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Abstract—Coastal saltmarshes are key ecosystems with
important ecological functions. Yet, they have experienced
widespread decline. Due to their importance, the conservation and
restoration of saltmarshes are globally-shared objectives,
including China. Despite multiple local studies, nationwide
information about saltmarshes in China is scarce. Thus, we used
remote sensing to delineate the spatial distribution and areal
extent of saltmarshes along coastal China, and resolve their species
composition. By interpreting 10 m spatial resolution Sentinel-2
images on Google Earth Engine, assisted with field survey and
literature search, totally 118,010 ha of saltmarshes were delineated
in coastal China in 2019. Seven typical saltmarsh species were
identified, with Phragmites australis, Spartina alterniflora and
Scirpus mariquater as dominant species, accounting for 95.5% of
total saltmarsh extent, while Suaeda salsa, Tamarix chinensis,
Cyperus malaccensis and Sesuvium portulacastrum were present in
limited abundance. The P. australis and exotic species S.
alterniflora grow along almost all coastal provinces, but P. australis
dominates in the north while S. alterniflora dominates in the
middle part of coastal China. Suaeda salsa occurs mainly in the
north and has suffered large losses. Tamarix chinensis is abundant
in Shandong province, S. mariquater in the Yangtze River delta, C.
malaccensis in Guangdong and Guangxi provinces, and S.
portulacastrum in Taiwan. The exotic species S. alterniflora
expanded extensively along the coast and its expansion rate
continues to increase. The results provided conform a muchneeded baseline for future monitoring efforts and the assessment
of progress in the conservation and restoration projects toward
recovering saltmarshes in China.
Index Terms—Distribution, remote sensing, saltmarsh,
Sentinel-2

I. INTRODUCTION

S

ALTMARSHES are coastal ecosystems formed by herbaceous

communities growing in saltwater or brackish mudflats that
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are periodically or intermittently flooded by tides [1].
Saltmarshes are highly productive ecosystems and provide a
suite of ecosystem services, such as coastal protection by
attenuating waves [2],[3], provision of food, shelter and habitat
for wildlife [4],[5], especially for migratory seabirds [6],[7],[8]
and early life stages of fish and invertebrates [9], nutrient
removal[3], and carbon sequestration [10]. Hence, saltmarshes
rank among Blue carbon ecosystems [11],[12],[13], and their
conservation and restoration contribute to climate change
mitigation and adaptation [11],[12],[14],[15],[16]. As regards
humans, saltmarshes can offer a variety of commercial,
recreational and aesthetic values [17].
Saltmarshes are major components of coastal ecosystems in
China, being present across all the coastal provinces and
municipalities. As one of major Blue carbon habitats,
saltmarshes play a significant role in Blue carbon strategies in
China due to their broad distribution and high carbon
sequestration potential [18]. Recently, China has been
vigorously developing a blue carbon program for climate
change mitigation and adaptation, including the improvement
of wetland carbon sequestration capacity as a strategy to reduce
greenhouse gas emissions among China’s Nationally
Determined Contributions (NDC) submitted under the Paris
Agreement [19]. This requires quantification of the magnitude
of carbon stocks in Chinese saltmarshes, including accurate
