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Abstract Mangrove forests are significant ecosystems
worldwide and play a crucial role in maintaining the
biodiversity of intertidal zones in tropical and subtropical
regions. However, most mangroves have experienced
large-scale losses due to anthropogenic activities and
natural stress from environmental factors. Here, the
dynamic changes in mangroves in the Dandou Sea (DDS)
of the Beibu Gulf between 1987 and 2021 were analyzed
via multispectral satellite remote sensing data from the
Google Earth Engine Platform. The results indicated that
the area of mangroves in the DDS increased from 225.90
ha in 1987 to 451.76 ha in 2021. Throughout this period,
the overall mangrove area in the DDS, as well as in its
western and central parts, underwent a rapid growth phase
from 1987 to 1996, followed by a slow growth phase from
1997 to 2011, and eventually entered a stagnation phase
from 2013 to 2021. Moreover, due to the biological
invasion caused by Spartina alterniflora, the mangrove
forests in this area tended toward fragmentation.
Moreover, S. alterniflora suppressed the spread of
mangrove forests, accounting for up to 41.69% of the total
loss. In a similar vein, the local high-intensity economic
activities within the tidal flat accounted for 32.55% of the
mangrove loss. Additionally, the expansion of aquaculture
ponds and construction land directly accounted for 9.45%
and 791% of the mangrove loss, respectively.
Furthermore, the establishment of mangrove nature
reserves played a positive role in the restoration and
expansion of mangroves in the DDS. Our results also
demonstrated that sea level rise had little impact on
mangrove retreat.
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1 Introduction

Mangroves, which thrive in the intertidal zones of tropical
and subtropical estuaries and bays, are heat-loving, salt-
tolerant, and flood-resistant. Moreover, mangroves are
among the most productive ecosystems globally and the
forest system with the highest carbon storage in tropical
and subtropical regions (Donato et al., 2011; Morrissette
et al., 2023). Mangrove forests play a pivotal role in wave
attenuation, water purification, and biodiversity
maintenance (Zhou et al., 2022; Afonso et al., 2023; Rull,
2023). Additionally, mangroves mitigate coastal threats
posed by rising sea levels through sediment capture,
which elevates the surface of tidal flats, as well as
through efficient carbon sequestration (Long et al., 2022).
Therefore, mangroves play a key role in global climate
change and ecological conservation through carbon
sequestration,  biodiversity =~ conservation,  coastal
protection, water purification, socioeconomic benefits,
and climate change adaptation and mitigation (Getzner
and Islam, 2020; Soeprobowati et al., 2024), making them
an indispensable part of global ecosystems. The
protection and restoration of mangroves are crucial for
achieving sustainable development goals and addressing
global environmental challenges (Bimrah et al., 2022).
Moreover, the intertidal zones of mangrove forests are
muddy and prone to sinking, and the dense branches and
trunks of mangrove trees make traditional field surveys
challenging and inefficient (Longetal.,2022). In
contrast, remote sensing offers an efficient, long-term,
and large-scale means of obtaining mangrove information


https://doi.org/10.1007/s11707-024-1125-y
https://doi.org/10.1007/s11707-024-1125-y
https://doi.org/10.1007/s11707-024-1125-y
https://doi.org/10.1007/s11707-024-1125-y
https://doi.org/10.1007/s11707-024-1125-y
https://doi.org/10.1007/s11707-024-1125-y
https://doi.org/10.1007/s11707-024-1125-y

214

and has been widely used in studies of mangrove area
statistics, ecological monitoring, biomass estimation, and
spatiotemporal distribution (Tran et al., 2022). Further-
more, the Google Earth Engine (GEE), as the most
advanced visual information processing cloud platform,
can directly access remote sensing image data from
Landsat 5 TM and Landsat 8 OLI facilitating large-scale
and long-term monitoring (Gorelick et al., 2017; Amani
et al., 2020).

Over recent decades, global mangrove forests have
experienced significant dynamic changes. Since the
1950s, 50% of the world’s mangroves have been
permanently lost (Feller et al., 2010). Additionally, 40%
of mangrove species have been classified as endangered
(Polidoro et al., 2010). Globally, between 1996 and 2020,
the world lost 524500 ha of mangroves, with Asia, the
Americas, Africa, and Oceania losing 281350 ha, 126000
ha, 64760 ha, and 52440 ha, respectively (Bunting et al.,
2022). On a regional scale, most areas across continents
have undergone severe mangrove degradation. For
instance, Australia’s annual mangrove loss rate was
0.23% between 1996 and 2010 and 0.10% from 2010 to
2020  (Buntingetal.,2022;  Duetal., 2023).  The
Malaysian Peninsula lost 40000 ha of mangroves from
1944 to 2018 (Du et al., 2023). Moreover, the Mekong
Delta in Vietnam experienced a net loss of 83640 ha of
mangroves from 1973 to 2020 (Phan and Stive, 2022).
Furthermore, at the Rufiji-Mafia-Kilwa Marine Ramsar
Site in Tanzania, Eastern Africa, there was a decrease of
up to 2012 ha between 2000 and 2020 (Du et al., 2023).
In the Americas, Colombia experienced a loss of 47937
ha of mangroves from 1984 to 2020 (Murillo-Sandoval
et al., 2022). However, a comprehensive understanding of
the reasons or dominant factors contributing to mangrove
loss remains elusive. Therefore, there is an urgent need to
conduct long-term studies on the dynamics of mangrove
ecosystems to understand the mechanisms behind their
loss, which holds significant theoretical and practical
value for the protection and restoration of regional

mangroves.
Against the backdrop of a global decrease in mangrove
area, relevant international  organizations and

governments of tropical and subtropical coastal countries
have placed a high emphasis on mangrove conservation
and restoration, attempting to reverse the trend of
continuous degradation of mangroves (Lee et al., 2019;
Long et al., 2022). With the initiation of mangrove
conservation and restoration efforts, several countries
have witnessed a revival in their mangrove cover.
Vietnam’s mangroves increased by 11705 ha between
2010 and 2019 (Tinh et al., 2022). Moreover, Ecuador’s
mangroves showed a trend of recovery between 2010 and
2018 (Morocho et al., 2022). Additionally, between 1988
and 2018, the mangrove cover in India increased by
20.72% (Jayanthi et al., 2022), and the mangrove area in
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neighboring Pakistan expanded from 47722 ha in 1990 to
146359 ha in 2020 (Gilani et al., 2021). From 1986 to
2021, China’s mangrove area expanded from 10835.29 to
2742721 ha (Wangetal, 2022). Furthermore, the
mangrove forests in the Nanliu River Delta in the
northern Beibu Gulf (BBG) expanded from 173.5 ha in
1986 to 1044.4 ha in 2020 (Long et al., 2022), and the
Maowei Sea mangroves added 997.8 ha between 1990
and 2019 (Huang et al., 2022). However, research on
their dynamic changes and the mechanisms of damage to
the mangrove forests along the northern coast of China’s
BBG remains relatively scarce. Mangroves are
susceptible to external environmental disturbances during
the process of recovery and expansion, which can affect
or alter the evolutionary process and direction of
mangrove tidal flats. Therefore, studying the dynamic
changes in the recovery and expansion of mangroves is
highly valuable for the conservation and restoration of
these ecosystems. This is particularly true in the face of
significant threats from the large-scale invasion of the
exotic species Spartina alterniflora.

