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Understanding the recent changes in mangrove adjacent to mega-cities is critical for
conservation, management, and policymaking in coastal zones with fast population
growth and global change. Here we investigated mangrove area changes in one of
the world’s largest urban areas near the main estuaries in the Guangdong-Hong Kong-
Macao Greater Bay Area (GBA). Mangrove area changes are quantified for the period
1990–2018 by analyzing multiple sources of satellite images by classification algorithms.
We found that estuarine mangrove area dynamics are driven by human actions and are
contrasting between these two periods. (1) During 1990–2000, the estuarine mangrove
area approximately decreased from 11.5 to 6.9 km2, among which the bulk part was
transformed into aquaculture ponds (41.1%) and built-up area (29.9%). (2) During 2000–
2018, the estuarine mangrove area rapidly increased to 18.3 km2 resulting from the
protection and restoration efforts. Proportions of mangrove occurring in nature reserves
increased from 37.5% in 1990 to >80% in the 2000s. Two major mangrove expansion
ways, natural establishment (NE, in protected areas without any human interference)
and human afforestation (HA) accounted almost equally (53.1 and 46.9%) for the gained
estuarine mangrove area during 2010–2018. A future projection according to the current
mangrove increasing rate suggests that all the low-lying land that is theoretically suitable
for mangrove afforestation would be used up by 2060. Although afforestation has
contributed to important gains in mangrove quantity, we highlight that it may also imply
decreased habitat quality. It has resulted in a great occupation of high tidal mudflats and
a loss of their valuable ecosystem services, and it may lead to spreading of non-native
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species, e.g., Sonneratia apetala, used in afforestation programs. Future restoration
approaches should adopt more eco-friendly strategies, like reversing (abandoned)
aquaculture ponds to native mangrove forests. Knowledge obtained from the GBA in
this study may be also instrumental to ecological restorations for mangrove forests in
other urbanized estuaries.

Keywords: mangrove, human activities, Guangdong-Hong Kong-Macao Greater Bay Area, afforestation, estuary,
mega-cities

INTRODUCTION

Mangroves are important ecosystems in tropical and subtropical
coastal zones, providing invaluable ecosystem services, such as
biodiversity, fishery, carbon storage/sequestration, and shoreline
stabilization (Chen et al., 2012; Alongi, 2014; He et al., 2018;
Ouyang and Lee, 2020; Wang et al., 2020). They have reduced
the disaster loss of tsunamis and hurricanes (Mazda et al., 2006;
Giri et al., 2007; Alongi, 2008; Sidik et al., 2018; Hochard et al.,
2019), which is crucial to the safety of low-elevation coastal
zones with a dense population that might reach more than
650 million by 2030 (Neumann et al., 2015). When mangroves
are close to coastal cities, they are subject to both global-scale
external forcing (e.g., sea-level rise induced by climate change)
and more local-scale human activities (e.g., urban expansion
and concomitant hazards to ecosystems) (Mcleod et al., 2010;
Nicholls and Cazenave, 2010; Pontee, 2013; Lovelock et al., 2015;
Friess et al., 2019). Many mangrove habitats around mega-cities
like Singapore (Lai et al., 2015), and densely populated deltas
like the Mekong Delta, Vietnam (Veettil et al., 2019), Ganges
Delta in India (Pramanik, 2014), and Pearl River Delta (PRD),
China (Ai et al., 2019a), have been reported with rapid loss
and degradation. Such rapid mangrove area loss and associated
weakened functions have called for an urgent need for mangrove
restoration. To this end, it is essential to understand the roles
of human activities in mangrove dynamics, which may guide
future policies on conservation and management of coastal
wetland ecosystems.

Mangroves usually grow in muddy intertidal zone in delta,
estuary, lagoon, and other depositional landforms with sheltered
hydrological conditions (Giri et al., 2011; Woodroffe et al.,
2016; Hu Z. et al., 2020). Large rivers transport sediment and
nutrients, resulting in deposition of intertidal ecosystems (e.g.,
tidal flats and mangroves). Sediment supply directly affects the
expansion or retreat of mangroves in a delta (Kondolf et al., 2014;
Woodroffe et al., 2016). However, major estuaries worldwide
experience a sediment load reduction for dam constructions and
sand excavation that might shrink mangroves further (Kondolf
et al., 2014). Unfortunately, the gained intertidal area is often
used for city expansion or aquaculture ponds, resulting in
mangrove loss. Consequently, mangroves located at estuaries
are susceptible to external forces, e.g., sediment reduction
and over-exploitation from human activities, indicating the
greater uncertainty than that with stable conditions, e.g.,
along the inner-land river channels, open coasts, and lagoons
(Long et al., 2021).

