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Abstract: Mangroves play a crucial role in supporting the biodiversity of coastal wetlands,
acting as a vital link between terrestrial and marine ecosystems. In mainland China,
Sonneratia apetala, an invasive mangrove species, has recently become dominant in these
environments. While it contributes to the stability of mangrove ecosystems and is widely
used in coastal restoration efforts, its rapid growth poses a significant threat to the survival
of native mangrove species. However, the spatiotemporal growth dynamics and landscape
impacts of Sonneratia apetala remain underexplored in scholarly research. This study
employs remote sensing and GIS techniques to analyze the growth patterns of Sonneratia
apetala over a 14-year period along the eastern coast of the Leizhou Peninsula in China.
The analysis revealed the following key findings: (1) The mangrove area expanded from
274.17 hm? to 383.42 hm?, with an average annual growth rate of 2.84%. (2) The area of
Sonneratia apetala increased from 115.15 hm? in 2010 to 254.81 hm? in 2023, with an average
annual growth rate of 1.29%. The area of local mangrove species declined from 163.02 hm?
to 125.06 hm? (a decrease from 22.11% to 16.96%), with an average annual growth rate of
—1.66%. (3) The number of Sonneratia apetala patches increased from 139 to 324, while the
area-weighted shape index rose from 3.4 to 7.81. The decline of native mangrove species,
driven by the rapid spread of Sonneratia apetala, suggests that this species is encroaching
on native mangrove habitats. Through geospatial analysis, this study provides valuable
insights into how introduced species can reshape mangrove landscape structures and the
broader implications for regional biodiversity. These findings clearly demonstrate that
Sonneratia apetala is encroaching upon local mangrove habitats, highlighting the urgent need
for strategic management and conservation efforts to mitigate the ecological impacts of the
proliferation of this species. Furthermore, this research is important for coastal sustainability
management strategies that balance ecological restoration with the preservation of native
biodiversity, ensuring long-term ecosystem health and resilience.
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1. Introduction

Mangrove forests are vital ecosystems that connect coastal wetlands and oceanic
environments, providing essential ecological services such as coastal protection, water
purification, and habitat for diverse marine and terrestrial species [1-4]. Their root systems
stabilize shorelines, reduce erosion, and support biodiversity by offering breeding grounds
for various fish, crustaceans, and birds [5-7]. Mangroves also play a critical role in address-
ing global environmental challenges, including sea-level rise and climate change, and have
been included in the wetland classification system established by The Convention on Wet-
lands (CWC) [8]. In summary, these ecosystems are crucial for maintaining coastal water
quality and supporting marine life. Mangrove forests cover about 1.5 x 108 hm? globally,
mainly found between the Tropic of Cancer and the Tropic of Capricorn [9]. Over the past
fifty years, mangroves have significantly declined due to human activities, logging, climate
change, and pollution, with 35% of global mangrove forests disappearing [10]. In China,
mangrove area decreased by nearly 50% from the 1950s to 2000 [11]. However, since 1995,
China has recognized the importance of mangroves and implemented policies for their
protection and restoration, leading to some of the largest mangrove afforestation efforts
globally [12,13]. The dynamics of mangrove forests in China are complex, characterized
by both destruction and restoration. Consequently, a comprehensive understanding of the
dynamic evolution of mangrove forests, particularly Sonneratia apetala forests, is crucial
for enhancing our knowledge of this ecosystem and developing effective management
strategies.

Sonneratia apetala, native to Southeast Asia, was introduced to China in the late 1980s
for mangrove restoration and coastal protection in regions like Guangdong, Guangxi, and
Hainan [14]. Known for its rapid growth, high adaptability to saline conditions, and
ability to stabilize coastal soil, it became a popular choice for restoration [15]. Initially, its
invasive nature was not well recognized, but over time, its rapid spread raised concerns
about its impact on native mangrove ecosystems [16]. Although Sonneratia apetala helps
mitigate coastal erosion and provides a habitat for marine organisms, its dense growth has
negative ecological effects [17]. Since 1998, it has been widely planted along China’s South
Coast, covering 3800 hm? [18]. However, its dense canopy blocks light from reaching the
understory, hindering the growth of native mangrove species like Barringtonia asiatica
and Avicennia marina [19]. For example, after five years, the survival rates of Lumnitzera
racemosa and Avicennia marina were drastically reduced [20]. At high planting densities
(2500 trees per hectare), native species struggle to survive, highlighting the significant
impact of this species on native mangrove communities [21].