Human activities and natural stresses have strongly
impacted the dynamics of mangroves (Phan and Stive,
2022; Osorio-Olvera et al., 2023). Globally, mangrove
loss is positively correlated with population density
(Turschwell et al., 2020). The expansion of agricultural
lands and aquaculture ponds were the primary
contributors to mangrove loss (Bunting et al., 2022; Tinh
etal., 2022). In Vietnam, between 2010 and 2019,
aquaculture ponds and farmland expansion were
responsible for 43.4% and 24.8%, respectively, of
mangrove deforestation (Tinh et al., 2022). In the north-
western Puttalam district of Sri Lanka, shrimp pond
expansion was responsible for 92% of the mangrove
forest loss from 1973 to 2021 (Oforietal., 2023).
Furthermore, urban development and artificial planting
also affected the changes in their dynamics. For instance,
research indicates that the construction of the Dongzhai
Harbor in Hainan Province, China, led to significant
mangrove loss (Du et al., 2023). In Vietnam’s Thanh Hoa
and Nghe An Provinces, approximately 6318 ha of
mangroves were planned to be artificially planted from
the early 1990s to 2023 (Nguyen etal., 2021).
Additionally, rising sea levels threaten mangrove survival
(Feng etal., 2020; Zhang etal.,, 2023), and coastal
erosion damages mangrove habitats (Jayanthi et al., 2022;
Gitau et al., 2023), leading to mangrove loss (Phan and
Stive, 2022). Moreover, typhoons, a significant factor in
mangrove forest loss through high-energy winds
accompanied by destructive waves and storm surges
(Asbridge et al., 2018; Sippo et al., 2018; Simard et al.,
2019), caused extensive mangrove die-off (Walcker et al.,
2019). Thus, a weak hydrodynamic environment is more
conducive to mangrove propagation (Long et al., 2022),
during which time insufficient sediment transport by
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currents imposes survival stress (Phan and Stive, 2022).
Moreover, invasive alien species compete for habitat
resources, which could also lead to mangrove degradation
and loss (Gao et al., 2018; Wang et al., 2019a). However,
previous studies have primarily focused on the causes of
decline in mangrove areas to better understand long-term
dynamic changes, with relatively scarce research on
disturbances in recovery and expansion areas, especially
in regions invaded by exotic species. Therefore,
understanding the dynamic impacts of human activities
and natural environmental stress factors on the recovery
process of mangrove ecosystems through long-term
studies holds significant theoretical and practical value
for the protection of fragile mangrove ecosystems in
recovery areas.

Overall, different natural environments and human
activity intensities have different influences on the
dynamic processes of mangrove restoration and
expansion. Moreover, there are currently widespread
invasions of S. alterniflora and rapid expansions of the
exotic mangrove species Sonneratia apetala along tidal
flats in China (Liu et al., 2018; Zhao et al., 2022), leading
to scenarios in which local intertidal ecological
environments are gradually dominated by biological
invasions (Chen and Ma, 2015). Consequently, whether
indigenous mangrove species can rapidly form dominant
communities during their recovery and occupy space and
resources is ecologically significant for resisting the
large-scale spread and invasion of alien species. Thus,
understanding the impact of regional environmental
changes on the dynamics of mangrove recovery and
expansion, especially in areas affected by invasive
species, is valuable for monitoring and conserving
vulnerable global mangrove ecosystems. Therefore, the
Dandou Sea (DDS), an area within the Guangxi Shankou
Mangrove National Nature Reserve in China where the
invasive species S. alterniflora is rampant, was selected
to examine the dynamic changes in mangrove forests. The
objectives of this study were (i) to detect the changes in
mangrove forests in the DDS from 1987 to 2021; (ii) to
investigate the main factors affecting the dynamic
changes in mangrove forests in the DDS; and (iii) to
elucidate whether sea level rise could contribute to the
loss of local mangrove forests. This work may provide a
reference for understanding the loss and management of
similar intertidal mangrove forests.

2 Data and methods

2.1 Study area

Located on the south-east coast of the Guangxi Province
and situated on the west side of the Shatian Peninsula
(Fig. 1), the DDS stretches from north-east to south-west,
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Fig.1 Study area. The study area is in the Guangxi Shankou
Mangrove National Nature Reserve which is located on the southeast
coast of the Guangxi Province, with Dandou Sea situated within the
reserve. The scope of the DDS study area, where the mangroves
distribution area is divided into three parts: west part (WP), central part
(CP), and east part (EP). The remote sensing imagery is sourced from
the Sentinel-2A image dated December 13, 2021.

connecting the BBG to its south-west with a bay mouth
width of 4.74 km. It is approximately 6.83 and 59.97 km
away from the Tieshan Port tide gauge station and Beihai
tide gauge station, respectively (Fig. 1). The Najiao River
had flowed in from the northern region, depositing
suspended sediments within the bay and forming
extensive tidal flats. The tidal regime is classified as an
irregular diurnal tide, with an average tidal range of
2.53 m and a maximum tidal range of about 6.25 m
(Wang et al., 2014). Influenced by summer winds, waves
propagate from the BBG into the bay mouth with an
average height of 0.8 m. Conversely, winter wind-
induced waves from the BBG have minimal impact (Qi
et al., 2019). Located in the subtropical marine monsoon
climate zone, the DDS has experienced hot and rainy
summers, and mild and humid winters, with an average
annual temperature of 23.8°C and an average annual
precipitation of 1704 mm (Wang et al., 2019b).