The Guangdong-Hong Kong-Macao Greater Bay Area (GBA),
located in the Pearl River Estuary, contains Hong Kong, Macao,
and PRD (nine cities of Guangdong Province). It has experienced
a population and economic boost since the 1980s and overtook
Tokyo (42 million populations and 13,400 km2) as the world’s
largest urban area in both size (56,000 km2) and population (42
million populations in PRD) (The World Bank Group, 2015).
The PRD has gained 1,160 km2 of new built-up land, mostly
through land reclamation since the 1850s (Wu et al., 2018). Given
the rapid urbanization and economic development, mangrove
conservation and restoration in the GBA is a great challenge.
The local estuarine mangrove ecosystem has been affected by a
large-scale anthropogenic disturbance and high risks of flooding
(Dominicis et al., 2020; Zheng et al., 2020). A negative correlation
was found between the changes in mangrove areas and that of
built-up land. Mangrove areas in PRD are 27 km2 in 1985, and
the net loss of mangrove area is 11.73 km2 (c.a. 45%) till 2015
(Ai et al., 2019a).

Previous studies investigated the spatial-temporal variation in
mangrove forests in the GBA and worldwide (e.g., Giri et al.,
2007; Liu et al., 2008; Jia et al., 2016; Ai et al., 2019a), whereas
the nature and cause of such changes (i.e., to which land cover
types have mangroves converted) have not been fully revealed.
Unraveling the key drivers of estuarine mangrove dynamics in
the GBA would provide an illustrative case study for rapidly
developing areas worldwide.

In this study, we aim to (1) quantify the spatial-temporal
changes of estuarine mangrove area and the mangrove-
related land type conversions, (2) evaluate the contribution of
nature reserves and contrasting ecological measures, natural
establishment vs. human afforestation) for mangrove expansion,
and (3) identify the key drivers of mangrove area changes
by accessing the role of human activities in the GBA since
1990. We focused on dynamics of estuarine mangrove, whereas
mangroves located along the river channels, open coasts,
and lagoons are thus out of the scope of this paper. In
this paper, human afforestation (HA) refers to planting the
mangrove saplings to expand forests artificially. And the
mangrove expansion without human intervention is referred
to as “natural establishment (NE).” Multiple sources of aerial
images, including Landsat and Sentinel-2 were used to detect
the changes in land cover type classification (e.g., mangrove,
saltmarsh, tidal flat, built-up area, aquaculture ponds) in the
years of 1990, 2000, 2010, and 2018. Also, based on the
obtained mangrove changing rate in the past decades, future
possible variations under several potential scenarios and the
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FIGURE 1 | The geography of Guangdong-Hong Kong-Macao Greater Bay Area. Boxes marked with letters (A–F) show the locations of main mangrove sites at the
estuaries: (A) Zhenhai Gulf, (B) Huangmao Bay, (C) Lingding Bay, (D) Qi’ao Island, (E) Futian, and (F) Mai Po Nature Reserve.

sustainability of restoration were analyzed. We highlighted
the effects of the current restoration approach and provide
guidelines on a policy that is more sustainable according to
ecological principles.

MATERIALS AND METHODS

Study Area
The GBA is in southern China (20◦41′-25◦26′N, 111◦24′-
115◦25′E), contains nine cities (Guangzhou, Shenzhen, Zhuhai,
Foshan, Dongguan, Zhongshan, Jiangmen, Huizhou, and
Zhaoqing) of the Guangdong Province and two of China’s
special administrative regions of Hong Kong and Macao. The
region has a subtropical monsoon climate with an annual
average temperature of 21.9 degrees Celsius and an average
annual rainfall of 1,790 mm. This area is prone to be impacted
by tropical cyclones, rainstorms, droughts, typhoons, strong
winds, and other factors (Wu et al., 2015). Native mangrove
species in the GBA include Rhizophora stylosa, Kandelia
obovata, Bruguiera gymnhoriza, Aegiceras corniculatum, and
Avicennia marina (Chang et al., 1998). During the mid-1990s
and early 2000s, the non-native Sonneratia apetala, Sonneratia
caseolaris, and Laguncularia racemosa have been introduced
into southern China to control the invasive species Spartina
alterniflora and promote afforestation of mangroves (Zan et al.,
2003). Saltmarsh species in the GBA mainly include Phragmites

australis, Cyperus malaccensis var. brevifolius, and S. alterniflora.
According to the scope of this study, mangrove locates around
the mouths of the Pearl River, Nafu River, Shenjing River and
Shenzhen River was classified by means of remote sensing (RS)
technology. To identify the estuarine mangrove changes detailly,
the whole study area was divided into six typical sites (marked
as A-F in Figure 1), which were classified by means of RS.
Consequently, all mangrove patches from the classification are
located near the river outlet, hereinafter referred to as “estuarine
mangrove.”

Zhenhai Gulf (site A), in Jiangmen, Guangdong Province, is
connected to two river mouths, those of the Nafu and Shenjing
Rivers, which flow south and southwest, respectively.

Huangmao Bay (site B) is the westernmost outlet of the
Pearl River Estuary, located at the junction of Jiangmen and
Zhuhai, Guangdong Province. Mangrove areas in this site were
the smallest among the six sites.

Lingding Bay (site C) receives a large amount of river
discharge and sediment from the Pearl River. The main cities
of PRD (i.e., Guangzhou, Shenzhen, Zhuhai, and Dongguan)
are located around the bay, therefore exerting intensive human
intervention. Since few mangroves were found on the eastern side
of the bay due to land reclamation in the 1980s, we focused on
mangrove changes in the western Lingding Bay in this paper.

