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A B S T R A C T   

Many mangrove forests occur along estuaries and deltas are experiencing irreparable losses throughout the world 
due to changes in natural factors and intensive anthropogenic interferences. However, little information is 
available regarding variations in mangrove forests and associated reasons and causes. Here, the long-term dy
namic patterns of mangrove forests in the Nanliu River Delta (NRD), the largest delta in the Beibu Gulf, China, 
were detected based on a series of hydrosediment data and remote sensing images between 1986 and 2020. The 
results indicated that the total mangrove forest area of the NRD increased in an incremental manner, even though 
a rapid decline occurred in the western terrestrial margin of the delta before 1998. Additionally, mangrove 
forests have expanded southeastward to the sea in the eastern NRD, and they have colonized to the southwest in 
the western NRD. Moreover, long-lasting horizontal seaward expansion with vertical accretion in the bare tidal 
flat of the NRD created new sites for potential mangrove regeneration. Furthermore, an average annual sea level 
rise of 0.2 mm per year and an 86% decline in fluvial sediment supply could not cause expansions and local losses 
of mangrove forests. The combination of local tidal currents and waves transports sufficient estuarine sediment to 
the northeast into the delta to provide important sediment material for the deposition of mangrove tidal flats. 
The mangrove forest destruction induced by local residents and the ecological restoration implemented by the 
government are the causes of the continuous serious losses and extensive gains of mangrove forests, respectively. 
The results highlighted that the dynamic changes in mangrove forests in the NRD caused by driving forces from 
natural and human interferences can serve as significant references for mangrove forest restoration and decision- 
making policy management in similar deltas around the world.   

1. Introduction 

Mangroves are salt-tolerant tree species exposed to fluvial upland 
systems and wave- or tide-dominated regimes, however, they have 
encountered severe losses due to sea level rise and anthropogenic ac
tivities. Approximately 1.04 million ha of mangrove forests vanished 
globally between 1990 and 2020 due to sea level rise, deforestation and 
conversion to agricultural use (Bryan-Brown et al., 2020; Lovelock et al., 
2015; FAO, 2020; Fricke et al., 2017). Asia experienced the most severe 
destruction and a substantial decrease in mangrove forests, with an 
average annual loss of approximately 1,030 ha in 1990–2000 and a total 

loss of 38,200 ha in the most recent decade (Giri et al., 2015; Richards 
et al., 2015; FAO, 2020). Their valuable ecosystem services such as being 
ideal ecosystems for nutrient exchange, carbon sequestration, sediment 
traps, and pollution filters and providing natural habitats for biodiver
sity are being degraded (Adame and Lovelock, 2011; Brander et al., 
2012; Murray, 2012; Lovelock et al., 2017). Therefore, it is necessary to 
diagnose how and why mangroves have been lost worldwide in the 
anthropogenic era. 

Some studies have demonstrated that sea level rise caused by global 
warming is a potential threat to mangrove ecosystems (Nicholls and 
Cazenave, 2010; Kirwan and Megonigal, 2013; Lovelock et al., 2015). 
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However, recent work has highlighted that sufficient supply from rivers 
enables mangrove forests with the capacity to cope with anticipated 
rising sea levels and maintain their lateral growth (Lovelock et al., 2017; 
McIvor, 2017; McKee, 2007; Morris, 2002; Woodroffe, 2016). Further
more, because of globally declining sediment delivery to the ocean due 
to upstream dam construction (Syvitski et al., 2009), many deltas in 
tropical regions, such as the Chao Phraya River Delta of Thailand and 
the Mekong River Delta of Vietnam, sink below local sea level, putting 
mangrove forests at risk of drowning (Syvitski et al., 2009; Milliman 
et al., 2011; Hu et al., 2020). However, Long et al. (2021) revealed that 
when the local suspended sediment concentration of the Red River es
tuary remained almost unchanged, mangrove forests could maintain 
seaward horizontal growth (Long et al., 2021), even though fluvial 
sediment delivered into the delta exhibited decreases (Gao et al., 2015). 
The drivers of losses or gains of global mangrove forests can be holis
tically determined by the fluvial suspended sediment discharge supply, 

changes in the local suspended sediment concentration, and the rela
tionship between estuarine hydrodynamics and mangrove forest 
ecosystems. 