information on the extent, species composition, and distribution
of coastal saltmarshes, as well as threats and drivers of changes.
Understanding the present and historical extent and distribution
of saltmarshes can help set targets for saltmarsh restoration
projects to mitigate climate change [20]. Additionally, regular
monitoring of saltmarshes can help update the estimation of
their carbon sequestration capacity [21].
So far, various local studies of saltmarsh dynamics have
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been conducted in some hotspot areas in China, such as the Liao
River Delta [22],[23], the Yellow River Delta [24],[25], the
middle coast of Jiangsu province [26],[27],[28], Shanghai [29],
[30],[31], and the Yangtze River Estuary [32],[33]. The
distribution of exotic Spartina alterniflora across China’s
coastline has been reported in a number of studies [34],[35],[36],
[37], and its spatiotemporal patterns was also studied [38]. A
nation-wide assessment of saltmarshes is, however, still
pending. Thus, this study aims to identify and map the spatial
distribution of different saltmarsh species along coastal China
to provide a 2019 nation-wide baseline for coastal saltmarshes,
which is beneficial to saltmarsh conservation and restoration.
II. MATERIALS AND METHODS
A. Study area
The coastline of China extends over approximately 32,000
km, including 14,000 km island coastline, starting from the
Yalu River mouth in the north of Liaoning and extending to the
Beilun River mouth of Guangxi in the south as well as Hainan.
From north to south along the coast, the 14 provinces and
municipalities are Liaoning, Hebei, Tianjin, Shandong, Jiangsu,
Shanghai, Zhejiang, Fujian, Taiwan, Guangdong (include Hong
Kong and Macau), Guangxi, and Hainan. Our study area covers
the entire coastal China from 18°10´N to 39°50´N, containing
tropical, subtropical, and temperate climate zones. Hangzhou
Bay (30° N) in Zhejiang is a dividing point for the entire
coastline [39] as China’s coast north of Hangzhou Bay is
dominated by sandy/muddy shores, while the coast south of
Hangzhou Bay is mainly rocky shores, unsuitable to support
saltmarshes.
Saltmarshes usually grow in sandy or muddy shorelines and
are stratified, in term of community structure, with elevation
relative to mean sea level, into low marshes, middle marshes,
and high marshes. Along the coastal China, native saltmarsh
species Phragmites australis and Tamarix chinensis are
dominant in high marshes; Suaeda salsa and Cyperus
malaccensis are dominant in middle marshes; and Scirpus
mariqueter and Scirpus triqueter dominate in low marshes [36].
Exotic Spartina alterniflora are encroaching seaward into low
marshes and landward into high marshes [40].
B. Field survey
We conducted a field survey along the national coastal zone
in 2019, recorded the positions using a handheld GPS device,
and taken aerial photos by a Hasselblad L1D-20c of DJI Mavic2 Pro and DJI 4 P4 drone. These aerial photos (R, G, B) could
help identify and verify saltmarsh species and distributions
within a large extent far away from the coast. The information
of field survey sites was recorded in Supplement Table I and
detailed information of aerial photo shoots could be seen in Gu
[41].
C. Remote sensing method
Remote sensing is beneficial to mapping blue carbon
ecosystems [42]. Abundant remote sensing images, such as
Landsat series and Sentinel series images, are publicly available.
We selected Sentinel 2 L1C data with a spatial resolution of 10