The intertidal zone of the DDS provides a natural
habitat for extensive mangrove proliferation. However, in
the 1970s and 1980s, the mangroves have undergone
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massive deforestation (Zhang et al., 2015). On September
30, 1990, the Guangxi Shankou Mangrove National
Nature Reserve was established, divided into Yingluo
Port and DDS areas. After a boundary survey in 2019, the
reserve’s coverage reached 8003 ha, with Yingluo Port
and DDS areas spanning 2868.20 and 5134.80 ha,
respectively (Fig. 1). From 1987 and 2021, the mangrove
forests in the DDS have been in a state of restoration and
expansion. During this process, they have been disturbed
by external environmental factors, affecting the recovery
and evolution of the mangroves, even their direction,
inhibiting the comprehensive expansion of the mangrove
area, and leading to a deterioration of the mangrove
ecosystem. Particularly, since 1997, S. alterniflora have
rapidly proliferated and expanded in the DDS, occupying
vast bare tidal flats and some mangrove areas. Based on
the geomorphological features, the DDS intertidal zone
was further divided into the east part (EP), central part
(CP), and west part (WP) in this study (Fig. 1).

2.2 Data source

Based on the GEE cloud platform, the multispectral
remote sensing images from Landsat 5 TM and Landsat 8
OLI from 1987 to 2021 were retrieved and the land cover
information of the DDS was extracted. The bare tidal flats
were extracted based on the multispectral remote sensing
images, captured during low tide from 1992 and 2021,
which were obtained from the United States Geological
Survey(Table 1). The historical tidal data for Tieshan Port
and Beihai tide gauge stations were sourced from the
Dayu Tide Chart and the South China Sea Branch of the
State Oceanic Administration, and the average sea level
data for Beihai from 1980 to 2021 were derived from the
South China Sea Branch of the State Oceanic
Administration and the 2021 China Sea Level Bulletin.
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2.3 Methods

2.3.1 Land cover extraction and shoreline analysis

This study utilized the GEE cloud platform to retrieve
multispectral remote sensing data from Landsat 5 TM and
Landsat 8 OLI for the study area from 1987 and 2021.
Based on the original spectral bands, calculate four
spectral indices (Table 2). The study area was divided
into eight categories: water, aquaculture ponds, mangrove
forests, construction land and bare land, woodland,
cultivated land, bare tidal flats, and S. alterniflora. The
random forest supervised learning algorithm was
employed for classification, with both overall accuracy
and kappa accuracy exceeding 87%. Additionally, using
the ENVI software and the support vector machine
classifier, bare flats were extracted from the 1992 and
2021 Landsat 5 TM and Landsat 8 OLI multispectral
remote sensing images. The digital shoreline analysis
system extension tool in ArcGIS was then used to
calculate the expansion and erosion rates of the DDS bare
flat shoreline from 1992 to 2021. The transects were
spaced 100 m apart, 187 transects in total, and numbered
clockwise from west to east. The numbering ranges for
the WP, CP, and EP areas of the DDS were 1-76, 77-97,
and 98-187, respectively (Fig.2(a)). Similarly, the
change rates of the DDS mangroves from 1992 to 2021
were calculated, with transect numbers for the WP, CP,

and EP areas being 1-63, 64-80, and 81-148,
respectively (Fig. 2(b)).

2.3.2  Centroid migration

The centroid accurately represented the spatial

distribution of mangroves and S. alterniflora. By
comparing the changes in centroids between different
years, the dynamic spatial changes in mangroves and S.

Table 1 Landsat satellite remote sensing image information and tidal level at acquisition time

Imaging acquisition time Remote sensing satellite Data ID

Spatial resolution /m  Tidal level at the time of imaging /m

July 12, 1992
July 12, 2021

Landsat 5 TM
Landsat 8 OLI

LT51240451992194BJCO01
LC81240452021193LGNO0

30
30

130
147

Table 2 Spectral index for classification

Index name

Computational formula Reference literature

Modified normalized difference water index(MNDWI)
Normalized difference built-up index (NDBI)
Normalized difference vegetation index(NDVI)

Mangrove vegetation index(MVI)

(pgreen _pswir)

MNDWI = Xu (2005
(pgreen + Pswir) ( )
(Oswir = Pnir)
NDBl = ———— Zha et al. (2003
(pswir +pnir) ( )
NDVI = Prir = Pred) Rouse ct al. (1974)
(pnir +pred)

(onir — pgreen)

MVI=
(Oswir — pgreen)

Baloloy et al. (2020)

Note: Pgreen s Preds Pswir» Pnir correspond to the green, red, shortwave infrared, and near-infrared bands in Landsat imagery, respectively.
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Fig. 2 Transects of the mangrove forest shoreline and mudflat shoreline in the DDS from 1992 to 2021, (a) transects of the mudflat

shoreline; (b) transects of the mangrove shoreline.

alterniflora were quantified (Lu etal., 2018). ArcGIS
software was used to separately calculate the centroids of
mangroves and S. alterniflora in the DDS, and the
centroid calculation formulas were as follows (Jia et al.,
2015):

n n

X, = Zi:l CtiXti/Zizl Cii, (1)
n n

Y, = Zi:l Ctthi/Zi:1 Ciis (2)

where X, and Y, represent the latitude and longitude
coordinates of the centroid in year #; C, represents the
area of the ith patch in year £; X,; and Y, represent the
latitude and longitude coordinates of the ith patch in year
t; and n represents the number of patches in year ¢.

To visually express the spatial movement of the DDS
mangrove centroids from 1987 to 2021, the centroids for
the years 1987, 1992, 1997, 2002, 2007, 2013, 2017, and
2021 were calculated separately. Distances between
centroids for each period were computed, and a trajectory
map of the mangrove centroids was plotted. Similarly,
centroids for S. alterniflora in DDS for the years 1997,
2002, 2007, 2013, 2017, and 2021 were calculated,
distances between centroids for each period were
determined, and a trajectory map of the S. alterniflora
centroids was created.

2.3.3 Calculation of land use type transitions

The ArcGIS software possesses robust spatial analysis
capabilities. Its overlay analysis tools, specifically the
Erase and Intersect functions, are adept at analyzing
spatial land class transitions. The fundamental approach
involved using the Erase function on two vector data sets
of the same land class from different years to calculate
spatial expansion or loss. Subsequently, the results were
intersected with other land classes using the Intersect
function. This process determines the encroachment of
other land classes on the given class or how the given
land class has expanded into others (Mou et al., 2012).
Based on these operations, the periods 1987-1992,
1992-1997,  1997-2002, 2002-2007, 2007-2013,
20132017, and 2017-2021 were analyzed to statistically
determine the area of other land classes encroaching on
mangroves and the area where mangroves expanded into
other land classes. Similarly, for the period 1987-2021,
calculations were made for aquaculture ponds
encroaching on woodland, cultivated land, construction
land and bare land, mangroves, bare tidal flats, and S.
alterniflora.

