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Intertidal wetland, located at the interface of the continent and ocean, provides
significant support to human society. With China being the largest developing country
and the second-biggest economy in the world, the intertidal wetland along its coast
has been exposed to climate change and over-exploitation for decades. Despite its
ecological and economic significance, the distribution and variation of the intertidal
wetland remains unknown. In this study, based on a multi-temporal remote sensing
archive accumulated since the 1970s, we detected the dynamics of the intertidal
wetland along China’s coast, at a spatial resolution of 30 m and a time interval of
20 years, over the course of four decades (1970s–2015). The main objectives of this
study lie in (1) examining the distribution of and variation in intertidal wetland extent
in temporal and spatial aspects; (2) identifying the main driving force of the intertidal
wetland dynamics; and (3) making suggestions for future research and management.
The results suggest that the extent of intertidal wetland declined substantially during the
last four decades, from 7848 km2 in the 1970s, to 6017 km2 in 1995, and finally to
4895 km2 in 2015. On average, the intertidal wetland was 0.22 km in width along the
coast, and about 40% of the extent of intertidal wetland was located along the Jiangsu
and Shandong coast in 2015. Width shrinkage was detected to be primarily due to
seaward migration of the intertidal wetland as a result of intensive land reclamation for
tourism, communication, and transportation, as well as the fishery industry. This study
improved our understanding of the vulnerable but valuable transition zone covered by
intertidal wetland. A high priority should be given to intertidal wetland conservation and
habitat reconstruction with a view to a sustainable future.

Keywords: intertidal wetland loss, land reclamation, seaward migration, China, anthropogenic activity

INTRODUCTION

Intertidal wetlands are environmentally significant coastal zones linking the freshwater river system
and the salty oceanic system and serve as a buffer zone between the oceanic and terrestrial
ecosystems that is characterized by diverse physicochemical, morphological, and hydrological
conditions (Deegan et al., 2012; Murray et al., 2019). The combination of highly varying
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environmental parameters brings both valuable services (Airoldi
and Beck, 2007; Barbier, 2015; Gabler et al., 2017) and ecological
vulnerability (Vafeidis et al., 2008; Jankowski et al., 2017;
Vázquez-González et al., 2019) to the intertidal wetlands. The
services provided by intertidal wetlands include storm protection
(Barbier, 2015), shoreline stabilization (Fujii, 2012; Kirwan and
Megonigal, 2013), habitat support (Davidson, 2018), pollution
purification (Nwipie et al., 2019), carbon sequestration (Ribaudo
et al., 2016), and goods and energy generation (Murray et al.,
2019; Paterson et al., 2019). Despite the invaluable environmental
role and exceptional economic value of intertidal wetland
(Costanza et al., 2014; Vázquez-González et al., 2019), intertidal
wetland is being lost at an unprecedented rate due to the
overwhelming stress caused by climate change, and human
interference (Deegan et al., 2012; Murray et al., 2014; Davidson,
2018). Monitoring and management of intertidal flats toward
a more sustainable pattern are consequently becoming crucial
to prevent coastal erosion, degradation, and destruction of the
inhabitants (Syvitski et al., 2009; Mason et al., 2010). Recent
research shows the applicability of remote sensing data from
earth observation satellites in coastline and coastal wetland
tracking, especially at large spatial scale (Murray et al., 2014,
2019; Sagar et al., 2017). Extensive research on coastal flats at
local and national scales has been implemented with various
data sources, for example, IGBP-DISCover data (Loveland et al.,
2000), 500-m MODIS information, the 30-m Landsat TM and
ETM+ images (Gong et al., 2010), LIDAR model output (Crowell
et al., 2011), and the combination of aerial photographs and
satellite imagery (Ford, 2013). The majority of studies have
focused on coastal parameters, like the coastline, ecosystem, or
coastal land use pattern, while the intertidal wetland has not
received sufficient investigation. National-wide research on the
intertidal zone in China highlighted the social-economic role
of the coastal system and mainly focused on description and
estimation of the ecological service, biodiversity, management
strategy, and countermeasures for the degradation of the coastal
wetland, based on statistical information and published reports
(Ma et al., 2014; Cui et al., 2016; Gu et al., 2018). Estimation
of Chinese intertidal flats and wetland based on remote sensing
data has attracted a large amount of attention in recent years,
especially at local scale (Wei et al., 2015; Chen et al., 2016;
Wu X. et al., 2017). A recent national-wide study provided a
glimpse of the intertidal flats from 1986 to 2016 based on the
google earth engine (GEE) (Wang et al., 2018), but it missed
the crucial time range since the Opening Up policy was put in
place in 1976. In addition, the GEE results are advantageous for
data acquisition efficiency but are relatively higher and might
need further calibration to be compatible with the observed data
(Murray et al., 2014).