Many studies use remote sensing and landscape indices to analyze mangrove land-
scape changes and understand their growth patterns, with research conducted globally,
including regions such as Europe, the United States, and China. For instance, Gao et al. [22]
utilized spatial metrics to study mangrove ecosystems at high latitudes, while Buiture
et al. [23] applied time-series satellite imagery in the Philippines. Chamberlain et al. [24]
examined mangrove landscape and climate changes in Queensland, Australia, and Xin
et al. [25] explored the impact of land use changes on mangrove wetlands in Dongzhai
Harbor. Most studies in China have focused on mangroves in Hainan, Guangxi, and Guang-
dong [26], but many have relied on Landsat imagery, which has low resolution, leading to
overestimated mangrove areas and missed smaller patches, thus impacting the accuracy
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of fragmentation assessments. As remote sensing technology continues to advance with
broader coverage, frequent repetition, and low costs, it has become increasingly important
for monitoring mangrove ecosystems [27]. Over time, improvements in spatial and spectral
resolution have shifted mangrove monitoring from general dynamic assessments to more
detailed population distribution studies [28]. While medium-resolution multispectral im-
agery is widely used for mapping mangrove distribution at regional and global scales [29],
high-resolution images are now applied for species classification [30,31], and hyperspectral
data are particularly effective for species identification [32]. Remote sensing enables the
collection of mangrove distribution data over time, supporting dynamic monitoring [33].
With the growing availability of remote sensing data, time-series analysis has become a
major focus of research [34].

Researchers have increasingly used remote sensing to study the expansion of Sonneratia
apetala due to its rapid spread and ecological impact on mangrove ecosystems. Satellite
imagery, such as Landsat and Sentinel-2, is commonly employed to monitor changes in
mangrove cover over time, as these platforms provide valuable data on land use and
vegetation distribution [35]. Time-series analysis of remote sensing data allows for the
assessment of spatial and temporal dynamics of Sonneratia apetala populations, including
their spread and encroachment on native mangrove species [36]. Additionally, high-
resolution imagery combined with machine learning algorithms, like object-based and
pixel-based classification methods, has been used to improve species identification and
mapping accuracy. This approach helps distinguish Sonneratia apetala from native mangrove
species and provides insights into its impact on local biodiversity and ecosystem structure.
Opverall, remote sensing has become a powerful tool for understanding the expansion of this
species and guiding effective management and restoration strategies. However, long-term
monitoring is still transitioning from sporadic to continuous time-series data, and further
refinement in methods is needed, especially for studying long-term ecological changes in
Sonneratia apetala species.

This study analyzes the dynamic changes in Sonneratia apetala forests along the Leizhou
Peninsula’s east coast using remote sensing data. It focuses on the spatial distribution,
growth, and impact of Sonneratia apetala on local mangroves. Using Landsat data, Sentinel-2
data, and XGBoost, this study classifies mangroves into Sonneratia apetala and local species.
The results highlight changes in area, spatiotemporal patterns, and the ecological effects
of Sonneratia apetala on local mangroves and biodiversity. These insights are important for
guiding restoration, ecosystem protection, and sustainable development in the region.

2. Materials and Methods
2.1. Study Area

The Leizhou Peninsula, located in the southernmost part of mainland China, is bor-
dered by the South China Sea to the east, the Qiongzhou Strait to the south, and the Beibu
Gulf to the west. The terrain is relatively gentle, rising in the northwest and sloping toward
the southeast, with a maximum elevation of 1000 m. The region experiences a tropical
oceanic monsoon climate characterized by distinct dry and wet seasons. Coastal areas are
frequently affected by typhoons during the summer and fall. The east coast of the peninsula
experiences irregular semidiurnal tides, while regular tides are observed along the west
coast. Most mangrove forests on the Leizhou Peninsula are situated on the leeward sides of
estuaries, bays, and islands. The region predominantly features sandy beaches, with sandy
mudflats limited to estuaries and bays [37]. The mangroves on the Leizhou Peninsula
are predominantly composed of artificially planted Sonneratia apetala communities, which
exhibit the fastest growth rates. The artificial cultivation of Sonneratia apetala on the Leizhou
Peninsula began in the late 1980s. By the early 1990s, the scale of cultivation gradually
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expanded. The planting of Sonneratia apetala on the Leizhou Peninsula is still ongoing to
this day. Due to their relatively typical growth patterns, this region serves as an ideal study
area for investigating the growth and evolution of Sonneratia apetala. The extent of the
mangrove forests was determined using drone data from 2022 and field surveys (Figure 1).
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Figure 1. Satellite image (left) and drone images (right) of the study area.

2.2. Data Sources and Preprocessing

Landsat (2010-2015) and Sentinel-2A (2016-2023) data were used to perform a classi-
fication. The Sentinel-2A imagery was obtained from the European Space Agency (ESA)
website ((https:/ /scihub.copernicus.eu/ (accessed on 2016-2023)), and the Landsat data
were derived from the United States Geological Survey (USGS) Earth Explorer website
(https:/ /earthexplorer.usgs.gov/ (accessed on 2010-2015)). We used historical imagery
from Google Earth (2010-2023) and UAV data from 2022 (with a spatial resolution of 0.05 m)
to select samples from high-resolution imagery within the same timeframe.