Hydrodynamics could control the local physical environment and 
determine the distribution patterns of mangrove forests (Ball, 1988; 
Berger et al., 2008; Woodroffe et al., 2016; Raw et al., 2019). When tidal 
flooding carries sediments upstream into the estuary, the exposed aerial 
root systems of mangrove forests weaken tidal velocity by increasing 
friction so that the velocity of ebb flows carrying sediments downstream 
is slowed, and then the sediments are stored and deposited, which is 
called the “tidal pumping” effect (Furukawa and Wolanski, 1996; 
Wolanski, 2006; Woodroffe et al., 2016). Sediment deposits can be 
resuspended by wave action and then delivered to estuaries by tidal 
currents at flood tide to promote the progradation of mangrove forests in 
a low wave energy environment (Van Santen et al., 2007; Gedan et al., 
2011; Hu et al., 2015; Sánchez-Núñez et al. 2019). When exposed to a 

Fig. 1. Research area and general regional features, A: location of the Nanliu River basin and Nanliu River Delta; B: Nanliu River basin and location of the Changle 
hydrological station; C: study area showing the overall distribution of mangrove forests and tidal flats in the NRD; D: deposition foam board locations; E: deposition 
board placement. 
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high-wave-energy environment, a large amount of marine sediment may 
be deposited in the estuary, form barriers and close the inlet. Prolonged 
closure would intensify the risk of mangrove forests being inundated, 
which limits them from expanding further (Mbense et al., 2016; Raw 
et al., 2019). For example, this situation has occurred to mangroves in 
the Mngazana Estuary of the Eastern Cape, South Africa, and the Ba Lat 
Estuary of the Red River Delta, Vietnam (Rajkaran et al., 2012; Van 
Santen et al., 2007; Long et al., 2021). 

Moreover, anthropogenic activities are responsible for the majority 
of mangrove loss (Adame et al., 2018). In deforestation hotpots, such as 
Malaysia, Myanmar, and Indonesia, most of the lost mangrove forests 
were converted to aquaculture, rice or oil palm plantations (Adame 
et al., 2018; Gandhi et al., 2019; Richards et al., 2015). Generally, it 
takes decades for mangrove forests to grow from the propagule stage to 
maturity (Hoff et al., 2010). Unfortunately, when their complicated 
community structure is destroyed by human activities or natural di
sasters, it is difficult or even impossible for mangrove forests to recover 
naturally to the original community (Cortina et al., 2006). Therefore, in 
recent decades, governments and organizations in many nations have 
made great efforts to plant mangroves in order to reverse the continual 
degradation of mangrove forests, but these efforts sometimes are not 
successful below mean sea level, where ecological and hydrological 
conditions are not suitable for them to grow (Lewis, 2005; Lewis and 
Brown, 2014; Lewis et al., 2019; Lee et al., 2019). Conversely, this 
measure has destroyed the structure of the ecosystem and even hastened 
the demise of mangrove forests because of the lack of sensible recovery 
policies (Lee et al., 2019). Hence, an urgent requirement for mangrove 
conservation is a better understanding of the hydrologic and geomor
phological requirements of mangroves and their sustainable 
management. 

Monitoring mangrove forests by field observation is inefficient and 
time-consuming because they are widely distributed and difficult to 
access. However, in recent decades, the development of accessible 
remotely sensed data, combined with advanced classification algorithms 
and available image processing applications, has made it possible to 
easily map mangrove forests on a large scale (Giri, 2016). Medium- 
resolution images, such as Landsat Thematic Mapper (TM) and Spot 
High Resolution Visible (HRV) data, have been widely used for 
mangrove mapping (Giri et al., 2010; Long et al., 2014; Thomas et al., 
2018), and they are acknowledged as the best option for applications on 
a national or regional scale (Kuenzer et al., 2011; Kirui et al., 2013). 
Furthermore, even though some studies have described the spatial dis
tribution of mangrove forests worldwide, little information is available 
regarding mangrove forest spatial variation and associated coastal dy
namics forcing, especially those of the Nanliu River Delta (NRD), the 
largest delta in the northern Beibu Gulf, China. In this study, multiple 
images from Landsat TM, Enhanced Thematic Mapper Plus (ETM + ), 
Operational Land Imager (OLI), long-term hydrosediment data, and 
mangrove forest growth observations were collected to profile the dy
namic pattern of mangrove forests in the NRD. The main aims of this 
study were to 1) quantify the aerial area of mangrove forests in the NRD 
between 1986 and 2020; 2) profile the spatial geomorphological change 
patterns, and 3) discern the main drivers affecting the losses and gains of 
mangrove forests in the NRD. 

2. Materials and methods 

2.1. Study area 

Accounting for more than 37% of the total area of mangrove forests 
in China, mangrove forests in Beibu Gulf constitute the second largest 
mangrove forest area in China (Jia et al., 2015). The Nanliu River, the 
largest river in Southwest China, originates from Darong Mountain and 
Daping Mountain in Guangxi, flows 287 km southward through the 
Liuwan Mountains and Yunkai Mountains, braids near the Dangjiang 
River in Hepu city, enters the NRD and discharges into the Beibu Gulf 

(Fig. 1) (Tong et al., 2018). It has five tributaries, Nanganjiang, Nan
liujiang, Nanxijiang, Nandongjiang and Nanzhoujiang, from west to east 
(Chen et al., 1988). Controlled by a distinct subtropical monsoon 
climate, the flood season of the NRD is from May to October, while the 
dry season is from November to April. The average annual rainfall 
ranges from 1500 to 1800 mm, and the annual average temperatures are 
between 21.5 ◦C and 22.4 ◦C. Due to the special geographical location 
and climatic conditions, the NRD experiences frequent typhoons and 
storm surges, but fertile soil and sufficient heat make it an ideal envi
ronment for mangrove growth (Li et al., 2017; Zhao et al., 2017; Wang 
et al., 2020). 