The accelerating rate of intertidal wetland loss and
deterioration, and its significance in coastal defense and
ecological service supporting result in severe human-wetland
conflicts. Dynamic intertidal wetland monitoring would fully
investigate this valuable resource to a uniform standard
and provide a database foundation for further evaluation,
restoration, and protection analysis, especially in rapidly
developing countries like China. Besides, only statistical data

and paper maps were available as information sources in related
research on coastal wetland. The difficulty of effective data
acquisition impeded the survey, estimation, and assessment of
the intertidal wetland at a large spatial scale. The accumulation
of a long-term remote sensing archive with sufficient spatial
resolution had enabled synoptic, integrated, and spatio-temporal
perspectives in the comprehensive research of land-use change
and natural resource management. Despite the widespread
application of remote sensing data and its related techniques
in intertidal flats and coastal resources all over the world,
no systematic investigation of intertidal wetland along the
entire Chinese coast has been carried out to our knowledge.
In this study, we mapped the multi-temporal intertidal
wetland patterns at national and provincial scales based on
the high-resolution remoting sensing images in the 1970s,
1995, and 2015. Through the comparison of slices at two-
decade intervals, the exceptional dynamics of the intertidal
wetland are illustrated, the spatial and temporal variation of the
intertidal wetland is analyzed, and the driving mechanisms of the
variation are discussed.

MATERIALS AND METHODS

Study Area
The continental coastline of China starts in Dandong,
Liaoning Province, and ends in Zhushan, Guangxi
Province, stretching over 18000 km; the remaining
14000 km is composed of island coastline (Figure 1A).
The continental part stretches over nearly 20 latitudes and
covers three climatic regions, namely warm temperate,
subtropical, and tropical regions from north to south
(Hou et al., 2016).

A variety of coast types have been recognized, including
bedrock, sandy, silty mud, artificial, and estuary. In total,
14 administrative areas with various economic strengths
sit beside the coastline (Figure 1A and Table 1). To the
east of the coastline are the Bohai Sea, Yellow Sea, East
China Sea, and South China Sea from north to south,
whose tidal fluctuations generate a strip of intertidal
wetland along the coast. In 2015 documents, 4873 km2 of
intertidal wetland was identified, spanning unevenly over the
coast, and within the administrative regions (Figure 1B).
The combination of the varied physical and economic
environments results in multiple exploitation levels of the
intertidal region.

Data Acquisition and Processing
The term intertidal wetland refers to the region between the
highest and lowest tide level, which is regularly submerged at
high tide but exposed above sea level at low tide (Figure 2).
Landsat-MSS/TM/8 multi-temporal satellite image data from
the 1970s, 1995, and 2015 covering the study area were
collected and interpreted with human-PC interactive technology
(Table 2). The intertidal wetland can be clearly recognized
from the false-color composited images of the remote-sensed
data according to characteristic symbols. Unified interpretation
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FIGURE 1 | The location of the Chinese intertidal zone (A) and its area distribution at 50-km resolution (B). The location and distribution map are based on 2015
data.

TABLE 1 | Intertidal wetland distribution and coast type among provinces.

Administrative Coastline length Area) IW1 area GDP Coast type
region (km) (km2) (km2) (100 million rmb)2

Liaoning 2110 146106 281.41 28669 Bedrock, sandy, silty mud, artificial, and estuaries

Hebei 485 186504 184.04 29806 Bedrock, sandy, silty mud, artificial, and estuaries

Tianjin 153 11462 123.31 16538 Artificial

Shandong 3345 156516 884.74 63002 Bedrock, sandy, silty mud, artificial, and estuaries

Jiangsu 744 103370 972.55 70116 Sandy, silty mud, artificial, and estuaries

Shanghai 211 8006 90.30 25123 Artificial

Zhejiang 2218 101453 261.78 42886 Bedrock, sandy, artificial, and estuaries

Fujian 3752 121586 533.46 25980 Bedrock, sandy, silty mud, artificial, estuaries, and biological