2.3.4 Calculation of landscape pattern indices

The landscape pattern index is useful for evaluating the
quality and status of mangrove ecosystems (Xiong et al.,
2024). Identifying the long-term changes in this index is
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crucial for monitoring the health of mangrove ecosystems
as it effectively reflects their resilience to external
environmental disturbances. Consequently, this study
employed Fragstats software to calculate the mangrove
forest landscape pattern from 1987 to 2021: 1) The patch
density (PD) measures the degree of landscape
fragmentation. 2) The patch cohesion index
(COHESION) characterizes the degree of connectivity
within the mangrove patch structure. 3) The splitting
index (SPLIT) measures the degree of isolation of the
mangrove landscape. 4) The landscape shape index (LSI)
characterizes the conditions influenced by external
environmental factors. The computational formulas were
based on McGarigal and Marks (1995):

_ NP

PD s 3
A 3)
i Z?:l Pij 17!
COHESION = |1 - —7—5 1-—| x100,
i=1 Zj:lPi"ij\/a_i/ VA
“4)
A n;
PLIT= — ,/— 5
S 24; V A’ ()
0.25E
LSI= —. (6)

3 Results
3.1 Changes in mangrove forest areas

From 1987 to 2021, the mangrove forest area in the DDS
exhibited a growth trend, increasing from 225.90 ha in
1987 to 451.76 ha in 2021 and undergoing three distinct
phases of change. Specifically, between 1987 and 1996,
the mangrove area expanded rapidly from 225.90 to
362.93 ha, with a growth rate of 16.77 ha/yr. From 1997
to 2011, the growth rate decelerated, as the mangrove
area expanded from 365.09 to 432.19 ha, with a mean
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rate of 6.61 ha/yr. However, between 2013 and 2021, the
mangrove forest area stagnated (Fig. 3).

Between 1987 and 2021, the mangrove area of the DDS
exhibited an overall increasing trend in different regions.
Specifically, the mangrove areas in the WP and CP
underwent three phases of change. In the WP, from 1987
to 1996, the mangrove area grew rapidly, increasing from
4.00 to 80.50 ha, with a growth rate of 8.90 ha/yr. From
1997 to 2011, the growth rate slowed, with the mangrove
area increasing from 81.59 to 104.48 ha, with a growth
rate of 2.55 ha/yr. From 2013 to 2021, the change trend
was not significant (Fig. 4(a)). In the CP, from 1987 to
1996, the mangrove area grew rapidly, increasing from
29.39 to 71.35 ha, with a growth rate of 3.40 ha/yr. From
1997 to 2011, the growth rate slowed, with the area of
mangroves expanding from 67.18 to 119.80 ha, with a
growth rate of 2.68 ha/yr. From 2013 to 2021, the change
trend was not significant (Fig. 4(b)). In the EP, from 1987
to 2021, the mangrove area increased slowly, with a
growth rate of 0.83 ha/yr (Fig. 4(c)).

3.2 Spatial distribution of mangrove forests

From 1987 to 2021, the mangroves in the WP, CP, and
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Fig.3 Changes in mangrove forest areas in the DDS from 1987 to
2021.
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Fig. 4 Changes of mangrove forest areas in various regions of the DDS from 1987 to 2021, (a) the west part; (b) the cent part;

(c) the east part.
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EP of the DDS underwent different spatial changes (Fig.
5). In the WP of the DDS in 1987, large areas of intertidal
zones were exposed as Dbare flats, with only
approximately 4.00 ha of scattered mangroves on the tidal
flats (Fig. 5(a)). After 1987, mangroves in the WP tidal
flats began to expand extensively. By 1992, 38.88 ha of
mangroves had settled on the tidal flats, primarily
distributed in the southern and northern coastal tidal flats,
covering areas of 17.32 ha and 21.56 ha, respectively
(Fig. 5(b)). From 1992 to 2002, the expansion of
mangrove patches in the southern coastal intertidal zone
was not significant. In contrast, the northern mangrove
patches expanded rapidly, merging into three major
mangrove patches. Moreover, mangrove patches appeared
in the middle coastal tidal flats and expanded slowly
(Figs. 5(b)-5(d)). However, from 2007 to 2021, the
mangrove patches tended to fragment, with the most
severe fragmentation occurring in the areas where the
middle and northern coastal tidal flats adjoin (Figs.
5(e)-5(h)).

The spatial pattern of mangroves in the CP of the DDS
was similar to that in the WP, and it also underwent
significant changes from 1987 to 2021. In 1987, the
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intertidal zone of the CP was largely bare, with only
29.39 ha of mangroves scattered in the southern tidal flats
(Fig. 5(a)). From 1987 to 1992, the mangroves further
expanded in the southern tidal flats, and patches of
mangroves also appeared in the northern end (Fig. 5(b)).
By 1997, there was an overall expansion of the original
patches, which were still predominantly distributed in the
southern tidal flats and increased to 67.18 ha, while S.
alterniflora began to reproduce in the southern tidal flats
(Fig. 5(c)). From 2002 to 2013, the mangroves remained
concentrated in the southern tidal flats and expanded
slowly, with other tidal flats sparsely populated with
mangroves (Figs. 5(d)-5(f)). In contrast, from 2013 to
2021, there was no significant spatial expansion of
mangroves (Figs. 5(f)-5(h)).

The spatial pattern of mangroves in the EP of the DDS
differed from that of the WP and CP, with a relatively
stable change process from 1987 to 2021. In 1987, 192.51
ha of mangroves were concentrated and continuously
distributed along the EP coastal tidal flats, accounting for
85.22% of the total mangrove area in the DDS during the
same period (Fig.5(a)). From 1987 to 1992, the
mangroves expanded toward the southern and northern
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Fig. 5 Spatial dynamics changes of mangrove forests in the DDS from 1987 to 2021.
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tidal flats (Fig. 5(b)). During the subsequent period from
1997 to 2007, the mangrove area remained stable (Figs.
5(c)-5(e)). However, between 2007 and 2013, there was a
loss of approximately 19.99 ha of mangroves in the
southern tidal flats (Figs. 5(e)-5(f)). Moreover, from
2013 to 2021, the mangrove area remained relatively
stable (Figs. 5(f)-5(h)).