All remotely sensed data were preprocessed, including geometric, radiometric, and
atmospheric correction, reprojection to the WGS-84 coordinate system, layer stacking,
pansharpening, and resampling of the Landsat data to 10 m resolution using bilinear
interpolation. The data were then clipped to the study area.

2.3. Water Mask

The normalized difference water index (NDWI) [38] was utilized to mask water bodies.
Expert knowledge and training samples were used to determine the threshold between
water and vegetation. Regions with NDWI values greater than —0.2 were water bodies,
and those with values smaller than —0.2 were vegetation areas (Table 1).

Table 1. Masking of water bodies using the normalized difference water index.

Index Name Equation Description

Normalized difference Pa—p The 1nfiex was used to
NDWI = EG_ENRR determine the threshold

i Pcte :
water index (NDWI) ¢TI between vegetation and water.
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2.4. Methods

We used remote sensing data and Google Earth historical images from 2010 to 2023,
as well as a field survey to determine the ground truth and classify the mangrove forests.
The XGBoost algorithm was employed for classification. Key metrics, including the area
and landscape indices of mangrove plants in different categories (number of mangrove
patches, area of the patches, total edges, and the area-weighted average shape index), were
calculated to analyze the growth and evolution of Sonneratia apetala. The workflow is
illustrated in Figure 2.

Time series of remote sensing data ]

¥

Sonneratia
apetala Accuracy
verification
RMSE<0.2

{ /7 Number of N

(e (Class Area)

H Arca weighted
Total Edge average shap

Area Landscape
statistics index

Figure 2. Workflow of this study.

2.4.1. Classification of Mangrove Species
Mangrove Classification Rules

We performed a visual interpretation of the remote sensing images, Google Earth
historical images, and drone field survey data to determine the classification rules. The
mangrove forests were categorized as Sonneratia apetala and local mangrove species that
included Kandelia obovata, Avicennia marina, and Aegiceras corniculatum. The local mangrove
species are shown in Figure 3.

Figure 3. Images of Sonneratia apetala (left) and local mangroves (right) ((a) Sonneratia apetala;
(b) Avicennia marina; (c) Kandelia obovata; (d) Aegiceras corniculatum).
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Classification

The classification method was XGBoost, a machine learning algorithm that improves
performance by correcting the errors of previous models in each iteration. It can handle
large-scale data and high-dimensional features and has strong generalization capabili-
ties [39]. Mangrove forests are unique ecosystems. The accurate classification of their tree
species is essential for ecological research and conservation efforts. XGBoost has a high
classification performance. Thus, we chose it for this study. Python software was used
to implement XGBoost to classify mangrove forests; thus, this process is not described in
detail. XGBoost was applied to image classification by first vectorizing the image data.
Each image was flattened into a 1D feature vector, where each pixel and additional features
(e.g., color histograms, texture features) were used as inputs. The following parameters
were used: objective = ‘multi:softmax’, booster = ‘gbtree’, eta = 0.005, max_depth = 10,
n_estimators = 100, subsample = 0.4, and colsample_bytree = 0.7. Images were preprocessed
by normalizing pixel values and extracting additional texture features, such as Local Binary
Patterns (LBPs), to enhance the model’s performance in classifying different land cover
types. After identifying various land cover types, high-resolution drone imagery from
2022 was combined with historical images from Google Earth (2010-2023). The Random
Sampling tool in the Data Management module was employed to generate random points.
These points were then used to select 1000 pixels from each land cover type as training
samples for the remote sensing imagery.

2.4.2. Accuracy Verification

Given the slow growth of mangroves, annual changes are not easily discernible.
Therefore, we focused on three key time points within the 14-year period (2010, 2016, and
2022) to evaluate classification accuracy. The validation sample size was 10 x 10 pixels
(100 m x 100 m), and the proportion of features in the sample window was used as the
estimated value. Sampling windows were acquired on the 2022 UAV high-resolution
images, and the proportion of different features in the sampling area was calculated by
visual interpretation. These proportions served as the reference values for each feature. A
total of 30 validation samples were used for each type. The root mean square error (RMSE)
of the reference and estimated values was calculated. Since the reference data for the 2022
UAV images and the 2022 Google Earth historical images were identical, we utilized Google
Earth validation data from 2010 and 2016 to evaluate classification accuracy.

The RMSE reflects the deviation between the predicted and real values. The smaller
the value, the higher the accuracy and the better the model performance. The RMSE is
calculated as follows:

RMSE =

N

Y (Yi— Xi)? /N} 1)
i=1

where Xi is the estimated value for a feature; Yi denotes the reference value for a feature.