Guangdong3 4114 178073 514.75 72812 Bedrock, sandy, silty mud, artificial, and estuaries

Guangxi 1629 236839 368.04 16803 Bedrock, sandy, silty mud, artificial, estuaries, and biological

Hainan 1823 34244 191.62 3702 Bedrock, sandy, silty mud, artificial, and biological

Taiwan 1576 36244 467.17 – –

Total 22160 1320403 4895.56 395440 –

1 IW represents intertidal wetland. 2The GDP is from the yearbook of the Chinese coastal region. 3Macao and Hongkong are included in the Guangdong Province
during analysis. All data are from the 2015 database. Bold underlines highlight the highest value of each row.

symbols are essential for the participating experts. After
discussion and literature study, the unified symbols were defined
as a stripped or patched area along the visible shoreline,
yellow-white, gray-white, or white in color with red-yellow
stripes. Generally, the intertidal wetland exhibited a relatively
even image structure compared with the part of the coastal
region further inland.

The procedure of the image human-PC interpretation is
shown in Figure 3. In order to improve the accuracy of the
mapping, the national land use land cover thematic maps with
a scale of 1:10 were integrated into the intertidal wetland

classification. By carefully selecting images with a low amount
of cloud and high visibility, the intertidal wetland extents in the
1970s, 1995, and 2015 were extracted. The national costal map
of the corresponding time period was adopted to correct and
improve the mapping quality.

Precision Validation
The error of patch location or interpretation was mainly caused
by the image quality and human error. We adopted a random
sampling inspection of field survey points to check the accuracy
of the final inter-tidal wetland maps. The accuracy level was
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FIGURE 2 | Selection and processing of a satellite image.

TABLE 2 | Data sources for the intertidal wetland mapping.

Study period 1970s 1995 2015

Time 1975–1979 1995–1996 2015

Satellite source Landsat MSS Landsat TM Landsat 8 OLI, GF-2

classified on a scale of 0 to 10, where 0 meant totally incorrect and
10 represented 100% correct. The overall precision was calculated
as follows,

Overall precision = number of 100%correct patches/

all samples∗100%

We sampled 653 patches of different coastal line types
along the Bohai Sea, Yellow China Sea, East China Sea,

and South China Sea and compared the field survey results
and interpreted map of 2015 (Figure 4). The accuracy is
related to the coast type (Table 3). Intertidal wetland located
on an artificial coastal line showed the highest accuracy,
while silty mud coastal wetland demonstrated relatively low
accordance between the field surveyed and interpreted data. The
overall precision of the intertidal wetland-identification reached
88.51% (Table 3).

RESULTS

Current Distribution of the Intertidal
Wetlands
Decline in the Intertidal Area
The areal extent of intertidal flats along China’s coast showed
an extensive decline, from 7848.21 km2 in the 1970s, decaying
to 6017 km2 in 1995, and, finally, to only 4895 km2 two
decades later (Table 4). Almost 37.62% of the intertidal
wetland has disappeared in the last 40 years, with a relatively
higher decrease rate from the 1970s to 1995. In addition
to the areal decrease, the patch number of the intertidal
wetland has grown during the study period, implying increased
fragmentation of the intertidal wetland. The average area of
each wetland patch increased slightly from 1.27 to 1.49 km2

in the former period and reduced substantially to 0.51 km2 in
the latter period.

FIGURE 3 | Image interpretation procedure.
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FIGURE 4 | Distribution of the field survey points.

TABLE 3 | Precision of the 2015 interpreted intertidal wetland validated by
field survey.

Sample Accuracy level Overall
precision (%)

0 1 2 3 4 5 6 7 8 9 10

Bedrock 256 6 2 2 3 3 230 89.84

Silty mud 261 4 3 3 3 7 8 6 3 2 222 85.05

Artificial 136 1 2 1 1 2 3 126 92.65

Total 653 10 3 6 7 8 8 10 8 5 578 88.51

Provincial Distribution and Change
As shown in Table 1, the intertidal wetland was unevenly
distributed along the administrative coast. Guangdong has the
highest coastline length, while the most significant contributor
of intertidal wetland area was Shandong during the 1970s to
1995, shifting to Jiangsu in 2015 (Figure 5A). Shandong and
Jiangsu constituted nearly 40% of the total extent of intertidal
wetland in 2015. Tianjin and Shanghai have relatively little
intertidal wetland, due to their short coastlines and small
administrative areas.