Qi’ao Island (site D), located in the southern part of the
upper Lingding Bay, is affiliated to Zhuhai, Guangdong Province.
The mangrove forest in this site has been strictly protected and
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restored after the nature reserve was established in the year 1999.
In 2002, 2008, and 2013, S. apetala was transplanted stepwise on
the tidal flat (An et al., 2015).

Futian Nature Reserve (site E), Shenzhen, is located at the
northern side of the Shenzhen River’s outlet. This nature reserve
was established in 1984 and approved to be the second national
Nature Reserve of mangroves in 1988. Afforestation has been
conducted since 2000 in this site.

Mai Po Nature Reserve (site F), Hong Kong, is located at the
southern side of the Shenzhen River’s outlet. It has been protected
by the World Wide Fund for Nature Hong Kong (WWFHK)
since 1983 and was added to a Wetland of International
Importance under the Ramsar Convention in 1995 (Jia et al.,
2016). The whole Mai Po Nature Reserve is closed for the public,
to obtain a strict protection of birds and the related wetland
habitats. Vegetations mainly include mangrove and saltmarsh.

Data Acquisition
To investigate the mangrove forest distribution and quantify
its dynamics, multiple sources of RS images from 1987 to
2018 were used in the interpretation (20 images in total,
see Supplementary Table 1). Images taken before 2018 were
obtained from Thematic Mapper (TM) and Enhanced Thematic
Mapper (ETM+) scenes collected from Landsat 5 (resolution:
30 m), and images from 2018 were obtained from Sentinel-2
(resolution: 20 m). The images were downloaded freely from the
European Space Agency1 and the United States Geological Survey
(USGS2). Sentinel-2, with a state-of-the-art sensor of 13 spectral
bands and a 2∼5 days re-entry cycle, makes it possible to capture
detailed spatiotemporal changes in a vegetation community
(Drusch et al., 2012; Valderrama-Landeros et al., 2020). Images
acquired in 1987–1990, 1999–2000, 2009–2010, and 2018 were
used for the years 1990, 2000, 2010, and 2018, respectively, for
high cloud coverage of some images (Supplementary Table 1).
Since estuarine mangroves are located along the coasts, a buffer
with both seaward and landward distance of 10 km based
on the shoreline of GBA was generated to clip the satellite
images. Classification, statistics, and analysis in this study were
all conducted within this buffer.

Interpretation Method
Remote sensing and geographic information systems
technologies have become more and more widely applied as key
tools for large-scale vegetation monitoring (Giri et al., 2007; Jia
et al., 2016; Son et al., 2016; Zhu et al., 2017). Development of
RS sensors (e.g., multi-spectral and panchromatic images) and
classification algorithms [from traditional maximum likelihood
or decision tree classifiers to machine learning like random forest
(RF) classification method] have led to an improvement of the
precision of vegetation classification at a large scale [reviewed
by Kuenzer et al. (2011) and Wang et al. (2019)]. In this study,
the classification of 2018 was based on the Sentinel-2 images
via the RF algorithm (Breiman, 2001; Akar and Gungor, 2012;
Khatami et al., 2016; Zhao and Tang, 2016; Tian et al., 2020),

1https://scihub.copernicus.eu
2https://www.usgs.gov

while the classifications of the years 1990, 2000, and 2010 were
based on the Landsat TM/ETM + images via visual classification
and manually delineating, with the false color band composition
using Near Infrared Red, Red, and Green.

For the 2018 classification, we first checked different images
throughout the year to find the best season for mangrove
identification. Images taken in March with cloud coverage of less
than 1%, were selected for the 2018 mangrove extraction. The
training sets of saltmarsh, mangrove, tidal flat, built-up area, and
water area were selected from Futian nature reserve, Shenzhen
City. The 1–12 band in the Sentinel-2 image of 21st March was
used as the input feature, and the RF algorithm was used to train
and obtain the classification model (Supplementary Table 1).
The classification map involves saltmarsh (code 10), mangrove
(code 200), tidal flat (code 300), water (code 400, including
the rivers, lakes, and ponds), built-up area (code 500), and
others (code 600, including forests and other unclassified types).
Training areas were selected from typical mangrove patches
scattered in the study area, including 19 mangrove patches,
nine water patches, six tidal flat patches, 15 built-up patches,
two saltmarsh patches, nine other coastal vegetation patches
and 17 cloud-covered patches areas. The trained classification
RF model in Futian Region was consequently applied in the
whole study area using the images on the same date with the
same bands. The interpretation mapping method was used at
the last step to revise all these unideal classification results.
The interpretation mapping standard adopts the 1:100,000 land
use RS mapping standard of the Chinese Academy of Sciences,
and finally completes RS mapping of the current mangrove
wetland status in 2018.