m as the main source to identify and map coastal saltmarsh
distributions in China. The analyses were conducted on the
Google Earth Engine (GEE), a cloud-based analysis platform
that comprises a large archive of publicly available geospatial
data, including analysis-ready Sentinel 2 data, and highperformance parallel computation services [43],[44],[45].
Since coastal saltmarshes are only distributed in coastal
intertidal zones, land masks, updated with visual interpretation
based on publicly available natural and man-made coastline
data of open street map, were applied to eliminate land
information while retaining coastal zone information. Sentinel
2 images acquired on low-tide and cloud-free dates during
September to November were selected to effectively identify
different landscapes and saltmarsh vegetation species.
Although we selected images that had the cloud cover less than
10% to get high quality data, best available images for some
areas still had thin clouds, which would influence the surface
reflectance of different land covers. Thus, pixels that were
identified as cloud or cloud shadow by the FMask algorithm [46]
were excluded from the image stacks to avoid errors. As tidal
stages affect saltmarsh interpretation of remote sensing images
[47], we looked through all the cloud-free scenes and manually
selected relative low-tide scenes by overlaying the scenes.
Totally 78 Sentinel 2 images were applied for the whole coastal
China to identify saltmarsh species, in which 59 images were
acquired during late growing seasons (September to November)
while other 19 images were not (Fig. 1a). In some regions, such
as Hainan, Macau, Hong Kong and Taiwan, the spatial
resolution of Sentinel 2 is too coarse to identify the saltmarshes
due to their limited distribution there. As a result, we used
higher spatial resolution images available in Google Earth
during the late growing seasons at the same year to manually
map the saltmarsh distribution using visual interpretation and
expert classification. Google Street views also helped identify
saltmarsh species in these small regions.
The training data and validation data used in the
classification were all randomly selected pixels from the
Sentinel 2 images based on field survey, aerial photos, and
very-high-resolution images on Google Earth. Total 16,818
samples were selected as training and validation data, but the
former covered 74% (12,381) and the latter covered 26% (4,437)
of the whole dataset (Fig. 1b). These training data and
validation data were stratified by region and class (Supplement
Table II). Specifically, in each province the data classes
included water, tidal flat, 1-4 kinds of saltmarsh species, or
mangrove. We used the support vector machine (SVM), an
advanced machine learning method, to implement the
classification of saltmarshes. This supervised machine-learning
model was trained using input data from randomly selected
pixels of Sentinel 2 images. To better identify different land
covers, we computed 7 predictor variables to be used in the
SVM classification, including Sentinel 2 Near Infrared band
(NIR), Short-wave Infrared 1 band (SWIR1), the normalized
differenced water index (NDWI) [48], modified normalized
differenced water index (MNDWI) [49], automated water
extraction index (AWEI) [50], normalized differenced
vegetation index (NDVI) [51] and enhanced vegetation index
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(EVI) [52]. Different saltmarsh species varied in these indices
especially in remote sensing images acquired in autumn (Fig.
2). After classification, we post-processed the results of SVM
classification by elimination and majority filter in ArcGIS 10.7
(ESRI 2019) and corrected obvious misclassification by visual
interpretation. Field survey and aerial photos taken by the drone
also helped validate and correct the final classification results.
A standard remote-sensing error (“confusion”) matrix, accuracy
index and Kappa index were used to evaluate the quality of
SVM classifier and validation results. Maps of saltmarsh
distribution with 10×10 m minimum mapping unit were drawn
in ArcGIS 10.7 (ESRI 2019). The flow chart of saltmarsh
classification was shown in Fig. 3.
III. RESULTS
A. Classification accuracy
The SVM training accuracy ranged from 89.3% to 97.8% in
different regions with an average of 93.3%. The training Kappa
index ranged from 0.86 to 0.97 with an average of 0.91. The
validation accuracy ranged from 88.6% to 96.9% in different
regions with an average of 93.9%. The validation Kappa index
ranged from 0.86 to 0.96 with an average of 0.92 (Table 1).
These estimation index indicated overall satisfactory
classification results. For further information about
classification accuracy, confusion matrix, producer’s accuracy,
and user’s accuracy for each classification category were
showed in supplement table II and III.
To better display the classification accuracy, we selected 6
regions as examples to compare classification results and aerial
photos taken in the field (Fig. 4). In Liao River estuary, sites
V1, V2, and V3 represented Suaeda community, SuaedaPhragmites mixed community, and Phragmites community,
respectively. In Yellow River estuary, sites V4, V5, and V6
represented Tamarix-dominated community, TamarixPhragmites mix community, and Phragmites community,
respectively. In Xinyang and Dafeng, sites V7 and V8
represented Phragmites community and Spartina community.
In north Choming island, sites V9, V10, and V11 represented
Phragmites community, Phragmites-Spartina transition
community, and Spartina community. In Jiulong estuary, sites
V12, V13, and V14 represented mangrove-Spartina transition
community, and Spartina communities. The saltmarsh
classification results at these sites were exactly the same as the
aerial photos considering the saltmarsh species, distribution
pattern, and community transition.
B. Extent and distribution of saltmarsh species
A total of 118,010 ha saltmarshes was delineated (Table 2).
Shanghai had the largest areal extent (34,086 ha) of saltmarshes,
accounting for 28.9% of the total national inventory. Jiangsu
(25,025 ha), Shandong (20,067 ha), Zhejiang (19,809 ha) and
Fujian (10,483ha) followed, together contributing 63.9% of
China’s saltmarshes. We identified 5,181 ha saltmarshes in
Liaoning and 1,520 ha in Guangxi. The area of saltmarshes in
Guangdong, Hebei and Tianjin were less than 1,000 ha. There
were scattered saltmarshes in Hainan, Taiwan, Hong Kong and