All administrative regions, except Taiwan, showed a
decreasing trend in the intertidal wetland area from the
1970s to 1995. There was a slight increase in intertidal wetland
area in Tianjin, Shanghai, and Guangxi from 1995 to 2015, while
that in all the other administrative units illustrated a continuous
decline in the same period (Figure 5A).

Similarly to the total area, the intertidal wetland area per unit
coastline (A/L) in China has been on the decline in general, from
0.35 km2/km in the 1970s to 0.27 km2/km in 1995 and then
to 0.22 km2/km in 2015. Jiangsu exhibited the highest absolute

amount and decline range in intertidal wetland area per unit
coastline, shrinking from 2.34 km2/km to 1.30 km2/km during
the last 40 years, equating to an average reduction of 1.04 km in
width along the coast (Figure 5B). The intertidal wetland area per
unit coastline in nearly all other areas except Tianjin was lower
than 0.5 km2/km in 2015.

The area ratio of intertidal wetland to administrative
region (IWR) revealed distinct spatial and temporal variation
(Figure 5C). On average, the IWR reduced from 0.59% to
0.45% in the earlier period and then declined to 0.37% in the
latter period. In the 1970s, four regions had an IWR of over
1%: Shandong, Jiangsu, Shanghai, and Taiwan. With the loss of
intertidal wetland, the IWR of Shandong decreased severely by
0.3% in 1990s, while those of the other three regions were still
over 1%. Continuous degradation of intertidal wetland in Jiangsu
and an abrupt area increase in new intertidal wetland in Tianjin
occurred in the following period. Finally, the IWR values of
Tianjin, Shanghai, and Taiwan were higher than 1% in 2015.

Change Rate of the Intertidal Wetland
The change rates of the intertidal wetland in the two periods
studied are given in Table 5. The decline rate from the 1970s to
1995 was slightly higher than that between 1995 and 2015, with
an annual average of 1.17% and 0.94%, respectively. Spatially,
the highest rate of wetland loss in both periods was in Jiangsu,
and Shandong ranked second in wetland loss rate in the previous
period. In Tianjin and Guangxi, a fast growth rate of wetland area
was revealed, and minor gains of wetland occurred in Shanghai
from 1995 to 2015.

Temporal-Spatial Dynamics of the
Intertidal Wetlands
Dynamic Spatial Variation
Intertidal wetland loss along China’s coast was spatially pervasive
(Figure 6). From the 1970s to 1995, 60% of the grid squares
suggested loss of intertidal wetland, with an average decline
of 34.90 km2 in each, while the remaining 40% remained the
same or indicated minor growth by 3.53 km2 each. By contrast,
intertidal wetland degradation occurred in 67% of the grid
squares, with a loss of 20.46 km2 per grid square from 1995 to
2015, and the remaining 33% showed a similar growth range
to the previous period. This suggested even more widespread
and fragmented intertidal wetland loss, with a smaller decline
magnitude in the latter period.

Reduction in Wetland Widths
The intertidal wetland edge on the continental side has been
pushed rapidly seaward due to wetland occupation during
the study period, according to the satellite archive. This
correspondingly resulted in a reduction in the width of the
intertidal wetland. We mapped the extent of the intertidal
wetland across the northern Shandong and Jiangsu coastal region
at three time periods, the 1970s, 1995, and 2015 (Figures 7A–H).
In the northern Shandong coastal region, a vast extent of
intertidal wetland disappeared on the continental side, especially
from the 1970s to 1995 (Figure 7A). The average width of the
intertidal wetland dropped from 4.52 km to 2.03 km and then
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TABLE 4 | Total intertidal wetland conditions in the 1970s, 1995, and 2015.

Year Area (km2) N1 Fragmentation Averaged area (km2) Decrease rate (km2/yr) Relative decrease (%)

1970s 7848.21 6156 0.78 1.27 – –

1995 6017.42 4037 0.67 1.49 −91.54 23.33

2015 4895.56 9598 1.96 0.51 −56.09 18.65

1N represents the total number of patches of intertidal wetland.