The Nanliu River Delta covers an area of 550 km2 and is the largest 
delta in Beibu Gulf. The average annual water discharge and annual 
total suspended sediment at the Changle gauging station, the tidal limit 
of the delta, were reported to be 1.9 × 1012 m3 y-1 and 350 × 106 t y-1, 
respectively (Li et al., 2017; Tang et al., 2021). Dense mangroves 
including Aegiceras corniculatum, Kandelia candel, Avicennia marina, 
Excoecaria agallocha and Sonneratia apetala grow at the edge of the 
ocean. Outside the entrance of the Nanliu River is Lianzhou Bay, 
approximately 14 ~ 18 km long from east to west and 15 km wide from 
north to south (Fig. 1) (Yang et al., 1995; Chen et al., 1997). The 
northern, eastern, and southeastern parts are surrounded by continents, 
which are shaped like semi-arcs facing southwest and connected to 
Beibu Gulf (Fig. 1B and 1C). Extensive shallow tidal flats, most of which 
are below 5 m, are well developed in the northern and western bays, 
accounting for 80% of the total area of the NRD (Luo et al., 1992; Chen 
et al., 2007). These mangrove forests of the NRD are divided into four 
regions, referred to as Qingxing Shoal, Muan Shoal, Zhenyudun Shoal, 
and Niaoyanzi Shoal. Furthermore, the mangrove forests of the NRD are 
composed of western and eastern parts that are isolated from the Nan
xijiang River (Fig. 1), where Qixing Shoal and Muan Shoal belong to the 
western part, and Zhenyudun Shoal and Niaoyanzi Shoal belong to the 
eastern part. 

The NRD is a tide-dominated delta subject to strong tidal action, and 
freshwater inputs are not abundant compared with those of other large 
river deltas, such as the Yangtze River Delta (Dai et al., 2018; Song et al., 
2012; Li et al., 2017). Wind-driven waves are the most typical wave in 
Lianzhou Bay and are driven by the southwestern summer monsoon. 
Wave action is relatively weak, with a mean wave height of approxi
mately 0.3 m, and the seasonal wave climate is obvious, with south
western (SW) waves in summer and north-northeastern (NNE) waves in 
winter (Chen, 1997; Chen, et al., 1988). Lianzhou Bay is characterized 
by irregular diurnal tides with a mean tidal range of 2.45 m and 
maximum range of 5.87 m (Chen et al., 1988; Li et al., 2001). The ebb 
tide velocity in Lianzhou Bay is 104 cm/s, and the flood tide velocity is 
88 cm/s (Chen, 1996). 

2.2. Materials 

Google Earth Engine (GEE) (https://earthengine.google.com) is a 
planetary-scale platform for geospatial data analysis, combining a multi- 
petabyte catalog of satellite imagery including Landsat surface reflec
tance data processed by the United States Geological Survey (USGS) 
(https://earthexplorer.usgs.gov). Multiple remote sensing images (path 
125 row 45) from Landsat 5 TM, Landsat 7 ETM + and Landsat 8 OLI are 
the major materials for mapping the spatial distribution of mangrove 
forests and tidal flats. A total of 147 cloudless images were selected for 
processing based on the World Geodetic System 1984 (WGS84) (Na
tional Geospatial-Intelligence Agency) geographical coordinate system 
and Universal Transverse Mercator (UTM) projection coordinate system. 
However, there were no cloud-free images obtained by Landsat in 
several years, including 1997, 1995, and 2013. Moreover, images ob
tained on December 21, 1996, September 1, 2008 and September 18, 
2020 were selected to retrieve the distribution of bare tidal flats in the 
NRD. 

The measured tidal levels at the Beihai tidal gauge station 
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corresponding to each remote sensing image acquisition time were also 
taken from the South China Sea Information Center of the State Oceanic 
Administration. Significant wave height (H1/10) data from 1973 to 1995 
at the Weizhou ocean monitoring station were used to analyze the hy
drodynamics of Lianzhou Bay in Beibu Gulf, and these data were ac
quired from Huang et al. (2021) (Fig. 1A). Additionally, sedimentation 
plate experiments implemented from October 2, 2019, to October 7, 
2020, were used to analyze erosion/accretion in tidal flats of the NRD 
(Fig. 1D, 1E). Daily water discharge and sediment load (1965–2020) at 
the Changle hydrologic station, which is located downstream of the 
Nanliu River, were obtained from the Guangxi River Sediment Bulletin. 