Macau, with all together comprising less than 300 ha. As we
mentioned previously, Hangzhou Bay is a dividing point for
different types of shorelines. Saltmarsh extent north of
Hangzhou Bay accounted for 72.0% of China’s total saltmarsh
extent while the saltmarsh south of Hangzhou Bay only 28.0%
of the extent.
Mainly seven typical saltmarsh species were identified along
coastal China, including Phragmites australis, Suaeda salsa,
Spartina alterniflora, Scirpus mariqueter, Tamarix chinensis,
Cyperus malaccensis, and Sesuvium portulacastrum (Table 2).
Saltmarsh species identification was based on the satellite
images, literature review, field survey and interview with local
people. Among these species, S. alterniflora, P. australis, and
S. mariqueter are dominant species, covering 57.2%, 29.3% and
8.9% of total saltmarsh extent, respectively. Other species are
present with limited abundance with only 4.5% of coverage
(Table 2).
In the entire coastal scale, the distribution of these
saltmarshes varies with regions (Fig. 5,6,7; Table 2).
Phragmites australis grows along the coastal China, except
Hong Kong, and is concentrated on the north and the middle
part. Spartina alterniflora occurs in all regions (We found S.
alterniflora in Hainan in field survey but the area was too small
to be identified in remote sensing images), except Macau, and
covers large areas in the middle part of coastal China. Suaeda
salsa mainly grows in the regions north of Jiangsu. Tamarix
chinensis, alone or in a mixed community with P. australis and
S. salsa, is found in Shandong, especially in the Yellow River
Delta. Scirpus mariquater, a pioneer species that is native and
specific to China, only retains abundant cover in the Yangtze
River estuary and Hangzhou Bay. Sesuvium portulacastrum
only occurs with abundant cover in Taiwan and small cover in
Guangxi and Hainan (only found in field survey), while
Cyperus malaccensis only occurs in Guangdong and Guangxi,
usually growing along with P. australis.
The diversity and abundance of saltmarsh species varied
across regions (Fig. 7). Generally, saltmarshes north of
Hangzhou Bay have higher plant species diversity and larger
extents than those south of that bay. Specifically, the Liao River
delta in Liaoning has two native saltmarsh species, with P.
australis dominating with 71.7% of the total saltmarsh extent
and S. salsa covering 27.6% (Fig. 5a). The exotic S. alterniflora
only occurred in small patches. Saltmarshes in Hebei and
Tianjin have three species with S. alterniflora being the
dominant species covering 65.1% of extent. Saltmarshes in
Shandong especially the Yellow River delta have four
saltmarsh species, dominated by P. australis covering 50.6% of
the extent while S. alterniflora covers 34.8% (Fig. 5c).
Especially, S. alterniflora is expanding obviously in the Yellow
River Delta. Saltmarshes in Jiangsu have more species than any
other regions except Shandong, due to its broad and flat
intertidal zones with abundant sediment inputs as well as its
suitable climate with moderate temperature and precipitation
[53]. Spartina alterniflora is expanding extensively along the
coast of Jiangsu from Sheyang to Rudong county, and has
become the dominant species covering 67.6% of extent, larger
than S. salsa, the native dominant species prior to this invasion.
