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Coastal wetlands serve as natural transitions from land to 
oceans, and are among the most productive and dynamic 
ecosystems on Earth due to strong interactions between 

land-based fluvial processes and coastal oceans1,2. In addition to 
serving as habitats for wildlife, they provide important ecosystem 
services for humans, such as protection against storms, food pro-
duction and pollutant absorption1–3. However, coastal wetlands are 
under intense pressure from sea level rise4, coastal erosion2,3, land 
reclamation5, invasive species6 and reduced sediment discharges 
from major rivers4,7. In developing countries like China, a number 
of anthropogenic and environmental factors associated with rapid 
population growth and economic development have threatened 
coastal wetlands8. China lost 50% of its coastal wetlands between 
1950 and 2000, at an average rate of 24,000 ha yr–1, due to recla-
mation1, which greatly threatens the ecological security of coastal 
regions. However, owing to the difficulties in mapping coastal wet-
lands at a large scale, geospatial data on the spatial distribution, 
inter-annual variation and multi-decadal trends of coastal wetlands 
and their driving factors over the past three decades in China have 
not yet been fully investigated.

National-scale data on the spatial distribution of coastal wet-
lands in China are needed, but existing maps and datasets on coastal 
wetlands in China were developed either for a specific year or at 
coarse spatial resolution9–12, which preclude us from tracking the 
spatio-temporal dynamics of coastal wetlands at a multi-decadal 
scale3. Recently, a few global datasets for coastal wetlands have 
become available, such as the global saltmarsh map13, mangrove 
maps14 and tidal flat dataset2, but these relate only to specific sub-
types of coastal wetlands. Most remote-sensing studies on coastal 
wetlands in China have been conducted at local and regional 
scales10–12,15, and some of those studies reported on specific sub-

types of coastal wetlands such as saltmarshes16,17, mangroves18–20 or 
tidal flats3,21. These maps are not sufficient for understanding the 
long-term dynamics of coastal wetlands (including tidal flats, salt-
marshes and mangrove forests) in China. Therefore, there is a need 
to develop annual maps of coastal wetlands from the mid-1980s at 
high spatial resolution (tens of metres) that can be used not only to 
quantify the annual dynamics of coastal wetlands but also to assess 
the impacts of various driving factors on China’s coastal zones since 
the 1980s.

Here we first used all available Landsat-5/7/8 surface reflec-
tance images for the period 1984–2018 (~62,000 images) in the 
Google Earth Engine (GEE) cloud computing platform, and pixel- 
and phenology-based mapping approaches12,18, to generate annual 
coastal wetland maps for China’s coastal zone. In this study, coastal 
wetlands were defined to include two subgroups (tidal vegetation 
and tidal flats), with tidal vegetation being further divided into 
coastal saltmarshes and mangrove forests12. Second, we analysed 
the spatial distribution and multi-decadal trends of coastal wetland 
areas at the 1-km grid cell, deltaic, provincial and national scales. 
Finally, we assessed the effects of major driving factors (Methods) 
on the spatio-temporal dynamics of coastal wetlands in China for 
the period 1984–2018 and discuss their implications for coastal wet-
land management and sustainability.

Annual maps of coastal wetlands in China in 1984–2018
We generated annual maps of coastal wetlands in China at 30-m 
spatial resolution for the period 1984–2018 (Supplementary Note 
4). Coastal wetlands in China are mainly distributed in regions 
with low-sloping coastlines, coinciding with large tidal ranges 
and high sediment inflows (for example, Jiangsu Province) and 
tide-dominated estuaries and deltas2. Figure 1 shows maps of 
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coastal wetlands in four typical, tide-dominated river deltas for the 
years 1985, 1995, 2005 and 2018. These maps illustrate the spatial 
distribution and multi-decadal changes in coastal wetlands—for 
example, the change in direction of the Yellow River estuary from 
southeast to northeast (Fig. 1b) and the reclamation on Chongming 
island in the Yangtze delta (Fig. 1c). The validation results show that 
our dataset agrees well with recent maps derived from the analysis 
of Landsat images (Supplementary Note 5), which clearly demon-
strates the potential value for analysis of coastal wetland dynamics 
at annual temporal resolution.

Coastal wetland losses and gains in the major river deltas
The Yellow River delta (YRD) discharges the largest amount of mud 
and sand into the river22 and is the largest and most dynamic delta 
in China. Geographically, inter-annual trends of coastal wetland 
areas in the YRD within individual 1-km gridcells (Fig. 2a–c) show 
that the new northeastern mouth of the Yellow River experienced 
significant gains in both tidal flats and saltmarshes between 1984 
and 2018; however, other regions experienced considerable losses in 
terms of tidal flats and saltmarshes, especially in the northern and 
southern YRD, as well as the old southeastern mouth of the Yellow 
River23 (Supplementary Fig. 1). Coastal wetland areas in the YRD 
decreased significantly between 1984 and 2018 (Fig. 2d). However, 
a significantly increased area of saltmarsh between 2011 and 2018 
(slope, 10.0 ± 5.29 km2 yr−1) was found in our study, indicating 
recovery of saltmarshes in the YRD since 2011.