Interpretation of Land-Cover Type
Transformation and Gained Mangrove
From HA or NE
The mangrove-related land use transformation during 2010–
2018, 2000–2010, and 1990–2000 were detected using a 6-digit
dynamic code. The first 3-digit code indicates the information
of the land-cover type of the earlier year, and the latter 3-digit
code indicates that of the later year. The dynamic code has
an advantage in identifying some uncertainties in the process
of visual interpretation (Zhang et al., 2014). For example, the
6-digit dynamic code “300200” records a tidal flat type patch
being transformed to mangrove type, indicating the recovery
of mangroves on bare mudflats. For example, in order to
distinguish the influence of natural factors and human activities
on mangrove-related land-cover transformation, the water area
type was extended into subtypes of rivers, lakes, and ponds with
the codes of 200410, 200420, and 200430, respectively. The maps
of land-cover type shared the common boundaries of patches
in the maps of adjacent years, making it possible to track and
quantify the mangrove-related land type transformation.

Patches of mangrove gained by HA or NE were distinguished
based on local policies of mangrove management (Jia et al., 2016)
and the detailed records of historical field survey during July 2012
to October 2014 in GBA mangrove forest, including coordinates,
mangrove species, ages, density, and other plant characters (Peng
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FIGURE 2 | Satellite images covering the study area in 2018, clipped with a 10 km buffer of shoreline. The subplots are the classification results by the Random
Forest algorithm of sites A-F.

et al., 2016b). New patches of exotic species S. apetala, were
recognized as gained from HA. For nature reserve sites, site E
(the core area) and site F, the policy of strictly banning exotic
species indicates that the newly mangrove patch is gained from
NE only. In sites B and C, the planned HA can be traced by the
usually clear edge, regular shape (strips or rectangles), and large
size (short edge scale > 60 m).

Classification Accuracy Assessment
Ground validation samples selected from field surveys (July 2012
to October 2014, see Peng et al., 2016b) and high-resolution
images in Google Earth were used to verify the classification
results (Estoque et al., 2018; Jia et al., 2018; Ma et al., 2019).
The sampled land cover types resulting from the classification
in 2018 were transformed into KML format and were imported
into Google Earth (Figure 2). The resulting confusion matrix
contains all the information about the relationship between
the classification results and the reference map. Then, the
overall accuracy, users’ accuracy, producers’ accuracy, and Kappa
coefficient were calculated from the confusion matrix. These four
indices were used to describe the quality of the classification result
(Supplementary Table 2). Specifically, the overall accuracy of the
classification of the year 2018 is 97.24% with a Kappa coefficient
of 95.85% (Supplementary Table 2).

RESULTS

Overall Land Cover Changes in the GBA
The total area of mangrove decreased during 1990–2000 and
increased during 2000–2018 (Table 1). During the 1990s, gained
mangrove area was 3.4 km2, and the net change of mangrove area
was−4.6 km2 (Figure 3C). The total area of mangrove decreased
to 6.9 km2 in 2000, and then it rebounded to 13.0 km2 in 2010 and
kept increasing to 18.3 km2 by 2018. The total mangrove area had
a net increase of 6.8 km2 (59%) during 1990–2018. The red bars in
Figure 3 indicate that the loss of mangrove area mainly occurred
in the 1990s (8.0 km2) and few in the 2000s and 2010s (less than
0.4 km2). A sharp increase has occurred since the 2000s. The net

TABLE 1 | Temporal variation of land-type areas (km2) within the 10 km coastal
buffer in the GBA.

Land-cover type 1990 2000 2010 2018

Mangrove 11.5 6.9 13.0 18.3

Saltmarsh 14.9 21.5 32.2 13.8

Tidal flat 46.0 24.4 28.0 6.1

Water (Estuary and aquaculture ponds)1, 059.8 1, 179.6 1, 232.0 1, 241.0

Built-up area 1, 548.8 1, 687.0 1, 771.0 1, 784.0
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FIGURE 3 | Changes in proportions (%) and areas (km2) of mangrove during 1990–2000, 2000–2010, and 2010–2018. Proportions of mangrove transformed to
other land-use types are in panel (A) 1990–2000, panel (D) 2000–2010, and panel (G) 2010–2018. Subplots in panels (B,E,H) show the proportions of mangrove
gain from other land-use types in 1990–2000, 2000–2010, and 2010–2018, respectively. The net changes of mangrove area during three periods were plotted in
panels (C,F,I). Mangrove area gains and losses are corresponding with the locations mangrove transformation modes shown in Table 3 and Figure 4.

change of the mangrove area during the 2000s (6.1 km2) and the
2010s (5.3 km2) were comparable (Figures 3F,I).

In addition to mangroves, saltmarsh areas were also
summarized. The saltmarsh area increased during 1990–2010
(from 14.9 km2 to 32.2 km2) and decreased onward (Table 1).
Estuarine saltmarsh and mangrove in the year 1990 accounted
for 56.5% (14.9 km2) and 43.5% (11.5 km2) of the total intertidal
vegetation area, respectively. The area of saltmarsh became less
than that of mangrove in 2018, indicating the domination of
mangrove among the coastal and estuarine vegetation ecosystems
recently. The area of tidal flats fluctuated in the study period and
reached a minimum in 2018 (Table 1). In contrast, the built-up
area kept increasing from 1,548.8 km2 (in 1990) to 1,784.0 km2

(in 2018) and was approximately 50-fold more than that of
coastal habitat (38.2 km2) involving saltmarsh, mangrove, and
tidal mudflat in 2018.