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Native species P. australis covered 30.3% of extent with
abundant distribution in Yancheng National Nature Reserve
(Fig. 5d). Saltmarshes in Shanghai, especially Chongming
Dongtan and Jiuduansha, have three species, where S.
alterniflora invades into areas formerly occupied by two native
species communities (Fig. 5e, f). Management actions have
slowed down the expansion of S. alterniflora, but it still
occupies a quite large extent in Shanghai, covering 47.6% of
extent. Scirpus mariqueter colonizes mudflats that are
expanding with increased sediment input, thus covering 19.0%
of the saltmarsh extent. Saltmarshes in Zhejiang and Fujian
have three species with S. alterniflora as the dominant one,
covering 75.1% and 97.5% of extent, respectively. Saltmarshes
in Zhejiang are mainly distributed in bays and estuaries, such as
Hangzhou Bay (Fig. 5g), Xiangshan Bay, Sanmen Bay (Fig. 5h),
Yueqing Bay (Fig. 6i), Ou River estuary, Feiyun River estuary,
and Ao River estuary. In Fujian, Spartina alterniflora is mainly
distributed in Zhangjiang estuary, Jiulongjiang estuary,
Luoyuan Bay, Sansha Bay (Fig. 6j), and the coastal areas of
Ningde city. Guangdong and Guangxi have the same three
species with S. alterniflora dominated covering 61.0% and
74.5%, respectively (Fig. 6l). Spartina alterniflora expanded
extensively in Dandou Sea, Guangxi [54] (Fig. 6m). Cyperus
malaccensis has a relatively large extent in the Nanliujiang and
Qinzhou Bay, Guangxi [55] ( Fig. 6n). Hainan has P. australis,
S. alterniflora, and Sesuvium portulacastrum, but the latter two
species have too small extents to be identified in Sentinel 2
images. Taiwan has three saltmarsh species including P.
australis, S. alterniflora, and S. portulacastrum with S.
alterniflora in abundant distribution. Only S. alterniflora is
found in Hong Kong. Phragmites australis and Cyperus
malaccensis grow together in Macau with quite limited
abundance.
C. Distribution pattern of typical saltmarsh species
Different saltmarsh species have their specific distribution
pattern along the coast. Phragmites australis, with the largest
areal extent of native saltmarsh species, usually occurs in
estuaries and along the river bank. In the north of coastal China,
Phragmites australis grows as monpspecific stands, while in
the central part of coastal China, exotic S. alterniflora invades
into P. australis dominated community as patches to gradually
occupy the whole intertidal zone with decreasing elevation. In
the south of coastal China, Phragmites australis usually grows
with Cyperus malaccensis, which renders their identification in
satellite images cumbersome. Scirpus mariqueter, the native
species with the second largest extent, only occurs in
Chongming Dongtan, Jiuduansha, Hangzhou Bay, and
Minjiang estuary (Scirpus triqueter). In these regions, Scirpus
mariqueter usually occupies low intertidal zones, and is
invaded by S. alterniflora in upper boundary. Suaeda salsa,
another native species, is abundant in Liaoning, Shandong, and
Jiangsu, and occurs with a limited extent in Hebei and Tianjin.
Suaeda salsa usually grows in lower intertidal zones than P.
australis communities or outside the artificial coast like dyke.
However, the landward expansion of the invasive S. alterniflora
squeezes the extent of S. salsa in some regions such as the