2.3. Methods 

2.3.1. Image processing 
We used the USGS Landsat Surface Reflectance products, which are 

atmospherically corrected, to retrieve the distribution of mangrove 
forests and tidal flats based on the GEE platform (Chen et al., 2017; Deng 
et al., 2019; Wang et al., 2020). We used “random forest”, which is a 
computationally efficient and highly effective supervised learning al
gorithm. The reflectances of blue, green, red, near infrared, shortwave 
infrared and brightness temperature were selected, and four spectral 
indices (Table 1) were calculated for each image, serving as inputs for 
the random forest classifier. Thereafter, the prepared images were 
classified as mangrove forests, tidal flats, water, and other. The producer 
accuracy and user accuracy of every classification result exceeded 87% 
and 89%, respectively. 

2.3.2. Spatial analysis of mangrove forests and tidal flats 
ArcGIS software is a useful tool for analyzing the spatial variation in 

ground objects, making supporting geometric calculations, conducting 
spatial overlay analysis and conducting data visualization (ESRI, 2011). 
The erase function in the overlay toolset was used to calculate the losses 
and gains in mangrove forests and tidal flats to discern the change 
process of mangrove forests (Scott et al., 2010). The shorelines in tidal 
flats near the low tidal level of approximately 160 cm were extracted by 
ArcMap to illustrate the progradation of tidal flats every 12 years, i.e., in 
1996, 2008 and 2020. 

Generally, the centroid is the point corresponding to the geometric 
center of a polygon or multiple polygons representing a portion of the 
image. In this study, the centroids of mangrove patches in each year 
were generated based on ArcGIS software to detect the spatial migration 
of mangroves, thus quantitatively analyzing the spatial distribution of 
mangroves and the difference between the eastern and western NRD. To 
calculate the location of a centroid, assume there is a complicated figure 
Z. Then the figure Z will be decomposed into simple geometric figures. 
Given an image Z, obtain the centroid Ci and area Ai of each Zn part 
wherein all holes that extend outside the compound shape are treated as 
negative values. Last, the computation formulas are as follows: 

Cx =
∑n

i=1
CixAix/

∑n

i=1
Aix (1)  

Cy =
∑n

i=1
CiyAiy/

∑n

i=1
Aiy (2) 

To better distinguish the spatial movement of the centroid of 
mangrove forests in the past 35 years, the average centroid was calcu
lated every five years in each region and the entire delta. 

2.3.3. Sediment deposition measurement 
Sedimentation levels were observed for one year from October 2, 

2019, to October 7, 2020, using foam boards placed in the middle 
intertidal zone (Fig. 1D, 1E). A total of 12 deposition foam boards were 
placed in front of Qixing Island and are presented as Dn (n = 1, 2, 3, ⋯,

n). D1 represents the sediment deposited in the intertidal zone in 
November, and D2 represents the sediment deposited in the intertidal 
zone in November and December. Dn is the accumulated sediment 
deposition in the previous n months. Due to the influence of COVID-19, 
D4 was not collected. Additionally, 5 500-cm3 soil samples were 
randomly selected from the intertidal zone where the foam boards were 
located. After the collected sediment was dried and weighed, its mean 
dry weight ρ was 1368.6 kg. Based on this result, the monthly accu
mulated sediment on each board collected after drying and weighing 
and then dividing by ρ, namely, the monthly accumulated sediment 
height H of the tidal flat, was obtained. 

3. Results 

3.1. Changes in mangrove forests areas 

3.1.1. Changes in the total area 
Trend analysis segmented into three periods of mangrove forest area 

time series between 1986 and 2020 exhibited marked upward trends, 
which ranged from 173.5 ha in 1986 to 1044.4 ha in 2020 (Fig. 2), an 
expansion of approximately 5 times (Fig. 2). Specifically, the mangrove 
forest areas of the NRD increased at a rate of 7.3 ha/y between 1986 and 
1998 but these forests increased more quickly at a rate of 18.9 ha/y 
between 1999 and 2011. The sharpest increase in mangrove forests 
ranged from 578.4 ha in 2013 to 1044.4 ha in 2020. However, mangrove 
forests in distinct territories of the NRD increased at different rates 
(Figs. 1 and 3). 

3.1.2. Area changes in different regions 
The area of mangrove forests in Qixing Shoal first dramatically 

declined between 1986 and 1998 and then rapidly increased between 
1999 and 2020 (Fig. 3A). In particular, a turning point was observedin 
1998 with a decreased rate of 6.83 ha/y and an increase rate of 4.32 ha/ 
y before and after 1998, respectively (Fig. 3A). Meanwhile, the 
mangrove forests in Muan Shoal, Zhenyudun Shoal, and Niaoyanzi Shoal 
mostly increased at steady rates of 3.6 ha/y, 8.6 ha/y, and 3.23 ha/y 
between 1986 and 1998, respectively. However, after 1998, the 
expansion rate of mangrove forests in Muan Shoal and Zhenyudun Shoal 
accelerated to 3.9 ha/y and 10.8 ha/y (Fig. 3A, 3B, 3C), respectively. 

Table 1 
Spectral indices used for classification.   