Mangrove Distribution at Each Site and
Nature Reserves
The percentage of mangrove area in the sites A-F to the total
estuary mangrove area in GBA increased from 69.6% in 1990 to
95.5% in 2018 (Table 2). Mangrove in sites A-F contributed more
than 95% since 2000, indicating mangrove aggregation in these
focused sites. The mangrove area in sites A and B had experienced
a decreasing trend during the 1990s, then increased during 2000–
2018. The mangrove area in sites C, D, E, and F has increased
continuously since 1990.

In the year 1990, the largest mangrove areas were present
in sites A, B, and F (Table 2). The areas of mangrove in these
three sites were 1,887 ha km2, 3,620 ha, and 1,855 ha in 1990,
accounting for 16.4, 31.4, and 16.1% of the mangrove area
in the GBA, respectively. Mangrove area in sites C and D is
estimated at 218 ha only.
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TABLE 2 | Estuarine mangrove areas (ha) and proportion (%) for each site.

Sites Reserves’ establishing year 1990 2000 2010 2018

Area % Area % Area % Area %

A (Zhenhai Gulf NRs) 2000 1,887 16.4 1,814 26.2 2,697 20.6 4,338 23.7

B (Huangmao Bay) / 3,620 31.4 0 0.0 150 1.2 840 4.6

C (Lingding Bay) / 70 0.6 722 10.4 1,212 9.3 1,740 9.5

D (Qi’ao NR) 1999 138 1.2 288 4.2 3,977 30.5 4,889 26.7

E (Futian NR) 1984 441 3.8 1,044 15.1 1,189 9.1 1,597 8.7

F (Maipo NR) 1983 1,855 16.1 3,036 43.9 3,310 25.3 4,086 22.3

Mangrove in NRs / 4,321 37.5 6,182 89.4 11,173 85.5 14,880 81.4

Mangrove in sites A-F / 8,011 69.6 6,904 99.8 12,535 95.9 17,460 95.5

Mangrove in GBA / 11,518 100.0 6,916 100.0 13,036 100.0 18,322 100.0

NR is short for nature reserve. “Mangrove in NRs” refers to as mangroves distributed in nature reserves, i.e., sites A, D, E, and F.

By 2000, the mangrove in site B had disappeared. Site F
accounted for the majority of mangrove area among the GBA
(Table 2). It contained 3,036 ha of mangrove, representing 43.9%
of the total mangrove area. Site A still had the region’s second-
largest mangrove, which was 1,814 ha and accounted for 26.2%
of the total estuarine mangrove in 2000. The proportion of
mangrove in nature reserves reached 89.4%.

In 2010, site D became the largest mangrove area. Mangroves
were mainly in the sites A, D, and F (Table 2). The mangrove area
in these three sites was 2,697, 3,977, and 3,310 ha, respectively,
which represented 76.4% of the mangrove area in GBA.

By 2018, site D still has the largest mangrove area of 4,889 ha,
which represented 26.7% of the total mangrove (Table 2). The
second largest one was in site A, which is 4,338 ha and accounted
for 23.7% of the total area. The rest was mainly distributed in Mai
Po Nature Reserve (F), with an area of 4,086 ha that represented
22.3% of the total estuarine mangrove in GBA. The proportion of
mangrove in nature reserves slightly decreased to 81.4%.

Transformation Between Mangrove and
Other Land Cover Types
The stepwise changes of land-cover type, i.e., area and percentage,
are shown in Figure 3. During 1990–2000, mangroves were
mostly transformed to ponds (41.1%) and built-up area (29.9%)
(Figure 3A). The lost mangroves were mainly changed to
saltmarsh (34.2%) and ponds (65.8%) (Figure 3D). Besides,
saltmarsh and tidal flat contributed 4.4 and 33.3% to mangrove
gain (Figure 3E). During 2010–2018, the area of gained
mangrove was 5.4 km2, and this was attributed to the transition
from saltmarsh (28.9%), tidal flat (34.9%), and ponds (19.9%) and
the other land cover types (Figures 3H,I). In general, mangrove
loss was rare in the GBA and even negligible during the 2000s and
2010s (Figures 3F,I).

Figure 4 and Table 3 showed the location and areas of net
changes in mangrove-related land-cover transformation in the
whole study period (between 1990 and 2018), respectively. The
stable mangrove between 1990 and 2018 is mainly scattered
in sites A, E, and F (Figures 4A,D). The area of patches that
transformed from mangroves to other land cover types was
799.1 ha, among which more than 60% of mangroves shifted to

water and urban area. 90% of mangrove gained from tidal flat
and aquaculture ponds (Table 3).