Yellow River Delta and Yancheng nature reserve in Jiangsu.
The exotic species S. alterniflora grows in three different
ways along the Chinese coast. In the northern and middle part
of coastal China, where native saltmarsh species occupy the
intertidal zones, S. alterniflora invades landward into the P.
australis and S. salsa communities, and invades seaward into
the S. mariqueter community. In the south coast of China, S.
alterniflora is distributed as a belt along the seaward boundary
of mangroves. Spartina alterniflora also usually occupies large
extents in estuaries and bays where there is no native saltmarsh
species along the whole coast. Since S. alterniflora stands
promote sediment accumulation, it also occurs outside the
artificial coast, such as outside dykes or ponds (Fig. 5b, 6l). In
some regions, S. alterniflora still grows in formerly reclaimed,
but now abandoned coastal areas.
IV. DISCUSSION
A. Total extent estimate
Due to the spatial resolution of Sentinel 2 images, small
patches (< 10m×10m) of saltmarshes were not identified, thus
the total extent of saltmarshes reported here should be
considered a conservative one. Our assessment estimates
saltmarshes in coastal China to cover 118,010 ha in 2019, and
provides a baseline with different saltmarsh species to assess
subsequent changes. Accordingly, Chinese saltmarshes
represented 2.1% of the global saltmarsh area, estimated at
5,495,100 ha by Mcowen et al. [56], which, however, estimated
that saltmarshes in China accounted for 10% of the global area.
This apparent discrepancy arises because the global estimate of
Mcowen et al. [56] corresponds to estimates acquired across a
broad time window (1973 to 2015, depending on region) around
the world from different available information, which was more
likely a spatial database not a baseline of saltmarsh. Hence, the
value of the estimates of Mcowen et al. [56] as a baseline for
comparison is limited, as it compounds area estimates across
four decades. Our saltmarsh extent result provides a far more
reliable baseline for saltmarsh comparison in the global scale
and into the future.
Hu et al. [57] mapped coastal saltmarshes in China using time
series of Sentinel-1 SAR data and interpreted 127,477 ha with
4 species of saltmarshes. Our results were 7.4% lower than Hu
et al. [57] mainly due to the discrepancy of Suaeda. The plants
of Suaeda are quite short and small, and sparsely distributed if
newly transplanted, thus leading to low reflectance in
multispectral Sentinel-2 data and difficulty in differentiating
from tidal flats. In southern China, P. australis usually grows
with C. malaccens and the latter is dominant in Guangxi as we
found in the field survey. Hu et al. [57] found no C. malaccens
but only P. australis in southern China, which was due to the
difficulty in distinguishing these two species by SAR. Also, the
similarity of dense P. australis and S. alterniflora stands
represented in SAR data may lead to misclassification of these
two species in some regions. For example, Hu et al. [57]
misclassified S. alterniflora as P. australis in Yueqing Bay
where our results showed only S. alterniflora covered large
extents as founded in our field survey. SAR data have
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advantages of differentiating plant species with various heights,
while multispectral data contain abundant spectral information.
Therefore, the combination of SAR and multispectral data
could further improve interpretation of saltmarshes.
B. Saltmarsh variation in typical regions
Globally, saltmarshes have suffered large losses due to
anthropogenic and natural reasons [11][58]. Indeed, coastal
saltmarshes in China suffered a great loss (59%) from the 1980s
to the 2010s [59], with rates of loss differing across species and
regions. Based upon the saltmarsh data reported in previous
research papers, we calculated the rates of change of different
saltmarsh species in five main coastal wetlands (Table 3). In the
Liao River delta (Liaoning), S. salsa slowly increased at a rate
of 15 ha y-1 from 2004 to 2019 due to natural succession and
protection and restoration efforts to create “Red beach”, which
describes the S. salsa saltmarsh landscape when it is changing
the color during cold winter days [60]. The change in
Phragmites australis was not calculated, as the published data
covered lots of P. australis inland of artificial seawalls, which
represents freshwater wetlands that were not included in our
saltmarsh mapping. In the Yellow River delta, Phragmites
australis decreased with 103 ha y-1 while S. salsa decreased
dramatically with 1,142 ha y-1 from 2010 to 2019. These large
losses were due to saltmarsh conversion to agricultural lands,
aquaculture ponds, salt pans, and urban development [61],[62].
Coastal erosion also led to rapid decline of S. salsa saltmarsh
[62]. Another reason for this large loss of S. salsa was the
overestimated extent in 2010. We verified the remote sensing
images in Google Earth and found that the large area identified
as S. salsa in south part of the Yellow River delta could be
instead mudflats. The exotic S. alterniflora increased
significantly by 348 ha y-1 from 2016 to 2019. The large
expansion concentrated in new expanding mudflats of the
Yellow River delta due to the abundant sediment inputs. In
Yancheng, Jiangsu, P. australis and S. alterniflora expanded
extensively at 699 ha y-1 and 539 ha y-1 respectively from 2015
to 2019. The expansion of P. australis mainly occurred in
Yancheng nature reserve as a result of effective protection and
restoration management. The expansion of S. alterniflora,
however, was due to invasion into native saltmarsh species and
continuous colonization on mudflats. The native species S.
salsa decreased rapidly due to reclamation [27] and invasion by
S. alterniflora [40]. In Chongming Dongtan, P. australis slowly
increased by 6 ha y-1 from 2010 to 2019 due to conservation
while S. mariqueter decreased by 56 ha y-1 as it was invaded by
S. alterniflora. In our estimates, the area of S. alterniflora
decreased which was quite surprising. From 2010 to 2019, there
were reclamation projects in northeast of Chongming Dongtan.
Our saltmarsh mapping focused on saltmarshes outside of
seawalls, thus leading to a lower estimates of the area of S.
alterniflora. Another reason was due to saltmarsh management
efforts to remove S. alterniflora in Chongming Dongtan.
Saltmarshes in Jiuduansha increased due to high sedimentation
rates, colonization, and wetland evolution from 2010 to 2019,
however, the increasing rate was largest for S. alterniflora (385
ha y-1), as this species could invade into areas occupied by other