FIGURE 5 | Decrease in the intertidal area of each administrative region, (A) total area, (B) area per coastal line, (C) intertidal area to provincial area ratio. The regions
in the red dotted rectangule are the major contributor to the degradation of the intertidal wetland area, while those in blue dashed rectangles represent the areas that
increased in the later period.

to 0.91 km in the 20-year time intervals during the study period
(Figures 7A–D). Due to the influence of the mouth of the Yellow
River, slight gains in intertidal wetland happened around the
mouth. Jiangsu possesses a straight coastline and a wide tidal flat
with sufficient sediment supply, generating the widest stretches
of intertidal wetland in China (Figures 7E–H). The irregular
patches of intertidal wetland on the continental side were wiped
out in the earlier period, causing a loss of 30% of the intertidal
wetland (Figure 7E). The inner side of the intertidal wetland

continued migrating seaward from 1995 to 2015, leading to
another 35% decay of the intertidal wetland extent, equating to
a shrinkage of 0.57 km in width. Approximately, the width of the
intertidal wetland in Jiangsu has declined by 1.3 km in the last
four decades.

Hotspots of Wetland Gain
Compared with the losses, the gains in intertidal wetland were
much more minor, both in number of spatial locations and extent.
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TABLE 5 | Change rate of the area and A/L of intertidal wetland.

Change Area Area A/L A/L

rate (%) 1970s–1995 1995–2015 1970s–1995 1995–2015

Liaoning −54.56 −14.68 −18.76 −2.29

Hebei −2.59 −22.34 −1.30 −10.92

Tianjin −38.80 254.17 −14.43 57.84

Shandong −27.57 −37.46 −16.10 −15.84

Jiangsu −23.61 −26.87 −55.26 −48.03

Shanghai −19.24 12.96 −9.02 4.91

Zhejiang −10.40 −48.35 −2.65 −11.05

Fujian −26.18 −14.38 −5.89 −2.39

Guangdong −8.71 −20.66 −1.50 −3.26

Guangxi −51.11 240.38 −6.94 15.96

Hainan −10.16 −9.65 −1.32 −1.12

Taiwan 9.38 −2.58 2.61 −0.78

Total −23.36 −18.84 −23.36 −18.84

A gray background indicates an increase in intertidal wetland area in 1995–
2015, and bold, underlined numbers are used where there was a strong decline
in both periods.

Intertidal wetland area increased in a few isolated locations, such
as the Bohai Rim, Yangtze River mouth, and Guangxi coastal
region, which were regarded as the hotspots of wetland gain
(Figures 8A–L). Across the municipalities directly under the
Central Government, Tianjin and Shanghai, newly constructed

intertidal wetland contributed to the area gains. Along the Tianjin
coastline, simultaneously with the loss of intertidal wetland on
the continental side, the newly emerged wetlands with regular
geometric shapes appeared, mainly located in the marine region
(Figures 8A–D). The seaward growth of the intertidal wetland
units suggested a strong impact from anthropogenic interference.
Distinct loss of the intertidal wetland along the southern coast
of Shanghai was witnessed (Figures 8E–H). In contrast, in
the northern part, a few patches of intertidal wetland around
the Yangtze River mouth enlarged from 1995 to 2015. Newly
constructed island intertidal wetland was another source of the
extent gains for Shanghai (Figures 8E–H). In comparison with
Tianjin and Shanghai, the coast of Guangxi is more meandering
and tortuous in shape, with two narrow and winding estuaries.
A massive amount of intertidal wetland was created along the
coast and estuaries (Figures 8I–L), equivalent to an amplification
of 0.15 km in the width of the intertidal wetland.

DISCUSSION

Intertidal Wetland Loss Locally and
Globally
China shares the second-highest portion of the tidal-flat extent,
closely following Indonesia (Murray et al., 2019). Our results were
broadly in accordance with other monitoring of intertidal flat

FIGURE 6 | Area change of intertidal wetland from the 1970s to 1995 (A), and from 1995 to 2015 (B) at a spatial resolution of 50 km.
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FIGURE 7 | Reduction in the inter-tidal width of the Bohai Rim (A–D) and Yellow sea coast (E–H).

or wetland dynamics (Table 6). Intertidal wetland loss tracking
around the Yellow Sea reflected an extent of 2678 km2 and
1611 km2 in the 1980s and 2000s, with an annual loss rate of
1.8% (Murray et al., 2014), which were quite similar to our
results both in extent and loss rate. Compared with the global
reported estimation, the intertidal wetland in China has been
lost at a much faster rate. Annually, 0.94–1.17% of intertidal
wetland loss occurred in China, which was roughly twice the
global average rate, 0.55% every year since 1984 (Murray et al.,
2019). Although rates of loss are currently low or slowing down
in some parts of the world (e.g., Europe and North America), high
losses are continuing elsewhere, especially in Asia (Davidson,
2018). The intertidal wetland loss rate in China is expected
to accelerate without adaption or regulation measures in the
following decade.