Name Equation References 

1 Normalized Difference 
Vegetation Index (NDVI) NDVI =

(ρnir − ρred)

(ρnir + ρred)

Rouse et al., 
1974 

2 Enhanced Vegetation Index 
(EVI) EVI = 2.5×

(ρnir − ρred)

ρnir + 6ρred − 7.5ρblue+1)

Huete et al., 
2002 

3 Mangrove Vegetation 
Index (MVI) MVI =

(ρnir − ρgreen)

(ρswir − ρgreen)

Baloloy et al., 
2020 

4 Normalized Difference 
Water Index (NDWI) NDWI =

(ρgreen − ρnir)

(ρgreen + ρnir)

Gao et al., 
1996  

Fig. 2. Changes in mangrove forest area in the NRD from 1986 to 2020.  
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Furthermore, the change rates from 2013 to 2020 of Muan Shoal and 
Zhenyudun Shoal suddenly skyrocketed to 14.4 ha/y and 32.4 ha/y 
(Fig. 3B, 3C), respectively, even though the mangrove forests in 
Niaoyanzi Shoal maintained a constant rate in the past three decades 
(Fig. 3D). 

The majority of mangrove forests were distributed in Qixing Shoal in 
1986, which accounted for 58% of all mangrove forests (Fig. 3). How
ever, the mangrove forests in Qixing Shoal experienced a drastic 
reduction between 1986 and 1998 (Figs. 1 and 3A), and the total per
centage of the other three deltaic shoals increased from 42% in 1986 to 
91% in 1998 (Fig. 3A-D). Then, after 1998, although the mangrove 
forests in Qixing Shoal began to recover with approximately 13% of the 
deltaic mangrove forests showing increases, those in Muan and Zhe
nyudun Shoals apparently increased to 22% and 54%, respectively 
(Fig. 3A, 3B, 3C). The mangrove forest in Niaoyanzi Shoal was 

approximately 15 times that of Qixing Shoal, which accounted for 60% 
of the total mangrove forest area (Fig. 3). 

3.2. Spatial patterns of mangrove forests 

Although the area of the deltaic mangrove forests presented an up
ward trend (Fig. 2), the spatial expansion of mangrove forests was not 
synchronized (Fig. 4). Specifically, between 1986 and 1990, a clear 
mangrove forest belt grew along the terrestrial edge in the western 
Qixing Shoal with a length of 2.6 km and width of 500 m, and some 
small patches of mangrove forests were scattered over the deltaic shoals 
and several central riverine islands (Fig. 4A). Mangrove forest losses 
occurred along the coast on southern Qingxing Island, in Muan Shoal 
and in the western Zhenyudun Shoal, while major gains were concen
trated on central Niaoyanzi Shoal (Fig. 4A). However, between 1990 and 

Fig. 3. Temporal changes in mangrove forest area in each region.  

Fig. 4. Variation in mangrove forest spatial distribution in the NRD.  
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1996, the preexisting mangrove forest belt along the terrestrial edge of 
the NRD completely disappeared (Fig. 4B). Gains of mangrove forests 
occurred on the outside edges of Qixing and Muan Shoals. Meanwhile, 
the scattered mangrove forest patches migrated toward the southeast 
(Fig. 4B). Between 1996 and 2005, previously gained mangrove forest 
patches slowly expanded to the southeast along Muan Shoal and 
Niaoyanzi Shoal, and the mangrove forests in Zhenyudun Shoal 
increased suddenly between 2000 and 2005 in comparison with those 
between 1996 and 2000 (Fig. 4C, 4D). Between 2005 and 2010, except 
for the extensive losses in Zhenyudun Shoal, the mangrove forests in 
other regions all presented net gains (Fig. 4E). Between 2010 and 2020, 
net increases in mangrove forests occurred on the outer edges of 
mangrove forests of the whole NRD (Fig. 4F, 4G). Between 1986 and 
2020, the mangrove forests at the terrestrial edge of the NRD were 
permanently damaged, and although sporadic losses and gains occurred 
in other regions, they all eventually presented net gains (Fig. 4H). 

3.3. Transfer of the centroid in mangrove forests 

The centroid of mangrove forests in Qixing Shoal showed long- 
distance migration, approximately 4393 m from southwest to south
east between 1986 and 2020 (Fig. 5A). Large shifts occurred between 
1991 and 1995, with northeastward movement of 818 m and south
westward movement of 132 m between 2006 and 2010 (Fig. 5A). 
Meanwhile, the centroid of mangrove forests in Muan Shoal migrated 
270 m southeastward during 1986–1990 and then shifted to the 
southwest in 2000 with continuous seaward expansion (Fig. 5B). The 
centroids of the mangrove forests in Zhenyudun Shoal were colonized by 
mangroves in the southeast except that they shifted to the northwest 
between 1991 and 1995 and then shifted to the northeast during 
1996–2000 (Fig. 5C). A similar movement pattern was observed in 
Qixing Shoal near Niaoyanzi Shoal; the centroid moved to the northwest 
between 1986 and 2005 and subsequently migrated to the southwest 
(Fig. 5D). The centroid in the western part (Qixing Shoal and Muan 

Fig. 5. Spatial movement of area-weighted centroids of mangrove forests.  