The Yangtze Delta (YTD) is home to 30% of China’s popula-
tion and ranks top among regional economies. Coastal wetlands 
in Shanghai municipality underwent many changes due to both 
reduced sediment load and human activities24. The inter-annual 
trends for coastal wetland areas within individual 1-km grid cells 
between 1984 and 2018 (Fig. 2e–g) show large spatial variation. 
Substantial losses of coastal wetland areas were found on Chongming 
island and southern Shanghai (Lingang New City) (Supplementary 
Fig. 2), and substantial gains in coastal wetland areas were found on 

Changxing and Jiuduansha islands. The inter-annual trends of total 
tidal flat and saltmarsh area in the YTD show two-phase dynamics 
(Fig. 2h): a decreasing phase between 1984 and 1993 and an increas-
ing phase between 1994 and 2018.

The Pearl River delta (PRD) is among the most highly urban-
ized regions and most developed areas in the world22. Coastal wet-
lands in the PRD have scattered spatial distribution with small to 
moderate patch size, and the inter-annual trends for coastal wet-
lands between 1984 and 2018 were positive in most 1-km grid 
cells (Fig. 2i–k). Total tidal vegetation area in the PRD increased 
significantly between 1984 and 2018 (Fig. 2l), although its two 
subtypes (saltmarshes and mangrove forests) showed different 
trends (Supplementary Fig. 3). Saltmarsh area was relatively stable 
(P > 0.05) but mangrove forest area showed a significantly increas-
ing trend between 2000 and 2018. After exclusion of high values in 
1988 and 2015 (outliers), total tidal flat area in the PRD showed no 
significant inter-annual trend between 1984 and 2018 (Fig. 2l).

Coastal wetland losses and gains at the provincial scale
Coastal wetlands are distributed unevenly across coastal provinces 
in China (Supplementary Fig. 4). China had 7,400 km2 of coastal 
wetlands in 2018, including 5,300 km2 of tidal flats (72%) and 
2,100 km2 of tidal vegetation (28%). The tidal flat area in Jiangsu 
Province, southern China, accounted for 23.9% of the total tidal 
flat area in China in 2018, followed by that in Shandong Province 
(15.0%). The tidal vegetation area in Jiangsu was 393 km2, account-
ing for 18.7% of the total tidal vegetation area (2,102 km2) in China, 
followed by that in Shanghai (18.4%). In total, the coastal wetland 
area in Jiangsu accounted for 22.4% of the total coastal wetland area 
in China, followed by that in Shandong (13.8%). In 2018, all man-
grove forests were found in southern China18,20 with Guangdong 
having the largest area (41.7%), followed by Guangxi (32.7%).

Coastal wetland areas in individual provinces in China showed 
remarkably divergent trends between 1984 and 2018 (Fig. 3). Seven 
provinces experienced significant decreases in tidal flat areas 

120° E

120° E

110° E

110° E

40° N

30° N

20° N

Mangrove forests Saltmarshes Tidal flatsDelta location

a b c d

19
85

19
95

Y
ea

r
20

05
20

18Hainan

Guangxi
Guangdong

Taiwan

Fujian

Zhejiang

Jiangsu

Shanghai

Shandong

Tianjin

Liaoning

a

b

c

N

d

Hebei

Fig. 1 | Maps of coastal wetlands in four river deltas of China: 1985, 1995, 2005 and 2018. a, Liaohe River delta in Liaoning (121° 47′ 36″ E, 40° 52′ N). 
b, Yellow River delta in Shandong (119° 15′ 39″ E, 37° 44′ N). c, Yangtze delta in Shanghai (121° 57′ 40″ E, 31° 29′ 47″ N). d, Nanliu River delta in Guangxi 
(109° 02′ 30″ E, 21° 35′ 38″ N).

Nature Sustainability | www.nature.com/natsustain

http://www.nature.com/natsustain


ArticlesNature Sustainability

120° E110° E

40° N

30° N

20° N

YRD

YTD

PRD

River Delta Province

–0.05 –0.02 –0.01 0 0.01 0.02 0.05

±

Trend (km2 yr–1)Loss Gain

20
m

30
m

10
m

0 600300
km

0

0.5

1.0

1.5

T
id

al
 fl

at
 a

re
a 

(1
03  

km
2 )

0

1

2

3

4

5

T
idal vegetation

area (10
2 km

2)

0

0.5

1.0

1.5

2.0

T
id

al
 fl

at
 a

re
a 

(1
02  

km
2 )

1

2

3

4

T
idal vegetation

area (10
2 km

2)

0

20

40

60

80

T
id

al
 fl

at
 a

re
a 

(k
m

2 )

10

15

20

25

T
idal vegetation

area (km
2)

19
85

19
91

19
94

19
97

20
00

20
03

20
06

20
09

20
12

20
15

20
18

Year

Landsat OLI imagery Wetlands Vegetation Tidal flats Area

a b c d

e f g h

i j k l

5

Fig. 2 | Coastal wetland losses and gains in three major Chinese river deltas, 1984–2018. a–c, Coastal wetlands (a), vegetation (b) and tidal flats (c) in 
the YRD at 1-km grid cell scale. d, Coastal wetland areas in the YRD. e–g, Coastal wetlands (e), vegetation (f) and tidal flats (g) in the YTD at 1-km grid cell 
scale. h, Coastal wetland areas in the YTD. i–k, Coastal wetlands (i), vegetation (j) and tidal flats (k) in the PRD at 1-km grid cell scale. l, Coastal wetland 
areas in the PRD. OLI, Operational Land Imager.