3.3 Landscape pattern in mangrove forests

From 1987 to 1996, the patch density of mangroves in the
DDS increased from 0.77 to 0.86 n/ha. The patch
cohesion index decreased from 96.16% to 95.63%, the
splitting index decreased from 1586.76% to 1271.41%,
and the landscape shape index increased from 7.89% to
9.60%. The results indicated that during this period, the
expansion of the mangrove area was mainly based on the
generation of new patches on the existing ones. The
newly formed mangrove patches were not yet fully
developed and contained a large number of forest
windows. With the increase in new patches, the internal
structural connection of the mangrove patches in the DDS
decreased, the connection between patches strengthened,
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and the shape of the patches became more complex,
which led to their decreasing ability to resist external
disturbances (Fig. 6). From 1997 to 2011, the mangrove
landscape exhibited deterioration. The patch density of
mangroves increased from 0.60 to 1.40 n/ha, an increase
of 2.33 times compared to that in the previous period.
Additionally, the patch cohesion index decreased from
95.79% to 95.14%, the splitting index decreased from
1258.00% to 1015.35%, and the landscape shape index
increased from 9.13% to 10.69% (Fig. 6). From 2013 to
2021, the patch density of mangroves decreased from
1.50 to 1.18 n/ha, the patch cohesion index increased
from 94.72% to 95.35%, the splitting index increased
from 791.38% to 824.43%, and the landscape shape index
increased from 9.30% to 9.37%. The mangrove landscape
improved compared to that in the previous period.

4 Discussion

4.1 TImpact of land use conversion

Human activities such as logging, converting coastal
areas into farmland, enclosing ponds for aquaculture, and
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filling seas to create land directly resulted in the loss of
mangrove forests (Duke et al., 2007; Bunting et al., 2022;
Tinh et al., 2022). From 1987 to 2021, in the DDS, the
cumulative encroachment of mangroves by farmland,
forestland, aquaculture ponds, and S. alterniflora was

8.65, 13.99, 2547, and 112.38 ha, respectively,
contributing 3.21%, 5.19%, 9.45%, and 41.69%,
respectively, to the loss of mangroves (Table 3).

Concurrently, construction land and bare land accounted
for a loss of 21.32 ha of mangroves and contributed
791% of the overall mangrove loss (Table 3).
Additionally, economic activities such as people
gathering seafood on bare flats during ebb tides and large
oyster farming (Fig. 7) have caused damage to both
mangrove saplings and mature forests, leading to the
degradation of local mangrove areas into bare flats (He et
al., 2012). It was estimated that between 1987 and 2021, a
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total of 87.75 ha of mangroves in the DDS degraded into
bare flats, contributing 32.55% to the loss of mangroves
(Table 3). These human activities, to some extent, led to
an increase in the number of mangrove patches, a
decrease in the cohesion index, and an increase in the
landscape shape index (Fig.6), which resulted in a
deterioration of the mangrove landscape.

From 1987 to 2021, the expansion of mangroves in the
DDS primarily encroached upon bare tidal flats, with a
cumulative encroachment of 392.91 ha, accounting for
68.75% of the total mangrove expansion area (Table 4).
However, aquaculture ponds encroached upon 641.80 ha
of bare tidal flats suitable for mangrove growth between
1987 and 2021 (Table 5 and Fig. 5), limiting the spatial
expansion of mangroves. Compared to other mangrove
distribution areas where aquaculture ponds directly
encroached on mangroves, contributing to a greater

Table 3 Modes of mangrove forest occupation in the DDS region from 1987 to 2021 during different periods

Time/year Woodland /ha Cultivated land/ha COHS&; cetilgg dl?ﬁl: and Aggzglsl/lﬂ:‘ e S. Alterniflora T. /ha Befllr;/t}il(;al Total/ha
1987—1992 2.00 0.08 0.00 0.00 0.00 1.33 3.41
1992—1997 5.00 0.17 0.00 1.92 1.08 32.87 41.04
1997—2002 0.92 0.00 0.00 4.57 11.57 12.82 29.88
2002—2007 0.08 1.83 0.00 1.50 40.21 3.33 46.95
2007—2013 0.75 0.33 19.99 441 39.79 30.48 95.75
2013—2017 2.66 1.08 0.75 5.33 9.07 3.84 22.73
2017—2021 2.58 5.16 0.58 7.74 10.66 3.08 29.80

(a)

Fig. 7 Human activities causing damage to mangrove forests and tidal flats, (a) large-scale oyster farming, (b and c) people gather
seafood on the tidal flats during ebb tide.

Table 4 Mangrove forests encroached by other land types from 1987 to 2021 in the DDS

Time/year Woodland/ha Cultivated land/ha COIlS]gI;:- ztigﬁ (}/a}?: and Aggﬁglsl/l}tge S. Alterniflora /ha B%r:t/tligal Total/ha
1987—1992 1.00 0.08 0.00 0.58 0.00 181.51 183.17
1992—1997 4.32 0.00 0.00 0.75 0.00 77.51 82.58
1997—2002 3.33 0.00 0.00 0.17 4.41 59.28 67.19
2002—2007 333 0.00 0.00 1.08 27.47 26.90 58.78
2007—2013 1.00 1.25 0.00 3.00 32.55 17.48 55.28
2013—2017 6.74 1.75 0.00 9.66 33.55 19.82 71.52
2017—2021 4.58 1.33 0.25 8.91 27.47 10.41 52.95
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Table 5 Area of various land types and encroachment of aquaculture ponds in the DDS in 2021 and 1987

Woodland/ha Cultivated land/ha  Construction land and bare land/ha Mangrove forests/ha  Bare tidal flat/ha
1987 764.14 1510.33 112.88 225.90 -
2021 396.44 923.49 257.95 451.76 -
Encroachment of aquaculture ponds 219.42 684.50 43.70 3.41 641.80

proportion of mangrove loss (Tinh et al., 2022; Ofori
et al., 2023), the aquaculture ponds in the DDS mainly
encroached on large areas of bare tidal flats suitable for
mangrove growth, inhibiting mangrove recovery and
expansion. Therefore, in the process of mangrove
restoration and protection, monitoring of the dynamic
changes in bare tidal flats in the intertidal zone should be
strengthened to avoid large-scale losses and pressure on
the recovery and expansion space of mangroves.