The Contributions of Human
Afforestation in Mangrove Area Recovery
In the study area, mangrove expansion mainly results from
HA or NE. The area and proportions of these two ways of
mangrove expansion are shown in Table 4. NE contributed
98.4% of mangrove expansion in the 1990s. The proportion
of HA increased to 73.7% in the 2000s but decreased to
46.9% in the 2010s. In Futian Nature Reserve (site E), in
the 1990s and 2010s, NE covered more than 80% of gained
mangrove forest. While in the 2000s, HA accounts for the half
of mangrove recovery (Table 4) and mostly at the seaward
fringe during the 2000s (Figure 5B). While in the adjacent
site F, NE contributes 100% since 1990. A similar pattern
is observed in site A, where the mangrove gain by NE
accounted for 90.3% in the 2010s (Figure 5A). In contrast,
HA was the dominant ways of mangrove expansion in site
D. As a result, site D was primarily covered by afforested
mangroves (Figure 5C).

Forecasting Mangrove Area Changes in
the Future
To reveal how mangrove area may change in various
management scenarios, four scenarios of future mangrove
area changes were simulated as follows: (1) GBA loss rate:
mangrove loss at a rate of −0.46 km2

·y−1 (−4%·y−1), i.e.,
the rate of mangrove loss in 1990–2000 in GBA, which is
much higher than the (2) global loss rate: 1.9%·y−1 in the
20th century (Friess et al., 2019); (3) current restoration
rate including both HA and NE: mangrove gain at a rate of
0.64 km2

·y−1, i.e., the increasing rate in GBA during 2000–
2018; and (4) accelerated restoration rate: mangrove gain at
a rate of 1.5 times the rate of scenario (3) (Figure 6). The
theoretical maximal mangrove forest area (MAA) (58.4 km2)
was calculated as the sum of the existing mangrove area
(18.3 km2), tidal flat (6.1 km2), saltmarsh (13.8 km2), and
aquaculture ponds (20.2 km2) in 2018. The assumption for
the scenarios is that all tidal flat, saltmarsh and aquaculture
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FIGURE 4 | Distributions of three transformation modes of estuarine mangrove sites between 1990 and 2018. (A) Site A; (B) Sites C and D; (C) Site B; (D) Sites E
and F.

areas would be theoretically suitable for HA and would all
be colonized, irrespective of climate change effects (e.g.,
sea-level rise, sediment, and freshwater supply) and urban
expansion. The results of these linear predictions show that,
in scenario (1), all mangroves would disappear by 2060, if
mangrove exploitation and degradation continued at the
same rate as during the 1990s. Compared to scenario (1),
mangrove loss at the global average rate in scenario (2)
is reduced. Under scenarios (3) and (4), mangroves will
cover all the theoretically suitable land for afforestation
before the years of 2080 and 2060, respectively (Figure 6).

DISCUSSION
Spatio-Temporal Dynamics of Mangrove
in the GBA Driven by Human Activities
This study showed that human activity has played a major role
in both loss and gain of estuarine mangrove area in the GBA.
On the one hand, large-scale mangrove areas were converted
to aquaculture ponds and built-up areas for development
during the 1990s. This finding is in accordance with previous
observations that the armored coastline length of the PRD has
gradually increased from 580.9 km in the 1980s to 744.9 km
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TABLE 3 | Three transformation modes between mangrove and other types
between 1990 and 2018.

Transformation modes 1990 2018 Area (ha) %

Mangrove Other types 799.1 100

Saltmarsh 2.1 0.3

Tidal flat 0.0 0.0

Mangrove-others Mangrove Water area 330.0 41.3

Built-up area 240.0 30.0

Others 227.0 28.4

Other types Mangrove 1, 464.6 100

Saltmarsh Mangrove 111.7 7.6

Tidal flat 517.6 35.3

Others-mangrove Water area 285.1 19.5

Built-up area 0.0 0.0

Others 550.2 37.6

Stable mangrove Mangrove Mangrove 380.1 100

in 2017 due to the seaward land reclamation (Ai et al., 2019b),
which caused a rapid mangrove loss (Wang et al., 2020). The
reclamation intensity was relatively low before 1990, peaked
in the 1990s, and then reduced after 2000 (Liu et al., 2017).
Similar negative anthropogenic effects on ecosystems in other
coastal cities in the world have been reported (Yeung, 2001;
Lai et al., 2015). Their extent and intensity highly depend on
urbanization (Ai et al., 2019b). Land reclamation and aquaculture
transformed mangroves to built-up areas and ponds, respectively,
suggesting the major direct causes of mangrove area reduction.
Moreover, engineered seawalls were built for flood control along
city shorelines, are commonly characterized by a steep slope.
These seawalls were by far the dominant type of landward
boundary for mangroves in China (Wang et al., 2020). These
seawalls (hard engineering for coastal defense) have blocked
landward mangrove migration directly and influencing the
delivery and removal of mangrove propagules and organic matter
by modifying the physical and biological processes indirectly
(Critchley et al., 2021). Consequently, negative human activities,
e.g., land reclamation and seawall constructions, have damaged

mangrove forests and aggravated the vulnerability of inundation
and die-back of mangroves from sea-level rise.