1.82 2.16

–11.37

–-45.81

–5.02

–7.77

–21.53

–20.54

0.66

1.65

–1.93

6.40

120° E110° E

1.85 1.12

0.15

0.06

0.17

–0.03

120° E110° E

–1.42

–0.32

–1.19

–1.09

–7.26

–0.43

–8.16

–0.58

–0.02

–0.05

–0.003

3.87

120° E110° E

40° N

30° N

20° N

40° N

30° N

20° N

40° N

30° N

20° N

40° N

30° N

20° N

–1.03 0.27

–10.18

–38.56

–4.96

–7.45

–12.94

–19.94

0.50

0.82

–1.93

3.12

120° E110° E

Slope >0 and P < 0.05

P ≥ 0.05

Slope <0 and P < 0.05

e

a

Coastal wetlands Mangrove forests

Saltmarshes Tidal flats

2.86

–0.32

1.88

–1.19

–7.25

–0.07

–8.59

–0.60

0.16

0.82

–0.004

3.28

120° E110° E

d

Tidal vegetation

cb

Trend

N

Fig. 3 | Inter-annual trends for coastal wetland areas by province in China, 1984–2018. a, Coastal wetlands. b, Tidal vegetation. c, Mangrove forests. d, 
Saltmarshes. e, Tidal flats. Numbers in coloured areas denote coefficient values.

Nature Sustainability | www.nature.com/natsustain

http://www.nature.com/natsustain


Articles Nature Sustainability

(Fig. 3e), with only Shanghai experiencing a significant increase. 
Compared with tidal flats, the trend for tidal vegetation area signifi-
cantly decreased in all four provinces in northern China (Fig. 3b), 

the rate of decrease in tidal vegetation area being highest in Jiangsu 
Province. Four provinces in southern China experienced signifi-
cant increases in area of both tidal vegetation and mangrove forest 
(Fig. 3c). Coastal wetland areas experienced significant decreases 
between 1984 and 2018 in all seven provinces located to the north 
of Guangdong Province, except Shanghai municipality (Fig. 3a). 
In contrast, only Hainan and Shanghai experienced significant 
increases in coastal wetland areas (Fig. 3a). In general, provinces in 
northern China experienced losses of both tidal vegetation and tidal 
flats while those in southern China experienced divergent trends 
in areas of tidal vegetation (saltmarshes and mangrove forests) and 
tidal flats. In addition, these provinces made different contributions 
to coastal wetland dynamics at the national scale (Supplementary 
Note 6 and Supplementary Fig. 5).

Coastal wetland losses and gains at the national scale
Coastal wetland areas in China underwent divergent inter-annual 
trends between 1984 and 2018 at the national scale (Fig. 4a). 
There were ~10,263 km2 of coastal wetlands in 1984 (a compos-
ite of 1984–1986), comprising 7,980 km2 of tidal flats, 2,143 km2 
of saltmarshes and 140 km2 of mangrove forests, and there were 
~7,400 km2 of coastal wetlands in 2018, comprising ~5,300 km2 
of tidal flats, ~1,900 km2 of saltmarshes and ~220 km2 of man-
grove forests. The coastal wetland area was 27.9% higher in 1984 
than in 2018, showing a significantly decreasing trend (slope, 
−0.13 ± 0.02 × 103 km2 yr−1) (Fig. 4a). Specifically, the inter-annual 
trend of coastal wetland area can be divided into two phases: a sig-
nificantly decreasing phase between1984 and 2011 and a slightly to 
moderately, but non-significantly, increasing phase between 2013 
and 2018 (excluding data from 2012 because of limited good-quality 
observation numbers; Methods). Because tidal flats accounted for 
a much greater proportion of coastal wetlands than tidal vegeta-
tion, the inter-annual dynamics of the former between 1984 and 
2018 show the same trend as those of coastal wetlands (Fig. 4e). 
Geographically, among 25,524 coastal wetlands 1-km grid cells in 
China’s coastal zone, 30.0 and 24.5% had significantly decreasing 
and increasing trends, respectively (Supplementary Fig. 6a).