4.2 Impact of large-scale construction of aquaculture
ponds

Tidal hydrodynamics influenced the spatial expansion of
mangroves. Mudflats with weaker hydrodynamics were
more conducive to the growth of seedlings, thereby
promoting the rapid expansion of mangrove communities
(Abdul Azeez et al., 2022; Long et al., 2022). Conversely,
in estuaries and coastal tidal flats with strong
hydrodynamics, mangrove seedlings struggled to
establish, the expansion of mangrove communities was
notably inhibited (Le Minor etal., 2019), and mature
mangrove communities also suffered from erosion losses
(Tinh et al., 2022). Severe tidal hydrodynamics-induced
coastal erosion led to an average loss of more than 400
ha/yr of mangroves in the Mekong Delta of Vietnam from
1973 to 2020 (Phan and Stive, 2022). In this study, from
1987 to 2021, the area of aquaculture ponds in the DDS
increased from 43.13 to 1635.96 ha (Fig. 8(a)). This
increased encroachment on woodland, construction land
and bare land, and cultivated land by 219.42, 43.70, and
684.50 ha, respectively (Table 5), leading to an increase
in tidal prism, tidal flow, and enhanced hydrodynamics
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(Yang et al., 2020). Remote sensing technology revealed
severe erosion in the Najiao River estuary from 1992 to
2021 (Figs. 8(b) and 8(c)), confirming that regional
hydrodynamics strengthened. This weakens the resistance
of mangrove seedlings to tidal hydrodynamics and causes
erosion along localized transects of the mangrove
shoreline, thereby damaging the habitat (Fig. 9).
Moreover, analysis of the shorelines of mangrove
forests in the DDS from 1992 to 2021 revealed that the
overall rate of mangrove expansion in the DDS was
approximately 2.94 m/yr seaward (Fig. 9). Specifically, in
the WP, CP, and EP of the DDS, the rates of mangrove
expansion toward the sea were 4.81, 3.06, and 1.17 m/yr,
respectively. Additionally, in transect 32 in the WP and
transects 84 and 140 in the EP, mangroves were retreating
at rates of —6.05, —3.21, and —4.21 m/yr, respectively
(Fig. 9). It was evident that the intensified hydrodynamics
led to localized erosion and the retreat of mangrove
intertidal areas. Similar localized erosion of mangroves
intertidal areas was observed in the northern flow of the
BBG, the Nanliu River, and the Qinzhou River estuaries
(Fig. 10). However, in most parts of the DDS, the impact
of intertidal erosion on the mangrove fringe was
relatively minor.
4.3 Impact of the invasive species Spartina alterniflora
S. alterniflora, an invasive species in China (Liu et al.,
2018), possesses strong environmental adaptability and
reproductive capacity (Pan et al., 2016). S. alterniflora
has damaged the biodiversity of China’s coastal zones,
especially mangrove ecosystems (Gao et al., 2018; Wang
et al., 2019a). Since S. alterniflora was introduced to the
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Fig. 8 Changes in the area of aquaculture ponds and regional topography in the DDS from 1987 to 2021, (a) changes in pond area
from 1987 to 2021; (b) before erosion on July 12, 1992, with a tidal level of 130 cm; (c) after erosion on July 12, 2021, with a tidal

level of 147 cm.



Tianliang WU et al. Dynamic changes of mangrove forests in the DDS, Beibu Gulf: Reasons and causes

223

25
WP CP EP

20 .
g5} .
>
£
210k E
<
~
.g | L Jk /j\-
: /\
=
(=}
m 0 ' \ \/.\/ V/\A A /\v \/‘Vv

_5 | _

0 10 20 30 40 50 60 70 8 90 100 110 120 130 140
Transect

Fig. 9 Endpoint rate of the mangrove forests shoreline in the DDS from 1992 to 2021.

Fig. 10 Erosion and degradation of mangrove forest tidal flats, (a) vertical erosion and degradation of mangrove tidal flats in
Nanliujiang estuary; (b) erosion and degradation of mangrove forest tidal flats in Qinjiang estuary; (c) mangrove forests collapses
and dies in Qinjiang estuary.

DDS in 1979 (Panetal., 2016), it has undergone four
phases: introduction, establishment, spread, and outbreak.
From 1987 to 1996, the S. alterniflora population in the
DDS was in the establishment phase, and it had no impact
on the expansion of mangroves (Fig. 11(a)). As a result,
the mangrove area in the DDS increased at a rate of 16.96
ha/yr (Fig. 3), and those in the WP and CP increased at
rates of 8.90 and 3.40 ha/yr, respectively (Figs. 4(a) and
4(b)). While mangrove patch connectivity increased
during this time, overall resistance to external
disturbances decreased (Fig. 6). Consequently, from 1997
to 2011, during the spread and outbreak phases of S.
alterniflora, its area increased to 419.52 ha, closely
bordering and locally invading mangrove patches (Fig.
5), leading to a slowdown in mangrove expansion (Figs. 3
and 11(a)) and a deterioration of the mangrove landscape
(Fig. 6). Consequently, the growth rate of mangroves in
the DDS during this period decreased to 6.61 ha/yr (Fig.
3), with growth rates in the WP and CP decreasing to
2.55 and 2.68 ha/yr, respectively (Figs. 4(a) and 4(b)).
From 2013 to 2021, the area of S. alterniflora decreased
to 343.59 ha (Fig. 11(a)) in response to anthropogenic
control measures such as mowing and uprooting (Shen
et al., 2022), and its invasion into mangroves significantly
decreased (Table 3). The mangrove landscape showed

signs of improvement (Fig. 6), but the restoration of the
mangrove ecosystem remains urgent.

From 1997 to 2021, the centroids of mangroves and S.
alterniflora in the DDS exhibited a high degree of
consistency in spatial expansion, and both areas migrated
northward (Fig. 11(b)). Moreover, from 1997 to 2021,
changes in the centroid of mangroves and S. alterniflora
showed a significant correlation with latitude, with P =
0.011 (Table 6). They highly overlapped spatially,
hindering the expansion of mangroves. Additionally, S.
alterniflora rapidly invaded mangrove patches along tidal
channels or sparse areas of mangroves due to its efficient
productivity  (Jiang et al., 2022), leading to the
fragmentation and degradation of mangrove patches (Fig.
12). Previous research has shown that the expansion of
mangrove areas often results from the encroachment of
construction lands, aquaculture ponds, and farmlands,
contributing significantly to the loss of mangrove cover
(Long et al., 2021; Duetal., 2023). In the case of the
DDS, the invasion of S. alterniflora into mangrove areas
was the most significant contributor to this loss, showing
unique regional characteristics. The exploration of the
long-term dynamic changes in the mangroves of the DDS
due to S. alterniflora is vital for providing theoretical and
practical references for addressing the invasion of alien
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Table 6 Correlation analysis of the centroid latitude and longitude of
mangroves and Spartina alterniflora in the DDS from 1997 to 2021

Name Pearson correlation Significance
Longitude —0.315 P=0.542
Latitude 0.914 P=0.011

species in mangrove ecosystems. Additionally, for the
control of S. alterniflora in the DDS region, it is
recommended to prioritize the treatment of areas with
sparse mangrove tree and sapling distributions, manage
the bare tidal flats without mangroves, and disrupt the
densely populated areas of S. alterniflora to address the
challenges of mangrove fragmentation.