two native species.
C. Exotic Spartina alterniflora variation along the coast
Several studies have reported national distribution of S.
alterniflora in 2007 and 2015 [34],[35],[36],[37], allowing us
to calculate the rate of change in area along the coast. Spartina
alterniflora is expanding along the coast and increasing by
2,768 ha y-1 (average rate from 2007 to 2019) across China,
when our estimates were compared to those of Zuo et al. [35]
and Zhang [34]. The rate of expansion has accelerated recently,
as S. alterniflora has increased at 3,163 ha y-1 between 2015 and
2019, based on the national S. alterniflora extent reported by
Zhang et al. [36] and Liu et al. [37]. The expansion of S.
alterniflora from 2015 to 2019 differed among provinces.
Compared to the areal extent in 2015 reported by Liu et al. [37],
we found that S. alterniflora increased in Shandong, Shanghai,
Zhejiang, Fujian, and Guangxi, but decreased in Hebei, Tianjin,
Jiangsu, and Guangdong (Fig. 8). The decrease of S.
alterniflora in Hebei and Tianjin was due to reclamation. In
Jiangsu, the decrease was due to the efforts to restore P.
australis in Yancheng nature reverse. The Guangdong
government planted mangrove Sonneratia apetala to replace S.
alterniflora or simply removed it as a management to control
the S. alterniflora expansion.
Our results showed that S. alterniflora was found in Taiwan
where previous studies had no record of this invasive species.
The occurrence of S. alterniflora in Liaoning was disputed. Liu
et al. [37] reported no occurrence, however, in our study, we
found small patches of S. alterniflora in Zhuanghe and
Yingnahe estuary, Liaoning. Indeed, northward expansion of S.
alterniflora is expected with warming temperatures [63](Xiao
et al., 2019). Overall, though S. alterniflora covered a small
extent in these regions, we still need to pay attention to monitor
its expansion.
V. CONCLUSION
This study mapped the spatial distribution, identified the
species composition, and delineated the areal extent of coastal
saltmarshes in 2019, providing a baseline for coastal
saltmarshes across the country. The total area of saltmarshes
was 118,010 ha, with Spartina alterniflora covering for 57.2%,
Phragmites australis for 29.3%, Scirpus mariqueter for 8.9%,
Suaeda salsa for 3.0%, and other species (Tamarix chinensis,
Cyperus malaccens, and Sesuvium portulacastrum) for 1.5%.
In main coastal wetlands, different saltmarsh species showed
various changes compared to previous years, which were the
results of natural succession and human effects, including
restoration of native saltmarsh species and removal of exotic
species. Invasive species S. alterniflora is expanding
extensively along the coast with an average of 2,768 ha y-1 from
2007 to 2019, and 3,163 ha y-1 during 2015-2019, showing
acceleration in recent years. Though the total national areal
extent of S. alterniflora is still increasing, its area in some
provinces showed a decline due to the control and removal
efforts.
China is implementing ambitious saltmarsh protection and
restoration projects. Progress toward restoring the historical
extent of saltmarshes requires a reliable baseline, which our
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results provide. This baseline also represents a reference to
calculate the contribution of saltmarsh conservation and
restoration efforts to avoidance of greenhouse gas emissions,
enhancement of carbon sequestration and climate change
mitigation, which helps to achieve carbon neutral.
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Fig. 1. Information about remote sensing classification data (a: number of
used Sentinel 2 images acquired in each month; b: Training and validation data
points used in SVM classification model in each region; LN: Liaoning,
HB_TJ: Hebei and Tianjin, SD: Shandong, JS: Jiangsu, SH: Shanghai, ZJ:
Zhejiang; FJ: Fujian, GD: Guangdong, GX: Guangxi)