Fig. 6. A: Average annual water discharge and suspended sediment discharge at Changle station from 1965 to 2020 and their simple linear regression analysis (water 
discharge shown by the blue dashed line, suspended sediment discharge shown by the red dashed line. B: Relationship between the area of mangrove forests and 
suspended sediment discharge. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Shoal) finally moved to the southwest, while the centroid in the eastern 
part (Zhenyudun and Niaoyanzi Shoals) shifted to the southwest 
(Fig. 5A, 5B, 5C, 5D). Generally, the centroid of mangrove forests in the 
NRD migrated approximately 4000 m from northwest to southeast 
during the study period (Fig. 5E). 

4. Discussion 

4.1. Impacts from suspended sediment discharge upstream 

Sediment transport by estuarine rivers can promote the progradation 
of deltaic tidal flats and create new physical space for mangrove forest 
growth (Swales et al., 2019). Some studies have indicated that a 
reduction in riverine suspended sediment discharge will slow the 
expansion rate of deltaic mangrove forests or lead to the loss of 
mangrove forests (Lovelock et al., 2021; Worthington et al., 2020). Here, 
based on water discharge and suspended sediment discharge analyses of 
the Changle hydrological station between 1965 and 2020, the water 
discharge level did not change, but the sediment load declined 
dramatically by approximately 1.2 tons over the same period (Fig. 6A). 
More specifically, the suspended sediment contribution from the Nanliu 
River to Lianzhou Bay indicated a decrease of 726 thousand tons during 
the last 35 years from 1986 to 2020, while the annual change in 
mangrove forest area showed no response to such large fluvial sediment 
variation, which means that the declining sediment transported to the 
delta mouth did not directly affect the expansion of mangrove forests 
(Fig. 6B). In other words, the expansion of the mangrove forest area in 
the NRD could be controlled by other factors. 

4.2. Estuarine sediment dynamics 

4.2.1. Suspended sediment transport induced by tidal currents 
Previous studies indicated that the NRD is a tide-dominated delta 

with a mean tidal range of 2.54 m (Chen 1988; Jiang et al., 2008). Wind 
is the main forcing that triggers changes in tidal currents in the adjacent 
ocean areas of the delta (Chen 1988; Yang et al., 1995). In summer, the 
wind-driven currents flow clockwise around Beibu Gulf under the in
fluence of the southwestern monsoon (Fig. 7A), the western waters of 
the Nanliu River Estuary are dominated by flood tide, and the eastern 
waters are controlled by ebb tide (Fig. 7A). The maximum residual 
current velocity resulting from wind-sea currents can reach 29.3 cm/s 
(Chen Bo, 1996). Therefore, suspended sediment brought from the 
northeastern flood tide is transported from the southwest to northeast 
and then settles in Muan Shoal—the eastern delta. Meanwhile, Zhe
nyudun Shoal is sheltered by Beihai Peninsula (Fig. 1A, 1C), where there 
are large-scale depositions due to gradual sediment deposition induced 
by the southeastward ebb tide, thus enhancing the expansion of Zhe
nyudun Shoal (Fig. 7A). In the winter, northerly and easterly winds 
dominate with counterclockwise wind currents (Fig. 7B) formed in this 
area. Sediments carried by the flood tide are delivered from the south
east to northwest and are then transferred to the southwest near Muan 
Shoal; thus, delta shoals in the east of Muan Shoal are still building. 
Muan Shoal is just in the buffer zone of the southwestern ebb tide cur
rent and discharges from the western Nanliu River mainstream (Figs. 1, 
7); therefore, sediments were deposited over the shoals in the south
western direction due to the influence of the winter southwest ebb tide. 
Consequently, the tidal flats of the delta are deposited under the 

Fig. 7. Tidal current flow in Beibu Gulf in summer and winter.  

Fig. 8. Characteristics of waves at Weizhou station. A: Monthly significant wave height (H1/10). B: Direction of waves at Weizhou station.  
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influence of sediment inputs from the wind-driven currents in winter 
and summer, which provide space for mangrove forests to expand to
ward the sea (Fig. 7). 