2.4.3. Analysis of Landscape Pattern Change

Four landscape indices, the number of patches, class area, total edge, and area-
weighted mean shape index, were calculated to characterize the growth and evolution
of Sonneratia apetala. Landscape indices reflect the landscape pattern and can be used to
quantify the landscape structure, composition, and spatial configuration. They are widely
applied in landscape ecology to analyze patterns and monitor changes over time [40]. We
used landscape indices to examine the fragmentation of Sonneratia apetala forests and evalu-
ate their impact on local mangrove species to provide a scientific basis for environmental
management and protection. The class area was used to measure changes in the proportion
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of Sonneratia apetala. The number of patches and the total edge length were used to infer
the degree of fragmentation and assess the health of mangrove forests. The area-weighted
mean shape index was used to determine changes in the shape of the patches, reflecting the
ability of Sonneratia apetala to withstand disturbances. The equations of the four parameters
are listed in Table 2:

Table 2. The equations of the landscape pattern indices.

Index Name Formulas Descriptive
Number of patches NP = N Total number of patches in the
(NP) B landscape
The sum of the areas of all
Patch area (CA) CA=A patches of a given class in a
landscape.
Total edge length (TE) TE = E Total pe.rimeter of patches of a
given patch type.
The perimeter-to-area ratio of
area-weighted patches was
Area-weighted mean AWMSI = c;.alcu:ateci by iividir;lgbtheh
shape index (AWMSI) m n 0.25Pj; ( ajj ) perimeter o ea;: hpa’cc y;c:1 e
=S NG A square root of the area an

multiplying the result by a
square correction factor.

Note: N is the total number of patches, A is the patch area, E is the total length of the patch boundary, a;; is the
area of the ith category j patch, and Pj; is the perimeter of the ith category j patch.

3. Results and Discussion
3.1. Classification Accuracy

Accuracy validation was performed on the RMSE of the eastern coast of Leizhou
City for the years 2010, 2016, and 2022 using precision verification methods. The results
showed in Figure 4 that the classification accuracy RMSE values were 0.08 for 2010, 0.14
for 2016, and 0.11 for 2022, all below 0.2. These findings demonstrate the effectiveness of
the classification method employed in this study. In addition to the RMSE values reported
for classification accuracy, we calculated additional precision metrics, including precision,
recall, Kappa coefficient, and Fl-score for each class. The F1-scores for 2010, 2016, and 2022
were 0.87,0.71, and 0.78, respectively, reflecting a balanced performance between precision
and recall. These findings provide a more comprehensive evaluation of the classification
results and identify areas where further improvements can be made.

0.14 [ .
0.13 |
0.12 |

0.11 [ w

RMSE

o.10

0.09 |-

2010 2012 2014 2016 2018 2020 2022
Year

Figure 4. RMSE of classification in 2010, 2016, and 2022.

3.2. Changes in Mangrove Forests from 2010 to 2023

The Leizhou mangrove forests have increased substantially during the past two
decades. The forests have grown rapidly in recent years and expanded into the ocean.
Table 3 and Figure 5 show the changes in the mangrove forests in typical areas along the east
coast of Leizhou City. The following was observed regarding the distribution of mangrove
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forests from 2010 to 2023. The mangrove wetland area on the east coast of Leizhou City
exhibited a significant upward trend in the last two decades [41]. The mangrove area was
274.17 hm? in 2010 and 383.42 hm? in 2023, representing an increase of 109.25 hm? and a
growth rate of 7.80 hm?/a. Due to problems with the raw data, a large error was generated
for 2012; therefore, this year was not considered in the statistical results.

Table 3. Changes in mangrove areas from 2010 to 2023.