4.4 Impact of climatic factors

identified as a primary natural factor threatening the
survival of mangrove forests (Feng et al., 2020; Zhang
etal., 2023). At the same time, a moderate increase in
temperature could, to some extent, promote the growth
and development of plants. Studies have indicated that
from 2000 to 2020, the annual average temperature in the
prefectural city region where the Shankou Mangrove
Reserve is located showed an increasing trend, and this
trend was positively correlated with changes in the
mangrove forest area (Shi et al., 2023). Moreover, a rise
in temperature could lead to changes in the regional sea
level. From 1980 to 2021, the average sea level in the
Beihai increased by 0.188 cm per year (Fig. 13). Previous
studies have indicated that the deposition rate of tidal flats
in DDS mangrove areas was lower than the sea level rise
rate. Coupled with the restriction imposed by concrete
seawalls preventing their expansion inland, global sea

The increase in sea level caused by climate change was level rise will inhibit the seaward expansion of
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Fig. 12 Invasion of Spartina alterniflora leads to the fragmentation and degradation of mangroves in localized areas.
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mangroves and result in losses (Xia et al., 2015; Lovelock
etal.,2017). However, mangroves counteract sea level
rise by expanding inland (Krauss etal., 2011; Lopez -

Medellin et al., 2011).  Although large-scale concrete
seawalls distributed along the rear edge of mangrove tidal
flats in China always limit the inland expansion of
mangroves (Yue et al., 2023), intertidal mangrove tidal
flats are capable of capturing suspended sediments from
rivers and tides, leading to deposition in tidal flats. When
the deposition rate surpasses the sea level rise rate,
mudflats can continuously expand seaward and create
space for mangroves (Kirwan and Megonigal, 2013;
Yoshikai et al., 2022).

Analysis of the evolution of the bare tidal flat shoreline
in the DDS from 1992 to 2021 revealed that it expanded
seaward at a rate of 6.23 m/yr. The bare tidal flat
shorelines in the WP, CP, and EP all expanded seaward,
with expansion rates of 1.38, 29.21, and 4.96 m/yr,
respectively (Fig. 14). Therefore, from 1992 to 2021, the
overall shoreline of the DDS bare tidal flat advanced
seaward, and regional sea level rise did not directly
induce the retreatment of the mangrove forest in the DDS.
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Fig. 13 The mean sea level changes at Beihai station from 1980 to
2021.
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These results are consistent with those of Long et al.
(2022), who reported that bare tidal flats in the delta of
the Nanliu River in the northern part of the BBG in China
were rapidly expanding. However, mangroves in the
Mekong Delta are facing threats from rising sea levels
(Phan and Stive, 2022), which might be due to
differences in regional sea level rise rates and variations
in sediment discharge into the sea. Changes in sea levels
under the backdrop of global climate change still pose
potential risks to mangroves in the DDS area.

Additionally, the coastal areas of the northern BBG are
prone to tropical cyclone disasters during the summer and
autumn seasons. From 1949 to 2013, the number of
tropical cyclones affecting this region showed an
increasing trend, with more than five cyclones occurring
in 1994, 1995, 2011, 2012, and 2013 and reaching ten in
2013 (Lietal., 2014). The passage of tropical cyclones
can cause extensive defoliation, branch breaking, and
even death of mangroves (Walcker et al., 2019), such as
the severe damage caused to the mangroves of Samar
Province in the Philippines by the super typhoon
“Haiyan” in 2013 (Long et al., 2016). Consequently, the
expansion speed of the Nanliu River estuary mangroves
was relatively faster in years with a lower frequency of
typhoons and higher annual minimum temperatures (Liu
et al., 2017). However, during periods of extreme weather
caused by tropical cyclones, small and medium-sized
rivers can transport large amounts of sediment to estuary
areas (Tangetal., 2021). From 1966 to 2020, tropical
cyclones contributed an average of 19.31% to the
sediment load of the Nanliu River (Yang et al., 2023).
The contribution of tropical cyclones to the sediment
transport of large rivers was even greater; during the
period of 1981— 2005, tropical cyclones contributed
between 15.2% and 31.7% to the sediment load of the
Mekong River (Darby et al., 2016). It is evident that the
extreme weather induced by tropical cyclones has a
significant impact on the development of estuarine
mangrove tidal flats.
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Fig. 14 Endpoint rate of the mudflat shoreline in the DDS from 1992 to 2021.
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4.5 Impact of nature reserve establishment

Mangrove reserves play a crucial role in improving
intertidal zone ecosystems (Turschwell et al., 2020).
However, human activities also cause damage to the
mangroves within the reserves (De Almeida et al., 2016).
Studies have shown that the establishment and expansion
of mangrove reserves in developing countries often do
not follow scientific standards or appropriate techniques
(Macedo et al., 2013), affecting the effectiveness of
mangrove conservation. The DDS area is accompanied by
the introduction and implementation of government
policies related to mangrove conservation. Between 1987
and 2021, at a growth rate of 99.98%, the mangrove area
in the DDS expanded from 225.90 to 451.76 ha (Fig. 3).
This finding aligns with the findings of Lu et al. (2022),
who indicated that the conservation effectiveness of the
Shankou Mangrove Reserve increased by 25.2% from
1987 to 2019. However, due to the lack of awareness of
mangrove conservation among the local people, the
mangroves in the DDS were still strongly disturbed by
human activities, leading to the mangrove ecosystem
becoming more fragile from 1987 to 2021 (Fig. 6). In
addition, from 1987 to 2021, S. alterniflora cumulatively
encroached on 112.38 ha of mangroves, accounting for
41.69% of the mangrove loss. Human activities directly
caused the cumulative encroachment of 157.18 ha of
mangroves by woodland, arable land, construction land
and bare land, aquaculture ponds, and bare flats,
accounting for 58.31% of the mangrove loss (Table 7).
Contrary to our research findings, the expansion of
construction land and aquaculture ponds was the main
factor causing the loss of mangroves in the Dongzhaigang
Mangrove Nature Reserve (Du et al., 2023). In Sembilang
National Park, the expansion of aquaculture ponds was
identified as the key factor leading to the degradation of
mangroves (Hauser et al., 2017). Moreover, in the
Sundarbans Reserved Forest and the Rufiji-Mafia-Kilwa
Marine Ramsar Site, agricultural encroachment was the
principal cause of mangrove degradation (Girietal.,
2007; Monga et al., 2022). There are similarities and
differences in the causes of mangrove loss in different
regions. When carrying out mangrove conservation, it is
essential to fully integrate modern information
technologies such as remote sensing with manual field
surveys. Adhering to standards, long-term information
collection, and observation of various environmental
factors should be conducted. Simultaneously, related
predictive models based on existing observational data
can be developed and utilized to forecast the evolutionary
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trends of mangrove wetland ecosystems. This will be
useful to promptly respond to and prevent the influence
of natural stress factors such as biological invasions,
rising sea levels, and sharp decreases in river sediment, as
well as human activities such as the expansion of
construction land, arable land, and aquaculture ponds,
which contribute to the deterioration of mangroves.
Additionally, the primary task for the ecological
restoration of the DDS mangroves at the current stage
should involve intensifying human intervention in the
growth and reproduction of S. alterniflora to curb its
invasive expansion, and to systematically and extensively
eradicate it, thereby reducing its spatial distribution.