Driving Forces of the Intertidal Wetland
Dynamics
Substantial losses of intertidal wetland were mainly driven by
the multiple stressors functioning at both local and national
scales. The vast region along the Chinese coastline has been
under intense pressure from anthropogenic interference. The
explosive growth of the economy and population in the

coastal region created intensified land use conflict, which then
resulted in huge open-coast wetland reclamation for aquaculture,
agriculture, tourism construction, and hydrologic engineering.
China alone contributed over 60% of the global aquaculture
volume and more than one-third of global aquaculture
production (FAO, 2014; Zhao and Shen, 2016). The area
devoted to fish farming doubled from 1990s to 2012, resulting
in intensified exploitation of coastal ponds (Cao et al., 2015;
Zhao and Shen, 2016).

Owing to the extensive land reclamation, seawall construction
has been expanding at an unprecedented rate and is referred
as the new Great Wall of China (Ma et al., 2014). The seawall
serves as the boundary between coastal land use and the intertidal
wetland, protecting the land resource inside from the invasion of
tides and waves, and at the same time enclosing more wetlands
for agricultural and industrial purposes (Lotze et al., 2006; Airoldi
and Beck, 2007). The total length of such seawalls has escalated
from 3240 km to 10980 km in the two decades since 1990s,
covering 61% of the coastline length in 2010 (Guan, 2013).
Accelerating seawall construction and land reclamation started
in 1990s and had encroached over 950 km2 of the intertidal
wetland extent by 2010 (Ma et al., 2014). With the current
exploitation rate and development plans, another 580 km2

of intertidal wetland was expected to be occupied by 2020
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FIGURE 8 | Increase in human-constructed intertidal wetland at the Bohai Rim (A–D), coastal Shanghai region (E–H), and coastal Guangxi region (I–L).

(Chinese Oceanography Bureau, 2012). The combined pressure
of land reclamation and seawall construction squeezed the extent
of intertidal wetland to the coastline and finally resulted in the
reduction in the intertidal wetland width (Figure 7).

According to the China Marine Statistical Yearbook of
2016, the growth in the marine economy in 2015 was
mainly contributed by coastal tourism, followed by the marine

communication and transportation industry and marine fishery
industry (Figure 9; State Oceanic Administration People’s
Republic of China, 2016). The top three contributors made up
more than 77% of the marine economic growth. Coastal tourism,
the communication and transportation industry, and the fishery
industry are considered to be land consuming and occupied the
coastal space, causing severe intertidal wetland loss.
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TABLE 6 | Extent of intertidal wetlands around the Yellow sea from different
studies.

Around Yellow 1950s 1970s 1980s 1995 2000s 2015/2016

Sea (km2)

Murray’s 5398 – 2678 – 1611 –

Current study – 4720 – 2016 – 1473

Wang’s – – – – – 3811

Landward and Seaward Migration of
Intertidal Wetland
Previous research pointed out that unprecedented sea-level
rise and continued coastal development have altered coastal
landscapes substantially across the globe (Kirwan and Megonigal,
2013; Spencer et al., 2016; Parker and Boyer, 2017). Accelerated
sea-level rise connected to climate change is estimated to have the
largest impact on coastal wetlands because of the amplification
of the inundation extent and salinity regime (Schuerch et al.,
2018; Woodruff, 2018), which triggers coastal ecosystems to
shift landward into newly sea-inundated areas. On the other
hand, the intense economic development and population growth
concentrated in the near-coast region have strongly constrained
the wetland migration landward (Parker and Boyer, 2017), and
oceanward land reclamation is still in high demand due to the
sustained prosperity of the coastal regions. These two stressors
intertwined at the land-sea margin and jointly determined
how and where the wetland would migrate (Wu W. et al.,
2017). For example, in one of the wetland rich regions of the
world, the northern Gulf of Mexico, landward migration of
the intertidal wetland along the coast was detected (Enwright
et al., 2016), suggesting the sea-level rise sensitivity of this
region. In a developing country like China, notably, coastal
wetlands have been increasingly lost to numerous anthropologic
activities, especially reclamation (Murray et al., 2014; Cui et al.,
2016). In our analysis, we found that the intertidal wetlands
were primarily squeezed seaward by anthropogenic interference