Average ; Average  Percentage Local Average  Percentage
Year Mangrove Annual P":)rfcﬁ/?;;ge SZ;Z?Z?;M Annual of Sonner- Man- Annual of Local
Area/hm? Rate of roves/% hm? Rate of atia grove Rate of Man-
Change/% & ° Area/hm Change/% apetalal% Area/hm?> Change/% groves/%
2010 274.17 0.3718 111.15 0.1507 163.02 0.2211
2011 301.02 0.098 0.4082 121.14 0.0898 0.1642 179.88 0.1034 0.2439
2012 308.71 0.025 0.4186 101.97 —0.1582 0.1382 206.73 0.1492 0.2803
2013 319.34 0.034 0.4331 149.22 0.4633 0.2023 170.11 -0.1771 0.2307
2014 321.25 0.006 0.4356 160.65 0.07651 0.2178 160.60 —0.0559 0.2177
2015 332.10 0.033 0.4503 157.59 —0.0190 0.2137 163.66 0.0191 0.2219
2016 332.23 0.0003 0.4505 167.65 0.0638 0.2273 164.57 0.0055 0.2231
2017 366.55 0.103 0.4971 219.06 0.3066 0.2970 147.49 —0.1038 0.2000
2018 369.15 0.007 0.5006 237.6 0.0846 0.3222 131.55 —0.1081 0.1784
2019 380.58 0.030 0.5161 242.37 0.0201 0.3286 135.17 0.0275 0.1833
2020 382.20 0.004 0.5183 250.21 0.0323 0.3393 127.36 —0.0578 0.1727
2021 382.37 0.0004 0.5185 251.7 0.0059 0.3413 125.87 —0.0116 0.1707
2022 382.95 0.0015 0.5193 256.23 0.0179 0.3474 121.35 —0.0359 0.1645
2023 383.42 0.0012 0.5199 254.81 —0.0055 0.3455 125.06 0.0305 0.1696
Acﬁg;egg:te 109.25 0.3985 0.1481 143.66 1.2924 0.1948 3795 02328  —0.0514

400 | MM Mangrove area
I Sonneratia apetala Area
Local mangrove Area

350
<300
250
200

150

Mangrove area (hm

100

50 -

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
Year

Figure 5. Changes in mangrove areas from 2010 to 2023.

The most notable increase in mangrove forest area occurred from 2010 to 2011, with
a one-year growth of 26.85 hm?. From 2010 to 2016, the growth rate was particularly
significant, resulting in an increase of 58.06 hm?. Although the growth of mangrove forests
slowed from 2017 to 2023, the trend remained upward, with mangroves expanding to cover
more than half of the study area. Thus, we conclude that the Leizhou mangrove forests
have shown a substantial growth trend over the past two decades. This ongoing trend
highlights successful restoration efforts driven by increased awareness of conservation and
enhanced protection measures implemented by the government [42]. The area occupied
by Sonneratia apetala has also expanded significantly between 2010 and 2023. This growth
is primarily attributed to both its natural spread and large-scale artificial cultivation. The
species was widely planted during the 1990s and 2000s, and by 2010, it had become well
established in the region. In the years that followed, its spread continued to be driven
by natural processes. Additionally, localized planting and restoration efforts have been
ongoing in the study area between 2010 and 2023. As a result, much of the increase in
Sonneratia apetala cover during this period can be attributed to its natural expansion, as well
as continued human intervention, surpassing the coverage of native mangrove species.
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Figure 6 shows the proportion of mangrove forests in the study area from 2010 to 2023.
The proportion showed an increasing trend from 37.18% in 2010 to 51.99% in 2023. The
proportion of Sonneratia apetala also showed an increasing trend annually. It was 15.07% in
2010 and 34.55% in 2023. In contrast, the proportion of local mangroves decreased from
22.11% in 2010 to 16.96% in 2023.

0. 55
M Mangrove proportion
- Sc atia apetala proportion - - — o -
0. 50 |- Local mangrove proportion = Ll
0. 45 |- - =
=5 -
= -
-2 0.40 | aai
=
A =
= 0. 35 | - Py - - -
a> -
= 0. 30 |- =
=
2
< 0.285 |
= . -
- -
0. 20 |~ -
=
0. 15 |- b -
o) O 1 1 1 1 1 1 1 1
2008 2010 2012 2014 2016 2018 2020 2022 2024
Year

Figure 6. Changes in the proportion of mangrove forests from 2010 to 2023.

Figure 7 shows the average annual rate of change of mangrove forests from 2010 to
2023. The average annual rate of change of Sonneratia apetala fluctuated in the range of
—0.1-0.1, indicating that this species increased steadily in the last 14 years. In contrast, the
fluctuations in the mean annual change of the local mangroves were minimal, indicating
that the influence of Sonneratia apetala caused instabilities in the local mangroves, especially
during the rapid spread of Sonneratia apetala from 2016 to 2017, resulting in a large decline
in the mean annual change in 2017.

—l— Annual change rate of Mangrove
0.5 | —@— Annual change rate of Sonnecratia apctala
Annual change rate of Local mangrove

-0.1

Annual change rate of mangroves

—-0.2 |

1 1 1 1 1 1 1
2008 2010 2012 2014 2016 2018 2020 2022 2024
Year

Figure 7. Average annual rate of change of mangrove forests from 2010 to 2023.

3.3. Spatial and Temporal Changes of Sonneratia apetala
3.3.1. Spatial Variation of Mangroves from 2010 to 2023

Mangrove forests on the Leizhou Peninsula are primarily found on the leeward side of
estuaries, inlets, and islands. In Leizhou Bay, many introduced Sonneratia apetala are located
in the northern and southern parts of the mangrove forests, while fewer occur in the central
region [43]. On the landward side, Sonneratia apetala is typically planted, whereas the areas
closer to the ocean support naturally growing mangrove species such as Kandelia obovata,
Avicennia marina, and Aegiceras corniculatum, which grow in strips.