4.6 Dynamic change patterns of the mangrove forests

Under the combined influence of the factors discussed
above, the mangrove forests in the DDS underwent
distinct expansion phases: initially, a rapid growth phase
was observed, followed by a slow expansion phase, and
eventually a stagnation phase (Fig. 15). The first phase
lasted from 1987 to 1996 (Figs. 15(a) and 15(b)). During
this period, large areas of bare mudflats dominated the
WP and CP of the DDS. The expansion of mangroves
was limited due to a lack of nutrients such as nitrogen,
phosphorus, and potassium in the mudflat sediments
(Reefet al., 2010; Twilley et al., 2017), which restricted
the comprehensive colonization of these mangroves
across the various potential forestation zones. However,
as the mangrove trees on the mudflats continued to grow,
their structures reduced water dynamics and enhanced the
adsorption and interception of suspended sediment and
nutrients in the water (Zhou etal., 2016; Wang et al.,
2023). Additionally, the return of fallen organic matter to
mudflats gradually improved the growth environment,
leading to the continuous expansion of mangroves into
mudflat areas. Therefore, the expansion of mangrove
forests in the WP and CP was relatively rapid (Figs. 15(a)
and 15(b)). In turn, the seeds of S. alterniflora are tiny,
allowing them to effectively remain in the mudflat pores,
and they can grow normally in clay, loam, and sandy soils
(Deng et al., 2010). Consequently, S. alterniflora grew at
the forefront of the mangrove flats in the transitional area
between the CP and EP.

In the second phase, from 1997 to 2011 (Figs. 15(b)
and 15(c)), the area of aquaculture ponds expanded,
leading to intensified tidal dynamics. The embryonic
establishment of mangroves on bare tidal flats faced
increased resistance. Young mangrove forests also
experienced heightened resistance to the absorption of

Table 7 The cumulative encroachment of other land types on mangrove forests from 1987 to 2021

Woodland Cultivated land Construction land and bare land Aquaculture ponds S. Alterniflora Bare tidal flat
Area/ha 13.99 8.65 21.32 25.47 112.38 87.75
Proportion/% 5.19 3.21 7.91 9.45 41.69 32.55
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Fig. 15 Expansion model of mangrove forests in the DDS from 1987 to 2021.

suspended sediments and nutrients from water, which
limited their growth and expansion. Furthermore, S.
alterniflora has a unique mode of reproduction (Pan
etal., 2016). Additionally, the amount of nutrients such
as nitrogen and phosphorus entering the tidal flats during
ebb tide increased, accelerating the invasion of S.
alterniflora (Liu et al., 2021). During this phase, S.
alterniflora rapidly occupied tidal flats across various
regions, intruded into mangrove patches, restricted the
spatial expansion of mangroves, and led to the
fragmentation and extinction of local mangrove patches.
In the third phase, from 2013 to 2021 (Figs. 15(c) and
15(d)), the expansion of S. alterniflora stabilized due to
human intervention and management. S. alterniflora
surrounded mangrove patches and invaded sparser areas

of mangroves, which continued to degrade and disappear.
Concurrently, the area of aquaculture ponds reached a
stable phase, and the regional water dynamics remained
strong. As a result, the spatial expansion of mangroves
stagnated, indicating that the mangrove ecosystem is
fragile.

5 Conclusions

The dynamic changes in the mangrove forests in the
DDS, as an integral part of the wetland ecosystem of the
Guangxi Shankou Mangrove National Nature Reserve,
were threatened by factors such as regional sea level rise,
rapid expansion of aquaculture ponds, large-scale
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invasion by S. alterniflora, spread of built areas, and tidal
flat economic activities. This study, utilizing the GEE
cloud platform and the random forest algorithm,
investigated the dynamic changes in mangrove forests in
the DDS and their underlying causes from 1987 to 2021.
The main findings are as follows.

1) From 1987 to 2021, the mangrove area in the DDS
expanded from 22590 to 451.76 ha. The dynamic
changes in mangrove forests in the DDS, as well as in the
WP and CP, exhibited three distinct phases: a rapid
expansion stage from 1987 to 1996, a slow expansion
stage from 1997 to 2011, and a stagnation stage from
2013 to 2021. However, as the mangrove forests
expanded, their patches became increasingly scattered
and fragmented, and the distribution of mangroves in the
DDS tended toward fragmentation.

2) The establishment of mangrove nature reserves had a
significant positive impact on the restoration and
expansion of mangrove forests in the DDS. However, the
construction of aquaculture ponds, the invasion of S.
alterniflora, the expansion of construction land, and
seafood collection during ebb tide were among a series of
natural and anthropogenic activities that inhibited the
comprehensive expansion of mangroves and led to their
fragmentation. Additionally, regional sea level rise did
not negatively impact the seaward expansion of
mangroves in the DDS.

3) In the process of restoring and protecting mangroves,
it is suggested to combine modern information
technologies such as remote sensing with manual field
surveys, collect and observe long-term information on
various environmental factors according to standards, and
simultaneously develop and utilize related predictive
models based on existing observational data to forecast
the evolution trends of mangrove wetland ecosystems, to

be able promptly respond to and prevent their
deterioration.
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