4.2.2. Wave action 
Lianzhou Bay is dominated by southwestern waves with a mean 

height of 0.3 m in summer, and winter is characterized by northeastern 
waves with a mean height of 0.48 m (Chen, 1988) (Fig. 8). Additionally, 
weak wave heights have difficulty generating large wave currents to 
transport sediment, regardless of the wave direction, i.e., southwest
ward or northward waves. However, when water is at a relatively low 
level, the southwestward waves could easily resuspend fine particles, 
which could then be redeposited on the southeast deltaic shoal (Fig. 7). 
While the northeastward waves are weaker and can also resuspend fine 
sediments, the tidal tides deliver the sediments southwestward to the 
mangrove forest habitat and offshore area. Therefore, the delta shoal 
controlled by southwestward waves is basically oriented to the south
east, and it is dominated by clayey silt, with a small amount of sand 
(Wang, 2021). It can largely promote the migration of the mangrove 
forest centroid to migrate to the southeast (Fig. 5). Meanwhile, oriented 
from the western to eastern NRD, the wave action is sheltered by the 
eastern Beihai Peninsula and significantly smaller in the eastern part 
than in the western part; additionally, the expansion of mangrove forests 
in areas with relatively weak dynamic conditions is faster than that in 
other areas (Fig. 4). In brief, although wave action has little effect on 
suspended sediment transport, waves can resuspend sediments in the 

shoal and increase the suspended sediment concentration in the water, 
thus playing an auxiliary role in sediment transport to the tidal flats of 
the delta. Moreover, the mangrove forests in the NRD grow in a low 
wave energy environment, which is dominated by southwestern waves; 
therefore, most mangrove forests in the NRD shifted from the southwest 
with expansion to the southeast (Gedan et al., 2011; Sánchez-Núñez 
et al. 2019; Long et al., 2021). 

4.3. Impacts of bare tidal flats 

Mangrove forests often occur in the tidal flats of deltas, but they can 
survive only on tidal flats that are slightly above mean sea level (Krauss 
et al., 2014; Xiong et al., 2021). Here, under three identical low tide 
levels between 1996 and 2008, the shorelines of tidal flats were broadly 
deposited into the sea, especially for transects 6–12, 34–46, and 54–67, 
which expanded at rapid rates of 65 m/y, 43 m/y, and 35 m/y, 
respectively, and they corresponded to the positions of the deltaic area 
of the Nanliu River main stream, Muan Shoal and Zhenyudun Shoal, 
respectively (Fig. 9A, 9B, 9C). Between 2008 and 2020, significant 
expansion occurred along transects 16–26, 30–48, 52–56, and 72–78 of 
the four shoals with rates of 51 m/y, 49 m/y, 51 m/y, and 40 m/y, 
respectively (Fig. 9A, 9B, 9C). When the bare tidal flats of the NRD 
expanded significantly to the sea (Fig. 9B, 9C), extensive losses occurred 
in the back margin of the bare tidal flats, which were occupied by the 
newly expanded mangrove forests (Fig. 10A, 10B, 10C), resulting in the 
essentially unchanged area of bare tidal flats from 1996 to 2020 

Fig. 9. Shorelines of bare tidal flats in the NRD. A: The blue, green, red lines represent the shorelines in 1996, 2008 and 2020, respectively; B: progradation and 
erosion of shoreline during 1996–2008 and 2008–2020, respectively, where positive represents progradation and negative represents erosion. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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(Fig. 10D, 10E). 
Furthermore, a one-year deposition experiment in the Nanliu Estuary 

illustrated that the annual accretion rate of tidal flats was 0.046 m/y 
(Fig. 11). This result means that bare tidal flats expanded laterally to
ward the sea; at the same time, they accreted vertically to increase in 
elevation, thereby forming tidal flats that were conducive to the estab
lishment of mangrove forests. For example, around Qingxing Island, in 

2019, some annual Aegiceras corniculatum grew in tidal flats with ele
vations of 0.12 m above mean sea level (Fig. 12). Then, in 2021, the one- 
year-old mangrove saplings became two-year-old mangrove saplings, 
and a new one-year-old Aegiceras corniculatum was established approx
imately 5 m from the two-year old mangrove saplings toward the sea 
(Fig. 12). Apparently, when local dynamic conditions remain un
changed, the lateral expansion and vertical accretion of bare tidal flats 
can provide a suitable physical environment for mangrove forest 
growth. After mangroves are established, they can rapidly capture 

Fig. 10. Variation in the spatial distribution of tidal flats. A-C: Spatial distribution of bare tidal flats and mangrove forests in 1996, 2008, 2020, respectively; D: total 
losses and gains of bare tidal flats during the period of 1996–2020; E: area of bare tidal flat in front of mangrove forests in Muan Shoal and Zhenyudun Shoal and loss 
and gain areas of the three periods. 

Fig. 11. Vertical change in tidal flats from October 2, 2019, to October 7, 2020.  

Fig. 12. The process of mangrove forest expansion in bare tidal flats.  
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sediment and result in further deposition in adjacent areas, which helps 
more mangrove forests migrate to the bare flats (Fig. 12). Bare tidal flats 
with adaptable elevations provide necessary living space for mangrove 
forests, which is probably an important factor coupling tidal flat 
extension and mangrove forest colonization in the NRD (Swales and 
Bentley, 2008; Wang et al., 2021). 