Figure 8 illustrates the spatial distribution of mangrove forests on the east coast of
Leizhou City. From 2010 to 2016, Sonneratia apetala was mainly concentrated in the northern
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and southern regions of the mangrove area, with few occurrences in the central region.
Over time, Sonneratia apetala spread from the northern land areas and expanded into the
central part of the southern region. By 2013, a large patch of Sonneratia apetala had formed in
the center and continued to grow. A rapid increase in the area of Sonneratia apetala occurred
from 2016 to 2017, particularly in the northern mangrove region, where most of the area
transitioned to Sonmneratia apetala, spreading further toward the center. The previously
sparse Sonneratia apetala areas in the center expanded, and the southernmost region, once
dominated by local mangroves, was transformed into Sonneratia apetala territory, further
extending toward the center. This period saw nearly half of the total growth occurring
within just one year. From 2017 to 2023, Sonneratia apetala continued to expand, but the
growth rate slowed significantly compared to the previous period, with the most rapid
growth occurring in the central region, rather than the northern or southern areas. This
finding suggests that the growth and spread of Sonneratia apetala have continued over the
past 20 years. The species now covers the entire study area, highlighting the relatively
rapid succession of mangrove species in this region [44]. These results demonstrate the
success of planting Sonneratia apetala in mangrove forest restoration efforts.
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Figure 8. Spatial pattern of Sonneratia apetala from 2010 to 2023.

In 2010, mangrove forests along the east coast of the Leizhou Peninsula were primarily
composed of naturally occurring local mangrove species and were distributed in strips. In
the northern part of the study area, the mangrove vegetation was roughly split between
local species and Sonneratia apetala, while in the central and southern regions, local man-
grove species dominated. However, with the gradual expansion of Sonneratia apetala, the
distribution of native mangrove species has been steadily shrinking. This decline was
especially pronounced between 2017 and 2023, when native species almost completely
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disappeared from the northern part of the study area, and large populations of Sonneratia
apetala increasingly replaced native mangroves in the central and southern parts.

3.3.2. Temporal Changes of Sonneratia apetala from 2010 to 2023

The area of Sonneratia apetala increased from 115.15 hm? in 2010 to 254.81 hm? in
2023 (Figure 5). Invasive species typically exhibit strong tolerance, high competitive
ability, and rapid growth rates, which often allow them to thrive in resource-limited
habitats, outcompeting native species [45]. Sonneratia apetala often exhibit strong tolerance
to environmental stress, high competitive ability, and rapid growth rates—traits that
contribute to their invasive nature. Additionally, S. apetala has a strong competitive edge,
growing densely and quickly, which shades out native species and limits their access
to sunlight. Sonneratia apetala is particularly well suited to the climatic conditions of
Leizhou City, China. The large-scale planting of Sonneratia apetala on exposed beaches in
2010 resulted in high survival rates and vigorous growth, enabling the species to quickly
colonize these bare areas. In contrast, most native mangrove species grow more slowly and
face challenges in establishing themselves, particularly on bare beaches and harsh tidal
flats [46].

The growth rate of Sonneratia apetala increased from 167.65 hm? in 2016 to 219.06 hm?
in 2017, which is nearly triple. The fastest growth rate occurred from 2016 to 2017 (Figure 9).
Sonneratia apetala grows rapidly and can naturally regenerate in Spartina alterniflora stands
and low mangrove forests [47]. It invades gaps in local mangrove ecosystems, where
it thrives quickly, often overshadowing and replacing surrounding low-growing local
mangrove species, such as Kandelia obovata and Aegiceras corniculatum.

Legend
Sonneratia

. ccala
Local

_ mangrove

o 1 2 km

Ca)

Figure 9. Classification results for 2010 (a) and 2011 (b).

Over the next five years, the area of Sonneratia apetala showed a slow but steady
increase, reaching 254.81 hm?, with a corresponding rise in its proportion. However,
Sonneratia apetala experienced two fluctuations in 2015 and 2023, marked by slight decreases
in both area and proportion. In certain areas, native species have already developed well-
established root systems and ecological niches, which create a competitive environment
that hinders the successful establishment of Sonneratia apetala. The mature root systems of
these native species, along with their adapted ecological roles, make it more challenging
for S. apetala to thrive and expand in these regions. In these years, the growth of Sonneratia
apetala was suppressed by local mangrove species [48], leading to a slowdown in its
expansion and a slight reduction in its area.