On the other hand, the positive human activities, e.g.,
protection and restoration measures, have halted and even
reversed the trends of habitat loss. For example, the area of
mangroves in the Guangdong Province increased since 2000,
which is consistent with our result that the great majority (>80%)
of estuarine mangrove areas occurs within nature reserves (Ma
et al., 2019). As reported by Liu et al. (2016), the area of
mangrove forest in site A has increased with 63.2 ha during
1999–2007, and gained 105.2 ha during 2007–2015, benefiting
from two nature reserves established (in counties Taishan and
Enping) in 2000 and 2005, respectively. Our results suggest
mangrove has grown steadily in nature reserves (e.g., site A)
compared to that in the sites without regulation (e.g., site B
and C). Based on these facts, we found that habitat recovery
in a region without strict protection and designed afforestation
is much slower than that in the nature reserves. The protected
mangrove area reached 67% of the total mangrove area in China
(Wang et al., 2020), suggesting the increasing awareness of
marine environmental issues in the last two decades. Positive
and progressive anthropogenic efforts, like establishing nature
reserves and concomitant afforestation, are efficient measures of
mangrove habitat restoration benefiting the remaining coastal
habitats that suffered from over-exploitation.

Uncertainties of Current Mangrove
Restoration and Management
According to our results and previous studies (e.g., Ai et al.,
2019a; Ma et al., 2019), it is shown that proper human activities
have facilitated and even accelerated mangrove expansion in the
GBA after the 1990s. We would be optimistic about the future
of the estuarine mangrove ecosystem in the GBA. However,
there is still uncertainty in the present restoration programs with
respect to mangrove ecosystem quality and functions. Several
recent studies have emphasized that native mangrove species
with higher biodiversity provide better ecosystem services (e.g.,
carbon stock and carbon sequestration rate) than the exotic
ones (Peng et al., 2016a,b; Lee et al., 2019; Wu et al., 2020).

TABLE 4 | Areas (ha) and proportion (%) of mangrove forest in newly gained (restored) mangrove during studied periods in sites A-F.

Sites 1990–2000 2000–2010 2010–2018

NE HA NE HA NE HA

Area % Area % Area % Area % Area % Area %

A 92.6 100.0 0.0 0.0 112.1 100.0 0.0 0.0 150.0 90.3 16.2 9.7

B 0.0 / 0.0 / 0.0 0.0 150 100.0 0.0 0.0 69.4 100.0

C 65.7 100.0 0.0 0.0 15.9 30.5 36.2 69.5 13.2 27.2 35.4 72.8

D 30.4 100.0 0.0 0.0 0.0 0.0 368.3 100.0 0.0 0.0 90.7 100.0

E 19.6 80.3 4.8 19.7 8.1 51.3 7.7 48.7 27.1 94.1 1.7 5.9

F 113.5 100.0 0.0 0.0 64.4 100.0 0.0 0.0 51.5 100.0 0.0 0.0

Total 321.8 98.4 4.8 1.6 200.5 26.3 562.2 73.7 241.8 53.1 213.4 46.9

NE is short for natural establishment, which is defined as mangrove expansion without human intervention. HA is short for human afforestation, which refers to planting
the mangrove saplings to expand forests artificially.
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FIGURE 5 | Spatial-temporal distribution of restored estuarine mangrove area at estuarine mangrove sites. The gained mangrove area by human afforestation and
natural establishment are marked with solid and variegated patches, respectively. (A) site A, (B) site E and F; (C) site D.

FIGURE 6 | Prediction of mangrove dynamics under four scenarios: (1) mangrove loss in the rate as observed between 1990 and 2000 in this study; (2) mangrove
loss in the global loss rate as observed in the 20th century; (3) mangrove restoration in the current rate including forests from both human afforestation and natural
establishment; and (4) mangrove expansion in the accelerated restoration rate. The upper dashed line shows the maximal afforestation area (MAA = 58.4 km2),
which is the sum of saltmarsh, tidal flat, and water areas in 2018.
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The introduced S. apetala and L. racemosa are characterized by
greater adaptability and a higher growth rate than the native
species. They have largely covered the restored mangrove habitats
(Zan et al., 2003; Ren et al., 2009), resulting in the reduction in
the proportion of the native mangrove species (i.e., K. obovata,
A. corniculatum, and A. marina) inevitably. Afforestation with
exotic mangrove species in the tidal flats has indeed led to an
apparent increase in forest area but has also raised a species-
related latent loss in functionality (e.g., carbon storage and
biological nitrogen fixation) and rampant degradation of native
mangrove species in China from the perspective of ecosystem
services (Peng et al., 2016b; He et al., 2018; Liu et al., 2020;
Wang et al., 2020; Wu et al., 2020). Therefore, we argue that
besides focusing on the area of restored mangroves (habitat
quantity), restoration programs should also aim at recovery of the
ecosystem functions and services (habitat quality).

