions under which different man-
grove species grow, such as salinity, soil, and climate factors, as they can affect mangrove
biodiversity. Future research should incorporate these factors into a biodiversity assessment
index system to improve the accuracy of the model. However, owing to the small study
area, the salinity, soil, and climate factors of mangroves in this area are relatively uniform.
If the methodology proposed in this study is applied to assess mangrove biodiversity on
a larger scale, such as in the Maowei Sea and Beibu Gulf, the impact of salinity, soil, and
climate factors in different regions on mangrove biodiversity must be considered. Finally,
this study used unmanned-aerial-vehicle hyperspectral and laser point-cloud data to assess
mangrove biodiversity in the estuary of China’s first Pinglu Canal. Although the study
area is relatively small, the framework proposed in this study can be used for large-scale
biodiversity mapping, providing a feasible local mangrove biodiversity conservation strat-
egy after the construction of the Pinglu Canal. This study provides a feasible solution for
large-scale biodiversity mapping.

4.4. Recommendations for the Protection of Mangrove Biodiversity

Guangxi Pinglu Canal Group Co., Ltd. was established on 30 June 2022. The company
mainly focuses on the development of resources along the canal and the investment and
construction of industries related to the Canal Economic Belt. Because the biodiversity
value of the studied mangrove areas is much higher than that of the surrounding areas,
it is important to carry out biodiversity conservation of mangroves during engineering
construction. Therefore, this study proposes the following recommendations for Pinglu
Canal Company:

Firstly, strictly abide by the relevant regulations on regional mangrove manage-
ment. During the construction period of Pinglu Canal Group Co., Ltd., no damage or
impact shall be caused to the surrounding mangrove forests, and no materials shall be piled
up in the mangrove forests. During the construction of the Pinglu Canal, temporary sites
such as borrow areas, spoil areas, stockpile areas, and worksheds should be set up outside
the core protected area of the mangrove forest to ensure that the damage to the mangrove
forest in the area during construction is minimized.

Secondly, the construction scope should be strictly controlled. The sediment from
channel dredging should be transported out of the construction area in a timely manner
and should not be directly dumped into the surrounding area to avoid covering the roots
of mangrove plants and causing damage or even death to the mangroves. If it is found that
the Pinglu Canal Company is damaged and endangers the survival of mangroves or even
experiences abnormal situations of mangrove decline or death, it should be immediately
reported to the Forestry Department or the Oceanic Administration and other competent
departments, and emergency measures should be taken to control the situation in a timely
manner. If necessary, the work should be stopped.

Thirdly, the core area of mangrove biodiversity should be absolutely protected. Ex-
cept for the necessary field positioning observations for scientific research, facilities or
activities that affect or interfere with the ecological environment of mangroves should not
be established or engaged in. Owing to the blockage of seawater caused by construction
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equipment and facilities, seawater can be prevented from reaching the surrounding areas of
mangroves, resulting in changes in the growth environment and death of mangroves. There-
fore, construction equipment and facilities cannot be deployed in core areas of mangrove
biodiversity protection.

Fourthly, try to shorten the construction period as much as possible. Pinglu Canal
Company should try its best to use advanced and reasonable construction equipment and
processes, strictly follow the operating procedures, scientifically arrange the operating
procedures, shorten the construction period as much as possible, and minimize the impact
of project construction on the regional mangrove ecosystem.

5. Conclusions

This study focused on the mangrove community in the Maowei Sea, the estuary
of China’s first Pinglu Canal since the founding of the People’s Republic of China, and
proposed an evaluation index system for mangrove biodiversity at the levels of species
diversity, ecosystem diversity, and landscape diversity. By integrating data such as vertical
structure and canopy spectral features extracted from airborne laser radar and hyperspectral
data, the study achieved quantitative calculation and spatial distribution pattern evaluation
of mangrove biodiversity. The results show the following:

(1) The weight of mangrove landscape diversity has the highest value of 0.5577, followed
by species diversity indicators with a weight of 0.4116, and ecosystem diversity has
the lowest weight with a value of 0.0307.

(2) The mangrove biodiversity index ranges from 0 to 0.63, with an average value of 0.29.
High-biodiversity areas are mainly concentrated in the southwest of the study area,
while low-biodiversity areas are mainly concentrated in the north of the study area.

(3) The most suitable distribution area for the mangrove biodiversity index is mainly
concentrated in the distance range with an elevation of 1.43–1.59 m and an offshore
distance of 150.08–204.28 m.

(4) The core area for mangrove biodiversity conservation is relatively small, accounting
for only 2.32%, while the buffer zone and experimental zone account for a larger
proportion, with values of 35.99% and 61.69%, respectively.
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