Tidal vegetation area in 1984 (2,283 km2) was 7% higher than 
in 2018 (2,120 km2) (Fig. 4c). Inter-annual trends for tidal vegeta-
tion show two distinct phases: (1) a significantly decreasing phase 
between 1984 and 2011 and (2) a significantly increasing phase 
between 2013 and 2018. Inter-annual trends for saltmarsh area (Fig. 
4d) were similar to those of the tidal vegetation, because saltmarsh 
area was substantially larger than mangrove forest area (Fig. 4e). In 
contrast, mangrove forest area shows a three-phase dynamics: (1) a 
large decreasing phase between 1984 and 1992, (2) a small increas-
ing phase between 1993 and 1999 and (3) a large increasing phase 
between 2000 and 2018 (Fig. 4e).

Drivers of coastal wetland dynamics in China
A number of case studies at local and deltaic scales have investi-
gated how changes in socioeconomic conditions, policies, climate 
and sea level rise affect the spatio-temporal dynamics of coastal 
wetlands5,15,22,25. Their results provide useful information to support 
the quantitative analyses of various driving factors responsible for 
the spatio-temporal dynamics of coastal wetlands in China at large 
spatial scales. Here we used structural equation modelling, multi-
variate regression models and simple linear regression models for 
attribution analyses at the scales of river delta, province and nation.

In the YRD, land reclamation and coastal development—such as 
conversion to aquaculture ponds—were major drivers of tidal flat 
loss22. Sea water intrusion also accelerated the loss of coastal wet-
lands in the northern and southern YRD23. Furthermore, reduced 
sediment load in the Yellow River was significantly correlated with 
loss of tidal vegetation26 (Supplementary Fig. 7a,b). In the YTD, 
multi-phase reclamation and urban construction projects caused 
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substantial coastal wetland losses on Chongming island and south-
ern Shanghai (Lingang New City)27,28 (Supplementary Fig. 2). 
Substantial coastal wetland gains were found on Changxing and 
Jiuduansha islands in YTD because of limited human disturbance 
and expansion of invasive Spartina alterniflora saltmarshes17. In 
the PRD, urbanization rather than sediment load (Supplementary 
Fig. 7f) was identified as the primary driver of tidal flat losses since 
2000, because urban area increased from 121 km2 in 2000 to 324 km2 
in 2015 (ref. 29). Gains in tidal vegetation area were mainly driven by 
increase in mangrove forest areas through various conservation and 
restoration projects implemented by governments19,20. The National 
Marine Function Zoning Plan (2011–2020)30 also contributed to 
coastal wetland gains in the PRD from 2012.

At the provincial scale, human activities were the major driv-
ers of inter-annual variation in coastal wetland areas31–33. For the 
inter-annual dynamics of tidal flat areas, aquaculture area (ACA) 
was a statistically significant variable for two provinces (Shandong 
and Guangxi). The negative regression slope for Shandong indi-
cated that increase in ACA contributed to decrease in tidal flat area 
(Supplementary Table 1). Impervious surface area (ISA) was a sta-
tistically significant variable for four provinces, especially those in 
southern China with negative regression slopes. Population was a 
statistically significant variable for five provinces. The significant 
regressions between land use change (for example, ACA and ISA) 
and socioeconomic factors suggest that increased human activities 
significantly contributed to losses of tidal flat areas in these prov-
inces34. For the inter-annual dynamics of tidal vegetation, ACA was 
a statistically significant variable for four provinces (Supplementary 
Table 2) and the coefficients for Tianjin, Shandong and Guangdong 
Provinces were negative, indicating the significant contribution of 
ACA to losses of tidal vegetation area in those provinces34. Increase 
in ISA had a significantly negative correlation with tidal vegetation 
area in Liaoning and Guangxi provinces, indicating its contribu-
tion to losses of tidal vegetation. Moreover, population increase 
had a significantly negative correlation with tidal vegetation area in 
Liaoning and Hebei provinces, indicating the contribution of popu-
lation pressure to losses of tidal vegetation10,35,36.

At the national scale, population growth was correlated with 
expansion of ACAs and ISAs, and with increase in average air 
temperature in China’s coastal zone between 1984 and 2018 

(Supplementary Fig. 8). Increased ISA, driven by the expansion of 
urbanization and infrastructure, resulted in substantial loss of tidal 
flat area (Supplementary Fig. 8a). From simple linear model results 
we found that ACAs had significantly negative effects on changes 
in tidal vegetation and tidal flat areas (Supplementary Fig. 9a). 
Relationships between tidal flat areas and socioeconomic factors 
(gross domestic product (GDP) and population) could be divided 
into two phases (Supplementary Fig. 9b,c). In phase 1, tidal flat 
area decreased significantly as GDP increased, up to approximately 
25 trillion ren min bi (RMB) (by 2012) (P < 0.01). In phase 2, tidal 
flats area remained relatively stable while GDP increased from 25.0 
to 41.7 trillion RMB (P > 0.05) (Supplementary Fig. 9b). In compar-
ison, the relationship between tidal vegetation areas and socioeco-
nomic factors could be divided into three phases (Supplementary 
Fig. 9b,c). The significant decrease in human activities (reduced 
rates of growth in both ACA and ISA) in China from 2012 resulted 
in an increase in coastal wetland area (Fig. 5c,d). Note that, in 2012, 
'ecological civilization construction' was adopted as a national strat-
egy, and the State Council of China approved the National Marine 
Function Zoning Plan (2011–2020) to strengthen the management 
of reclamation projects and to rationally control the scale of recla-
mation30 (Fig. 5a). Simultaneously, two national nature reserves were 
established (Supplementary Fig. 9f and Supplementary Table 3).  
Reduced anthropogenic disturbances and increased conservation 
efforts by the government from 2012 contributed to the restoration 
of coastal wetlands in China.