Fig. 2. Band reflectance and indices for land use and saltmarsh species
classification (As bands Blue, Green, Red, and SWIR2 have little differences
among land use and saltmarsh species, these three bands are excluded from
SVM classification model).

Fig. 3. The flow chart of saltmarsh classification (OA: overall accuracy; PA:
producer’s accuracy; UA: user’s accuracy).

Fig. 4. Comparison for classification results and aerial photos (A:
classification results in Liao river estuary; V1-V3: aerial photos in Liao river
estuary; B: classification results in Yellow river estuary; V4-V6: aerial photos
in Yellow river estuary; C: classification results in Yancheng nature reserve;
V7: aerial photo in Yancheng nature reserve; D: classification results in
Dafeng; V8: aerial photo in Dafeng; E: classification results in north
Chongming; V9-V11: aerial photos in north Chongming; F: classification
results in Jiulong estuary; V12-V14: aerial photos in Jiulong estuary)
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Fig. 5. Characteristic examples of saltmarsh distribution in Liaoning, Tianjin,
Shandong, Jiangsu, Shanghai and Zhejiang provinces (Base maps are Sentinel
2 images in true color).

Fig. 7. Compositions of seven typical saltmarsh species along the coastal
China (Dark blue areas represent saltmarsh distribution)

Fig. 6. Characteristic examples of saltmarsh distribution in Zhejiang, Fujian,
Guangdong and Guangxi provinces (Base maps are Sentinel 2 images in true
color).
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Fig. 8. Spartina alterniflora variation from 2015 to 2019 along the coastal
China (Data in 2015 were from Liu et al.[37])
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TABLE I
OVERALL ACCURACY (OA) AND KAPPA INDEX OF SVM
TRAINING AND VALIDATION
Training
Validation
Region
OA (%)
Kappa
OA (%)
Kappa
Liaoning
91.4
0.88
96.1
0.95
Hebei & Tianjin
97.8
0.97
96.3
0.94
Shandong
91.1
0.89
88.6
0.86
Jiangsu
97.1
0.96
93.7
0.92
Shanghai
89.3
0.87
88.7
0.86
Zhejiang
94.3
0.93
95.2
0.94
Fujian
93.7
0.92
96.9
0.96
Guangdong
89.4
0.86
94.3
0.92
Guangxi
95.4
0.94
95.7
0.95
Average
93.3
0.91
93.9
0.92

TABLE II
SALTMARSH SPECIES AND AREAL EXTENTS ALONG COASTAL CHINA IN 2019 (UNIT: HA)
PA
SS
SA
SM
CM
Other
Total
3717
1431
33
5181
Liaoning
204
27
430
661
Hebei & Tianjin
10144
1653
6989
1281a
20067
Shandong
7592
461
16919
53
25025
Jiangsu
11372
16228
6486
34086
Shanghai
1063
14877
3869
19809
Zhejiang
145
10217
121b
10483
Fujian
28
149
87c
264
Taiwan
337d
557
19
913
Guangdong
1133
387 d
1520
Guangxi
1
1
Hainan
34603
3572
67532
10529
406
1368
118010
Total
Note: PA: Phragmites australis; SS: Suaeda salsa; SA: Spartina alternilfora; SM: Scirpus mariqueter; CM: Cyperus malaccensis; a mix growing of Tamarix
chinensis, Phragmites australis and Suaeda salsa; b Scirpus triqueter; c Sesuvium portulacastrum; d mix growing of Phragmites australis and Cyperus
malaccensis.
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TABLE III
PUBLISHED SALTMARSH EXTENT COMPARED TO OUR OWN EXTIMATES AND THE RATE OF CHANGE IN AREA ACROSS FIVE MAIN COASTAL WETLANDS IN CHINA
Phragmites australis
Suaeda salsa
Spartina alterniflora
Scirpus mariquater
Yeara
Reference

Areaa

Areab

Rate

Liao River delta

Areaa

Areab

Rate

682

904

15

Areaa

Areab

Rate

Areaa

Areab

Rate

2004

Huang, 2011

Yellow River
delta

9687

8764

-103

11239

965

-1142

3332c

4376

348

2010,2016c

Sun et al. 2016;
Yang, 2017

Yancheng

4046

6841

699

4662d

460

-420

8961

11115

539

2009d,2015

Zheng
2018

Chongming
Dongtan

1500

1551

6

1500

726

-86

1400

899

-56

2010

Ren et al., 2014

Jiuduansha

2213

2790

64

2278

5740

385

437

849

46

2010

Liu, 2013

et

al.

Note: Extent unit: ha; rate unit: ha y-1, negative loss, positive gains. Data in Areaa were from published papers; Data in Areab were from our results. Yeara refers to the saltmarsh data reported in references. c Data
were reported in 2016. d Data were reported in 2009. The rate was calculated from the year reported in references to 2019.
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