4.4. Sea level rise 

Some studies have noted that sea level rise has directly resulted in a 
loss of mangrove forests (Lovelock et al., 2015; Lovelock et al., 2017). 
The NRD is located in the inner part of Beibu Gulf, and the sea level of 
the delta increased from 1986 to 2020, with an annual average rate of 

0.2 mm per year (Fig. 13). However, the mangrove forests in the NRD 
colonized toward the sea constantly in this period, which means that sea 
level probably does not currently affect the seaward expansion of 
mangrove forests. The annual change in elevation measured in the study 
area was 0.046 m per year (Fig. 11), which was higher than the current 
rate of sea level rise. Therefore, considering that there is a wide range of 
tidal flats outside the mouth of the Nanliu River Delta, the local sus
pended sediment caused by waves can still be transported into the tidal 
flats by regional tidal currents, promoting vertical elevation gains and 
lateral extension of the tidal flats. Meanwhile, subsurface processes 
beneath organic-rich mangroves mudflats such as root growth and 
decomposition, endow mangroves with significant elevation (Lovelock 
et al., 2017; Webb et al., 2013; Woodroffe et al., 2016; Woodroffe, 
1995). Consequently, both vertical aggradation of inorganic sediment 
and sequestration of organic matter reduce the stress of being inundated 
due to sea level rise (McLvor et al., 2013; Woodroffe et al., 2016; Long 
et al., 2021). 

4.5. Human interferences 

Globally, large scale loss of mangrove forests has occurred because of 
deforestation, aquaculture and rice agriculture (Hamilton, 2013; 
Thomas et al., 2018). In 1992–1998, approximately 95 ha of mangrove 
forests along the western terrestrial margin of the Nanliu Delta dis
appeared due to dike and aquacultural pond construction, which 
induced an abrupt turning point for mangrove forest variation in 1998 
(Fig. 3A, 14A, 14B, 14C). In 1985–2020, sporadic tidal flat losses along 
the bank were attributed to the breeding of sea ducks that occupied the 
space of mangrove forests (Fig. 4C, 4E, 4H, 14D, 14E). However, with 
the establishment of the mangrove nature reserve and increased 

Fig. 13. The mean sea level at Beihai station from 1980 to 2020.  

Fig. 14. Influence of human activities on mangrove forests in the NRD. A: deforestation along the sea wall by local residents; B: conversion of mangrove forests into 
aquaculture ponds; C: harbors near mangrove forests; D and E: sea duck breeding in mangrove forests; F and G: Kandelia candel transplanted by the local government. 
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mangrove protection, the government prohibited the destruction of 
mangrove forests, and a wide range of mangrove restoration policies 
were implemented, facilitating substantial growth of mangrove forests 
in Muan Shoal and Zhenyudun Shoal in the last decade (Fig. 3B, 3C, 4F, 
4G). Thereafter, the mangrove forests in Zhenyudun Shoal were lost 
again, probably because mangrove forests are usually re-established in 
intertidal mud-flats below mean sea level, which cannot satisfy the 
ecological requirements of mangroves (Lewis, 2005; Lewis and Brown, 
2014). 

However, during 2013–2020 in Zhenyudun Shoal, there was a sud
den, substantial increase in the aerial extent of mangroves, which was 
related to the mangrove restoration carried out by the local government 
in approximately 2012 (Fig. 14F, 14G). The loss of mangrove forest in 
Zhenyudun and Niaoyanzi Shoals was likely due to flooding of the tidal 
flats following elevation decline. It can be concluded that large-scale 
transplanting leads to a sharp increase in mangrove forests, while 
wide land use conversion of mangrove forests yields substantial loss of 
mangrove forests. 

5. Conclusions 

Accounting for more than 37% of the total area of mangrove forest in 
China, the mangrove forests in Beibu Gulf constitute the second largest 
mangrove forest area in China. Here, we explored the dynamic changes 
in mangrove forests of the largest delta in Beibu Gulf between 1986 and 
2020 and clarified the possible reason for mangrove forest variations 
and conversions. The main findings are as follows: 

1. The total area of mangrove forests in the NRD increased incremen
tally between 1986 and 2020. While a rapid drop and increase on 
mangrove forests occurred in the western side of the delta before and 
after 1998, respectively, the mangrove forests in the eastern part 
increased at a steady rate. Additionally, most mangrove forests in the 
NRD expanded to the southeast in 1986–2020 due to the limitation of 
the southwestward advance for barrier effects from southwestward 
wave action. 

2. Sediments carried by tidal currents in estuaries support the expan
sion of mangrove forests. Wave action triggers resuspension of sed
iments in the shoals and to increases their concentration in water, 
which greatly enhances the amounts of sediments transported by 
tidal currents. The horizontal seaward progradation and vertical 
accretion of bare tidal flats in the NRD provided tidal flats for 
seaward mangrove forest expansion.  

3. Sea level rise and declining sediment supply had little impact on the 
seaward expansion of mangrove forests in the NRD, whereas human 
activities caused a sudden substantial decrease (1992–1998) and 
increase (2013–2020) in mangrove forests. Converted aquacultural 
ponds and the behavior of sea ducks along banks were the main 
reasons for the large losses, while the implementation of mangrove 
restoration policies by the government has led to the rapid growth of 
mangrove forests in recent years. 
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