Discussion
Our study provides strong evidence that there has been substantial 
loss of coastal wetlands in China. Because coastal wetlands provide 
diverse important ecosystem goods and services37, their loss has 
reduced biodiversity, affecting water quality, carbon storage and 
coastal protection from storm events and increased regional vul-
nerability to sea level rise which, together, pose threats to human 
health and coastal sustainability1,38,39. Given the perilous state of 
coastal wetlands in China and their critical ecosystem services, 
there is clearly a need for more action to protect and restore coastal 
wetlands.

Different types of coastal wetlands in China have been sub-
jected to divergent protection strategies. The ecosystem services 
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of mangrove forests in China were not well recognized in the 1970 
and 1980s and, consequently, mangrove forest area has continued 
to be lost19,20. Since the early 1990s the importance of protect-
ing mangrove forests has been increasingly recognized, and three 
national mangrove nature reserves have been established in south-
ern and southeastern China20 (Supplementary Table 3), contribut-
ing to the small increase in mangrove forest area in the 1990s. By 
the late 1990s, several large-scale afforestation projects and pro-
tection plans began to be implemented to strengthen the conser-
vation of mangrove forests and, accordingly, there have been large 
increases in mangrove forest area since 2000 (Fig. 4e)—for example, 
the National Coastal Shelterbelt System Construction Project Plan 
(2016–2025) was released in 2017, aiming to restore 48,650 ha of 
mangrove forests in China by 2025.

Although many conservation efforts in China have led to par-
tial recovery of mangrove forests, few national conservation and 
restoration plans have been introduced for saltmarshes, which are 
spread across 18,000 km of China’s coastline. Only four estuarine 
national natural reserves have been established to protect estuarine 
wetland ecosystems, one of these being the YRD Nature Reserve in 
Shandong Province40, which had approximately 524 km2 of coastal 
wetlands in 2018, accounting for only 7% of China’s total coastal 
wetland area. In addition, several regional saltmarsh restoration 
projects have been carried out since 2012, including the restoration 
of Scirpus × mariqueter saltmarsh in the Yangtze estuary41, contrib-
uting to recent gains of saltmarsh area in China (Fig. 4d). Because 
these projects cover a very limited range, the conservation of salt-
marsh ecosystems still lags far behind that of mangrove forests. 
Considering the important ecosystem services of these saltmarsh 
ecosystems, there is an urgent need to put more effort into the pro-
tection and restoration of saltmarshes by establishing additional 
saltmarsh reserves and new saltmarsh protection laws and regula-
tions, and by increasing financial support for saltmarsh research 
and restoration39.

In addition to mangrove forests, total coastal wetlands in China 
have also been protected through implementation of environmental 
laws and regulations since the 1980s (Fig. 5a). The observed losses 
of coastal wetlands between 1984 and the 2000s (Fig. 4) suggest that 
these environmental laws and regulations were neither compre-
hensive nor fully enforced, which led to failure or limited success 
in halting the decreasing trend in coastal wetlands1,39. Before 2012, 
human activities—as indicated by ACAs and ISAs, for example,—to 
increase between 1984 and 2011 (Fig. 5c,d).

China also carried out a number of coastal restoration projects 
between 1984 and the 2000s in an effort to increase coastal wet-
land areas, such as a wetland restoration project with an area of 
5,024 ha; plant communities quickly re-established after initiation 
of restoration in 2002 (ref. 42). However, those projects either cov-
ered very limited areas or were often poorly enforced and compro-
mised by conflicts with economic development39, and thus the gain 
in coastal wetlands was much smaller than major losses between 
1984 and 2011 at the national scale (Fig. 4). In 2012, ecological civi-
lization was adopted as one of the national development strategies, 
its key tenets including the need to respect, protect and adapt to 
nature, environmental restoration and protection and sustainable 
development. This national development strategy has already had 
substantial impacts on regional development and sustainability in 
China43,44, contributing to rapid reductions in aquaculture pond 
area and new ISAs since 2012 (Fig. 5c,d). Our finding of substantial 
gains in tidal vegetation area since 2012 (Fig. 4) may represent proof 
of evidence for the initial success of this national development strat-
egy to reverse the trend of coastal wetland loss. It can be expected 
that further development of this national strategy, such as establish-
ment of stricter and more systematic laws and regulations, and the 
banning of destructive economic activities and coastal pollution, 
could lead to the increasing recovery of coastal wetlands in China.