(Figures 5A–H). The exception occurred along the Guangxi coast
(Figures 6I–L), where the intertidal wetland invaded further
into the continent, revealing the dominant influence of local
sea-level rise and the relatively weak pressure from humans.
In addition to the wetland migration landward, sea-level rise
drove tides and waves further upstream and generated striped
intertidal wetland along the tidal river estuary (Figures 6E–L).
In general, seaward migrations of the intertidal wetland have
been documented globally. The historical loss of coastal wetlands
worldwide has been dominated by the direct conversion of
wetlands to space for agriculture and aquaculture instead of
climate change (Kirwan and Megonigal, 2013). However, given
the prediction of increasing sea-level rise and the limited spatial
extent for inundation in the near future, robust protection of the
coastal infrastructure from higher flood and storm surge risk is
required in the long run.

Impact of Intertidal Wetland Loss
Apart from hydrological disasters such as floods, seawater
backwash, storm surge, etc., which have been discussed
extensively in previous research, intertidal wetland loss will also
result in tremendous environmental, ecological, and biological
impacts due to the destruction of the habitat (Musseau et al.,
2017; Spivak et al., 2019). A recent forecast estimates a net loss
of intertidal wetland coverage ranging from 28% to 57% by the
year 2100 (McLachlan, 2018). Artificial restoration of intertidal
wetland might reduce the intertidal wetland loss ratio and rebuild
the buffer zone for hydrological disaster but can only make a
limited contribution to the natural biotic assemblages due to
the difficulty of restoring the hydrological connectivity with the
ocean and the complicated habitat (Wu et al., 2019). A study
related to the shorebirds of Austria pointed out that population
declines are occurring despite high levels of intertidal habitat
protection (Dhanjal-Adams et al., 2016). These findings highlight
the immediate and concerted effort needed both nationally and
internationally to effectively habitat conservation.

FIGURE 9 | Composition of marine economy growth in 2015. C and T refers to communication and transportation, while E and A means engineering and
architecture.
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CONCLUSION AND OUTLOOK

The mapping and dynamic detection of intertidal wetland,
especially at a large spatial scale and with a long time course,
remains a difficult task, mainly due to the scarcity of accurate
data. This is particularly the case in rapidly developing China,
where the coastal regions were undergoing co-evolution with
intense human development and have strong dynamics in
temporal and spatial pattern. Multi-temporal remote sensed
images and related techniques provide access to a long-term
monitor of these living systems. In the face of over-reclamation
of coastal land, a huge loss of intertidal wetland has been
documented by the high-resolution satellite images, as follows.

(1) An overall decline trend of the intertidal wetland was
witnessed along China’s coast, especially in Shandong and
Jiangsu, which contributed the highest portion to the
total extent. Slight gains of intertidal wetland occurred in
isolated regions, mainly in Shanghai, Tianjin, and Guangxi.

(2) The extent of intertidal wetland declined by from 7848 km2

to 6017 km2 from the 1970s to 1995 and then to 4895 km2

in 2015, equaling losses of 23.33% and 18.65% in the
former and latter period, respectively.

(3) Squeezed by the over-reclamation of coastal land, the
intertidal wetland exhibited seaward migration and severe
width shrinkage, stretching 0.35 km, 0.27 km, and 0.22 km
in the direction perpendicular to the coast in the three
periods, respectively.

The fundamental importance of coastal ecosystems is
becoming recognized by government and the public. In the
short term, human activities through direct exploitation will
continuously dominate the landscape pattern of the coastal
region. In the long run, however, accelerated sea-level rise will
play a major role in the narrowing and landward migration of

the intertidal wetland. Strict legislation for intertidal wetlands,
outreach education of ecosystem services, and more active
participation by local communities will effectively promote the
protection of wetland from over-exploitation. Intrinsic linkages
among government and scientists are strongly encouraged to
formulate a better strategy for the conservation of the intertidal
wetland from the long-term sea-level rise scenario.
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