In contrast, the area of local mangroves decreased. It was 163.02 hm? in 2010 and
decreased to 125.06 hm? in 2023. This indicates that the growth of native species such as
Avicennia marina, Excoecaria agallocha, and Barringtonia asiatica under Sonneratia apetala
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has been significantly suppressed [49]. The slight upward trends observed in 2011 and
2016 were mainly due to the role of Sonneratia apetala as a pioneer species in mangrove
restoration. The planting of Sonneratia apetala improved the soil structure and fertility of
the forested land. It was planted in low-tide zones, bare beaches, or mudflats where local
mangroves did not grow well [50], thereby promoting the growth and expansion of local
mangrove species toward the leading edge of the mudflats (Figure 10). Sonneratia apetala
was initially introduced and planted in areas where local mangrove species struggled
to thrive due to environmental constraints such as extreme salinity, unstable sediments,
or fluctuating tides(Figure 11). These regions, often characterized by tidal mudflats or
degraded mangrove habitats, offered favorable conditions for the establishment of S. apetala,
which is highly tolerant of diverse environmental factors. However, over time, S. apetala has
spread beyond its original planting sites into areas already occupied by native mangrove

species.

Legend
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o 1 2 km
[ E—

A
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Figure 11. Classification results for 2015 (a) and 2016 (b).

In summary, Sonneratia apetala is increasingly dominating the local environment,
exhibiting strong dispersal and competitive abilities [51]. Its area continues to expand, and
its proportion of the total mangrove coverage is also rising. Once planted, Sonneratia apetala
grows rapidly, forming dense canopies that threaten the diversity and balance of local
mangrove communities. The area of native mangrove species has been steadily decreasing,
with many being replaced by Sonneratia apetala. Some native species are now only able to
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expand toward the sea. Sonneratia apetala has already shown signs of becoming invasive,
and further measures are needed to manage and protect this critical ecosystem

3.4. Changes in Landscape Pattern

The landscape pattern of mangroves, such as Sonneratia apetala, exhibited significant
changes during the past decade. The landscape indices from 2010 to 2023 are listed in
Table 4. The number of patches and the total edges of Sonneratia apetala and the local
mangroves showed a significant upward trend. The area of Sonneratia apetala patches
increased, whereas the area of local mangrove patches decreased. The area-weighted mean
shape index of the Sonneratia apetala patches increased from 3.4 to 7.81, whereas that of the
local mangrove patches did not change much, increasing from 4.13 to 4.41.

Table 4. Changes in landscape indices from 2010 to 2023.

Number Total Edge Area-Weighted Area-
of Number Area of Area of Total Edge Length of Mean Shape Weighted
. of Local Sonneratia Local Length of
Year Sonneratia . tal M : Local Index of Mean Shape
angrove apetala angrove Sonneratia :

apetala Patches Patches/hm?  Patches/hm?  apetala /hm Mangroves Sonneratia Index of Local

Patches atches/hm atches/hm P /hm apetala Mangroves
2010 140 61 110.97 182.25 6.630 6.690 3.32 4.12
2011 138 81 126.99 192.42 7.608 8.046 3.09 4.44
2012 78 83 121.59 198.27 5.646 7.260 3.64 4.76
2013 111 85 160.11 169.83 8.010 7.386 3.7 3.8
2014 84 78 176.13 155.97 8.184 6.540 457 3.54
2015 99 90 161.73 170.37 6.930 7.026 4.06 3.74
2016 322 316 174.04 160.35 11.896 11.214 5.67 4.79
2017 311 445 224.32 143.98 15.390 14.348 7 6.31
2018 246 309 240.11 130.77 14.720 12.168 7.75 571
2019 370 482 247.42 133.45 16.278 14.166 9.52 3.88
2020 359 475 240.83 140.04 15.808 14.302 9.05 4.3
2021 305 443 225.31 155.56 14.030 15.756 7.82 4.08
2022 318 379 240.94 139.93 13.608 12.688 7.99 3.82
2023 279 400 231.82 149.05 13.222 13.988 7.72 4.35

Aggregate 139 339 120.85 —33.2 6.592 7.298 44 0.23
change

Figure 12 shows the landscape indices from 2010 to 2023. The natural dispersal of
Sonneratia apetala increased the number of patches from 139 to 324 from 2010 to 2023,
showing a rapid increase. In 2018, the scattered patches of Sonneratia apetala coalesced
to form a strip-like distribution (Figure 13). Effective habitat protection facilitated the
natural expansion of mangroves, which in turn enhanced patch stability and reduced their
number [52]. However, by 2021, some planted Sonneratia apetala trees died, and patches
near the sea disappeared. During the same period, the fragmentation of local mangroves
increased, with the number of patches rising from 61 to 390. The invasion of Sonneratia
apetala contributed to greater fragmentation, leading to a rapid increase in patch numbers
and diminishing connectivity between local mangrove ecosystems [53].
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Figure 12. Landscape index change from 2010 to 2023 ((a) number of patches, (b) total edge length,
(c) class area, (d) area-weighted mean shape index).
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Figure 13. Classification results for 2017 (a) and 2018 (b).