The protection and restoration of coastal wetlands is the first 
step towards improving coastal ecosystem services in China. There 
are still many challenges to restoring the biodiversity, structure and 
function of coastal wetlands41. One example is that the range of inva-
sive S. alterniflora saltmarshes increased substantially, accounting 
for ~28% of the increase in saltmarsh area since 2012 (Fig. 4). The 
rapid and extensive spread of S. alterniflora saltmarshes threatened 
coastal environments by altering estuarine sediment dynamics, 
outcompeting native plant species and reducing wild bird popula-
tions and diversity17. Therefore, because of the negative impacts of 
increased area of S. alterniflora saltmarshes on coastal ecosystem 
services, removal of S. alterniflora saltmarshes must be considered 
in the conservation and restoration of coastal wetlands in China17. 
Furthermore, ecosystem structures and functions (such as soil 
carbon sequestration) of restored wetlands remain significantly 
different from those of natural wetlands45, which calls for compre-
hensive research on the functions of coastal wetlands and how to 
restore their functions46. In summary, to achieve the sustainability 
of coastal wetlands, China must continue to give top priority to con-
servation and the restoration of coastal wetlands and their ecosys-
tem services. Our satellite-based mapping tools and resultant maps 
of coastal wetlands at high spatial resolution (30 m) are important 
in assessing, monitoring, reporting and verifying future changes in 
the coastal wetlands of China.

Methods
The work flow of this study comprised five steps: (1) generation of coastal wetland 
maps in China’s coastal zone over the period 1984–2018, using freely available 
Landsat datasets and pixel- and phenology-based mapping approaches; (2) 
validation of coastal wetland maps through multiple approaches; (3) exploration 
of spatial distribution and multi-decadal trends in coastal wetland areas at 
different scales; (4) analysis of driving factors based on public climate, land use 
and socioeconomic factors; and (5) discussion of the potential uncertainties and 
implications for coastal wetland management and sustainability.

Landsat data. We used all available Landsat TM/ETM/OLI surface reflectance (SR) 
images for China from 1 January 1984 to 31 December 2018 (~62,000 images) in 
the GEE cloud-processing platform (Supplementary Fig. 10). For each image we 
used the quality assurance band to identify and remove poor-quality observations, 
including cloud and cloud shadow. The numbers of Landsat-5, -7 and -8 images in 
each year were highly variable over the study period (Supplementary Fig. 10a), and 
there was also large temporal variation in the number of good-quality observations 
among individual pixels over the study period. Pixels with no good-quality 
observations accounted for 43.6 and 48.4% of all pixels in 1984 and 1985, 
respectively (Supplementary Fig. 10b), especially in south China (Supplementary 
Fig. 11). Furthermore, pixels with more than five good-quality observations within 
one year accounted for ~49% between 1984 and 1989; however, pixels with no 
good-quality observations accounted for only 1.1% of all pixels between 1990 and 
2018. Because of the limited number of good-quality observations for any year 
between 1984 and 1989, we generated coastal wetland maps within each 3-year 
time period (1984–1986 and 1987–1989): for example, we generated maps for 1985 
using all Landsat data for the period 1984–1986. This approach, of using 3-year 
images, enabled us to obtain a larger number of good-quality observations in 
each of the 3-year periods. For example, pixels with no good-quality observations 
accounted for approximately 3.0 and 0.91% of all pixels in 1984–1986 and 1987–
1989, respectively (Supplementary Figs. 10c and 11c,f). Therefore, in this study 
we generated two 3-year maps (1985 and 1988) and 29 annual maps of coastal 
wetlands for the period 1990–2018, for a total of 31 maps.

Available coastal wetland maps and datasets. The Global Intertidal Change Dataset 
(GICD) represents the first analysis of Landsat images used to determine global tidal 
flat areas for the period 1984–2016, generated using available Landsat SR images in 
the GEE platform for 1984–2016 and the random forest algorithm (https://www.
intertidal.app/download)2. The study identified and mapped three classes: tidal 
flats, permanent water and other (including terrestrial environments and vegetated 
intertidal systems—for example, marshes and mangroves) and reported tidal flat 
datasets at 3-year intervals (for example, 2014–2016) at 30-m spatial resolution. 
We downloaded the GICD for comparison with ours for the same time periods 
(Supplementary Note 5). We also obtained mangrove forest maps and datasets for 
China for inter-comparison at the provincial scale. Detailed information about these 
mangrove forest maps is provided in Supplementary Table 4.

Geospatial datasets of the drivers of coastal wetland dynamics. We grouped 
drivers into five categories: (1) land-use and land-cover changes, including ACAs 
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and ISAs associated with urbanization, infrastructure and industrialization; (2) 
sea level rise; (3) climate, including annual precipitation and annual mean air 
temperature; (4) socioeconomic factors, including population and GDP; and (5) 
conservation and restoration efforts, including construction of national nature 
reserves and government policies and laws (Supplementary Note 7).

	1.	 Land-use and land-cover change data. The ACA data for each province 
of China in the period 1984–2018 were collected from the China Fishery 
Statistical Yearbooks (available at https://data.cnki.net/trade/yearbook/single/
n2018120050?z=z009). The 30-m ISA dataset for China during the same 
period was collected from a previously published study47.