Another uncertainty of the present mangrove restoration is
the insufficient suitable space. About 75% of the potential area
suitable for mangrove forests has been lost because of human land
use and is no longer available for mangrove restoration in China
(Hu W. et al., 2020). Mangrove forests are mainly restored at
tidal flats, being the low intertidal, pioneer vegetation in the GBA.
Planting mangrove saplings on the tidal flats was currently the
most popular restoration measure in the southern part of China,
and some Southeast Asian countries (Lewis, 2001; Primavera and
Esteban, 2008; Primavera et al., 2011; Duncan et al., 2016; Fan
and Mo, 2018). However, plantations in soft mudflat usually led
to weak root anchoring and the saplings’ survival rate is generally
disappointingly low due to the harsh environmental conditions,
such as long inundation time in lower elevated tidal flats, and
damage from storm surges (Lin and Liu, 2003; Duncan et al.,
2016), calling for more labor and investment to manage the
tender plants. In certain cases, where treatment of plantings is
insufficient, this may lead to high mortality of mangrove saplings
and failure of success of restoration projects. Additionally, bare
tidal flats are important habitats for benthic macrofauna and
birds (Erftemeijer and Iii, 2000), and as such are a critical habitat
within coastal wetlands (Hu et al., 2015; Bouma et al., 2016;
van Bijsterveldt et al., 2020). Rapid HA on the valuable tidal
flats has thus incidental ecological risks over a long-time span
(Primavera et al., 2011).

Strategies for Future Mangrove
Restoration
During 1980–2000, around 130 km2 of mangrove was lost, and
97% of it was converted to aquaculture ponds in southern China
(Department of Forest Resources Management, 2002). Shrimp
farming could provide a tremendous income at the beginning
but after some time may suffer from serious problems due to
the outbreak of diseases and pollution (Johnson et al., 2007;
Thomas et al., 2010; Duncan et al., 2016). As a result, 30% of
shrimp ponds in southern China have been abandoned (Fan and
Wang, 2017), and similar cases were found in Thailand, Malaysia,
Sri Lanka (Bournazel et al., 2015), and Indonesia (Gusmawati
et al., 2018; van Bijsterveldt et al., 2020). The great area of
abandoned shrimp ponds, which was originally transformed

from mangrove, might provide potential and promising spaces
for mangrove restoration in the near future, as abandoned ponds
often have environmental conditions suitable for mangrove
establishment, such as mild hydrodynamic conditions, suitable
(mid-high intertidal) elevations, and low wave energy compared
to the low-lying tidal flats (van Bijsterveldt et al., 2020).
Thus, mangrove restoration at abandoned shrimp ponds has
much potential to be feasible and should become a prior
restoration effort. It deserves more investment through pilot
restoration programs, accompanied by the monitoring of habitat
development and evaluation of ecosystem functionality, and
comparison of the costs and benefits of different restoration
methods. Besides, mixed shrimp-mangrove farming systems are
widely considered to be a win-win measure. According to Truong
and Do (2018), 60% is the optimal mangrove coverage for
shrimp farming, not only complying with the local ecological
conservation policy, but also benefiting shrimp farmers. The
corresponding optimal mangrove coverage around aquaculture
ponds in the GBA needs further exploration and practice. It
may depend on the types of aquaculture products and other
environmental conditions.

For the shrimp ponds outside seawalls, a breach at the seaward
edge would allow tidal supplies of water, sediment, and mangrove
propagules to enter the abandoned ponds, resulting in gradual
nourishment and restoration of mangrove forests. Much greater
areas of shrimp ponds (20.2 km2) exist in the GBA compared
to the tidal flats (6.1 km2), and hence abandoned shrimp ponds
may become suitable areas for mangrove restoration in the
future. As such mangrove restoration in abandoned aquaculture
ponds may contribute to finding a sustainable balance between
ecological conservation and human societal development in
coastal cities (Duncan et al., 2016; Lee et al., 2019), following
the mechanisms of coastal vegetation on attenuating hydrological
forces (van Loon-Steensma et al., 2014; Yao et al., 2018). It
may help to achieve urban marine sustainability via a top-down
approach in other coastal cities facing similar challenges as in
the GBA.

CONCLUSION

In this study, the spatio-temporal changes in the estuarine
mangrove areas as well as its transformation to and from other
land-cover types were quantified from multi-temporal RS images.
We conclude that estuarine mangroves in the GBA have first
undergone a loss and then a gain of area over the last 30 years.
Nearly 40% of mangrove areas were lost during the 1990s, mainly
resulting from human exploitation of the coastal landscape
(conversion to built-up area and aquaculture ponds), but then
the mangrove area has almost tripled over the next two decades
from 2000 to 2018 accounting for the establishment of nature
reserves. These distinct stages of estuarine mangrove dynamics
suggest that contrasting human activities, i.e., over-exploitation
vs. ecological restoration, exert a dominant control on changes
of mangrove area. In recent decades, mangrove afforestation on
tidal flats has played a positive role in mangrove restoration,
accounting for 46.9% of the increase in mangrove area. However,
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the dominating exotic species used in afforestation and their
potentially harmful effects on ecosystem functions such as
biodiversity and related ecosystem services, are still disturbing.
Moreover, considering the available area of high tidal mudflat
with a suitable elevation and adjacent to mangroves, and
considering the current rate of restoration, this approach of
mangrove afforestation on tidal flats will have reached its
limits by 2060. Therefore, it is necessary to seek for alternative
restoration strategies, like using abandoned shrimp ponds for
mangrove afforestation. In terms of the future protection policy
for mangroves in the GBA region, the lessons and experiences in
previous restoration practices may guide the local management
to effectively protect and recover the mangrove area and its
associated ecosystem services.
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