The total edge length of Sonneratia apetala increased from 6.636 hm in 2010 to 13.186 hm
in 2023, showing a net increase of 6.55 hm over the 14-year period. This nearly tripling in
edge length indicates the rapid growth of Sonneratia apetala, with both its area and perimeter
expanding significantly. Similarly, due to increased fragmentation and changes in patch
numbers, the total edge length of local mangroves also increased, from 6.696 hm in 2010 to
14.068 hm in 2023, reflecting substantial fragmentation.

The area of Sonneratia apetala patches increased from 111.15 hm? in 2010 to 228.38 hm?
in 2023, marking an increase of 117.23 hm?. The sharp increase in patch area in 2014 was
primarily due to the rapid growth of Sonneratia apetala near the coastline (Figure 14). In
contrast, the number of patches of local species increased, but their area decreased from
182.07 hm? in 2010 to 152.49 hm? in 2023. The patch area of local mangroves exhibited
unstable fluctuations.
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Figure 14. Classification results for 2013 (a) and 2014 (b).

The area-weighted mean shape index of Sonneratia apetala increased significantly from
3.4 in 2010 to 7.81 in 2023, indicating notable changes in patch shape. In contrast, the
area-weighted mean shape index of local mangroves remained relatively stable, increasing
slightly from 4.13 in 2010 to 4.41 by 2023. Between 2010 and 2015, the shape index of
Sonneratia apetala showed minimal change, suggesting that the patches maintained relatively
simple shapes. However, as Sonneratia apetala rapidly spread and grew, patch shapes
became more complex, leading to a significant increase in the shape index after 2015. From
2019 to 2023, the shape index of Sonneratia apetala displayed a decreasing trend, indicating
that the patches became more concentrated and less fragmented.

During the natural expansion of mangroves, Sonneratia apetala undergoes clustering,
with the boundaries of ecologically stable patches becoming clearer and forming more
stable communities. In recent years, rising salinity in certain areas has posed a particular
challenge for local mangroves, leading to stunted growth and mortality. Alterations in tidal
patterns and water levels have further reduced the availability of suitable habitats for native
mangroves. These changes have weakened the competitive ability of native species, making
it increasingly difficult for them to compete with the invasive Sonneratia apetala, which is
better equipped to adapt to fluctuating environmental conditions. Local mangroves in poor
growth conditions, unable to adapt to the changing environment, gradually deteriorate,
leading to increased fragmentation of their patches [54]. Early natural mangrove forests,
free from human interference or natural disasters, remained in a stable growth phase, with
relatively regular patch shapes. During the initial stages of Sonneratia apetala planting, the
patches were simple and uniform [55]. Over time, however, the shape of the patches evolved
due to human protection efforts, becoming more complex. Initially, patch aggregation
was high and concentrated, but it later showed a slight decrease in aggregation. This
was primarily due to the introduction of smaller patches through artificial planting and
natural restoration, which reduced patch connectivity. Overall, the landscape was gradually
disturbed by human intervention and slowly became more diversified [56].

4. Conclusions

In this study, remote sensing data from 2010 to 2023 were analyzed to assess the
expansion of Sonneratia apetala and its impact on local mangroves along the eastern coast of
the Leizhou Peninsula. The key findings are as follows:

(1) Expansion of S. apetala and Decline of Local Mangroves: The area of mangrove forests
increased, primarily driven by the expansion of S. apetala. While local mangroves
showed a slow decline, S. apetala’s growth is largely attributed to its strong competitive
ability and extensive planting efforts. This invasive species has significantly altered
the distribution and coverage of local mangrove species.
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(2) Spatial and Temporal Trends: S. apetala has expanded along mudflats and the edges
of mangrove forests, reducing the area of native mangroves. It is expected to continue
spreading and may dominate the region within the next two to three decades. Thus,
urgent measures to control S. apetala’s growth and protect local mangrove species are
needed to maintain biodiversity and ecosystem balance.

(8) Increased Fragmentation: Over the 14-year study period, S. apetala patches increased
in number and complexity due to early-stage planting and subsequent spread. The
fragmentation of S. apetala habitats, influenced by both natural and human factors,
poses a high invasion risk, especially in areas with sparse local mangrove coverage.

In conclusion, Sonneratia apetala has had a profound impact on local mangrove ecosys-
tems, with its expansion threatening the survival of native species. To safeguard the region’s
mangrove biodiversity and ensure sustainable ecosystem health, it is essential to implement
management strategies that control the spread of S. apetala and promote the recovery of
native mangroves.
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