	2.	 Sea level rise data. Data on sea level anomalies from 1984 to 2018 were col-
lected from the China Sea Level Bulletin in 2018 (available at http://www.
mnr.gov.cn/sj/sjfw/hy/gbgg/zghpmgb/).

	3.	 Climate data. The National Centers for Environmental 
Prediction-Department of Energy Atmospheric Model Intercomparison 
Project Reanalysis (R-2), from their website at www.esrl.noaa.gov/psd/, was 
used to calculate annual precipitation and annual mean air temperature for 
the period 1984–2018.

	4.	 Socioeconomic data. GDP and human population data in each coastal prov-
ince of China between 1984 and 2018 were collected from the China Statisti-
cal Yearbooks by the National Bureau of Statistics of the People’s Republic of 
China (available at http://www.stats.gov.cn/tjsj/ndsj).

	5.	 Data on conservation and restoration policies and laws. National nature 
reserve data for China’s coastal regions were collected from a previously 
published study1, and information about restoration policies and laws was 
collected from multiple resources including published studies1,20 and websites.

In addition, we collected data on sediment loads in the YRD, YTD and PRD 
for the period 1984–2018 from the annual Chinese River Sediment Bulletin (http://
www.irtces.org/nszx/cbw/hlnsgb/A550406index_1.htm) to explore their effects on 
coastal wetland dynamics in the three main deltas.

Coastal wetlands mapping and verification. Differences between water- and 
vegetation-related indices can be used to identify and map coastal wetlands, 
including tidal vegetation and non-vegetated tidal flats3,12; two widely used 
vegetation indices (enhanced vegetation index (EVI) and normalized difference 
vegetation index (NDVI)) and two water-related spectral indices (land 
surface water index (LSWI) and modified normalized difference water index 
(mNDWI)) were calculated from SR data to identify surface water body and 
green vegetation in this study (Supplementary Note 1). We developed the 
mNDWI/VIs algorithm, defined as ((mNDWI > NDVI or mNDWI > EVI) 
and (EVI < 0.1)), to identify and map surface water bodies, which reduces the 
errors induced by vegetation when it is identified as surface water bodies48 
(Supplementary Note 2). In addition, we also developed the LWSI/VIs 
algorithm, defined as (EVI ≥ 0.1, NDVI ≥ 0.2 and LSWI ≥ 0), to identify and 
map green vegetation3,12. By combining the temporal frequencies of surface 
water bodies and green vegetation over a year, we developed pixel- and 
phenology-based procedures to identify year-long surface water, tidal vegetation 
and tidal flats, and we generated annual maps of year-long surface water, tidal 
vegetation and tidal flats in China using Landsat images12 (Supplementary Note 
3). In addition we developed an algorithm to identify both coastal saltmarshes 
and mangroves within tidal vegetation18, and an annual map of mangrove 
forests in China in 2015 was generated by analysis of time series Landsat and 
Sentinel-1 images, which have a very high overall accuracy (99%) and kappa 
coefficient (0.97). In this study, we integrated the mNDWI/VIs and LSWI/VIs 
algorithms and pixel- and phenology-based procedures to identify open surface 
water, tidal flats and tidal vegetation (including saltmarshes and mangroves) 
in China’s coastal zone for the period 1984–2018 (Supplementary Fig. 12 and 
Supplementary Note 4).

The resultant multi-year (1984–1989) and annual (1990–2018) maps were first 
validated using the stratified random sampling approach (Supplementary Table 
5), which is the most popular and robust approach used in accurate assessment of 
land-cover mapping at different scales, such as global tidal flat datasets2, tidal flat 
maps and coastal wetland maps3,12 and surface water body maps in China48 and 
the contiguous United States49 (Supplementary Note 5). These maps were then 
evaluated using ground reference data on saltmarshes and mangroves in China’s 
coastal zone (Supplementary Table 6) and compared with existing data products in 
different provinces of China, including the global tidal flat dataset and mangrove 
maps (Supplementary Note 5 and Supplementary Figs. 13 and 15).

In general, tidal flat areas derived from the GICD were much larger than those 
from our study by 3-year period and province (Supplementary Fig. 13). One error 
source is that the GICD classified most (if not all) aquaculture ponds in the coastal 
zones as tidal flats (Supplementary Fig. 14), and this misclassification resulted 
in considerable overestimation of tidal flat areas in the GICD 12. The spatial 
distribution of tidal flats from our dataset agreed with those from the GICD, but 
a close zoom-in visual comparison indicated the higher accuracy of our dataset 
compared with that of the GICD. In addition, we compared our annual maps 
of mangrove forests with the other available datasets (Supplementary Fig. 15). 
The mangrove forest areas from our dataset agreed well with those from recent 
maps at the provincial scale, which were also derived from analysis of Landsat 

images18–20 (Supplementary Note 5). Inter-comparison of tidal flat and mangrove 
forest areas from our dataset and the other datasets clearly shows the high accuracy 
and potential value of ours for analysis of coastal wetland dynamics over the past 
decades at an annual temporal resolution.

Sources of errors and uncertainties in coastal wetland maps. Our study, together 
with previous works3,12,15,16,19–21, has contributed to the current study of coastal 
wetlands in China. However, we must also recognize the sources of errors and 
uncertainties in the annual coastal wetland maps, which helps us to understand 
the caveats associated with this study and to identify the path forward for further 
improvement of coastal wetland maps in the near future. Because the spatial 
resolution of Landsat is 30 m, some coastal wetlands of areas <30 × 30 m2 could not be 
identified or mapped. The number of images of China’s coastal provinces was lower 
in 2012 than in 2000–2011 and 2013–2018 (Supplementary Fig. 16), which might 
have contributed to the low coastal wetland areas recorded in 2012, especially widely 
distributed tidal flats (Supplementary Fig. 17). However, the percentage of pixels 
with a number of good observations of 0 was much higher in 2013–2018, and coastal 
wetland area estimates during the period 2013–2018 had high confidence. Because 
additional historical Landsat data will be added to the GEE platform by the USGS 
Landsat Global Archive Consolidation, more Landsat images are likely to further 
improve the accuracy of coastal wetland maps in the future.

Accurate high-tide lines are critical for the accuracy of the resultant coastal 
wetland areas12,15. However, the high-tide line under closed-canopy tidal vegetation 
is different from that detected using Landsat images. In this study, we used artificial 
shorelines to define the scope of coastal wetlands. Because of the uncertainties of 
artificial shorelines delineated using visual interpretation, some inland vegetation 
located between artificial shorelines and seawater could have been included in this 
study and misidentified as tidal vegetation. In the near future, open-access optical 
and microwave images could be combined to detect high-tide lines and improve 
the accuracy of the resultant wetland maps.

Statistical analyses. Inter-annual variation and trends in coastal wetland areas 
for the period 1984–2018 at different spatial scales were calculated and analysed 
through linear regression models with a t-test at the 5% significance level. Coastal 
wetland areas within 1-km grid cells for China were summed in each 30-m map 
for the period 1984–2018, and their inter-annual variation and trends were also 
calculated and analysed through simple linear regression models. Additionally, 
we explored the relationship of tidal vegetation and tidal flat areas with other 
drivers using simple linear regression and multiple linear regression models. Linear 
regression models were carried out using the ‘lm’ function in R code (https://www.
rdocumentation.org/packages/stats/versions/3.6.2/topics/lm).

Structural equation modelling (SEM) was also used to analyse driving factors 
for coastal wetland dynamics in China. SEM can investigate multiple related and 
dependent variables simultaneously, estimate the structure and relationship of 
variables simultaneously and estimate the fitting degree of the model as a whole. In 
the multiple linear regression model and SEM, the variance inflation factor (VIF) 
of each variable was calculated: when VIF ≥ 10, the factor was not included in the 
model. SEM analysis was carried out using the ‘piecewiseSEM’ statistical package 
in R code (https://cran.r-project.org/web/packages/piecewiseSEM/vignettes/
piecewiseSEM.html).

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
All datasets used in this study are publicly available online (Supplementary Table 
7). The coastal wetlands maps are available from the corresponding author upon 
reasonable request and will be made available to the public. Source data are 
provided with this paper.

Code availability
The codes used in the calculations of coastal wetlands are available upon reasonable 
request.
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Reporting Summary
Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection Landsat image collections in Google Earth Engine cloud platform was used in this study and the GEE codes on Landsat image collection are 
available to the public.

Data analysis Statistical analysis were performed with Python code and the codes are available upon request.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

All of datasets used in this study are available from the public data sources, as listed in the data availability statement. The data of the coastal wetland maps used in 
the statistical analysis are available upon reasonable request. 
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Ecological, evolutionary & environmental sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description This study quantified the spatial-temporal dynamics of coastal wetlands in China and investigated the relative contributions of the 
driving factors to the coastal wetland changes during 1984-2018.

Research sample This study does not contain research samples in the fields. 
For Landsat image analysis, we collected samples of pixels for algorithm calibration and map accuracy assessment. 

Sampling strategy For Landsat image analysis, stratified and random sampling strategy was used. 

Data collection 1. all the available Landsat 5/7/8 Surface Reflectance images during 1984-2018 (~62,000 images) in Google Earth Engine cloud 
computing platform 
2. annual coastal wetland maps in China from the analysis of Landsat images during 1984-2018.   
3. main driving factors (sea level rise, urbanization, population, GDP, sediment flux changes, construction of national nature reserves, 
and government policies and laws) in China during 1984-2018.

Timing and spatial scale The start and end dates of this collection is 1984/01/01-2018/12/31, and the spatial resolution is 30-m. Because of the limited 
number of good-quality observations within a year during 1984-1989, we generated the coastal wetland maps within each three-year 
time-period (1984-1986 and 1987-1989), for example, we generated the maps of 1985 using all Landsat data during 1984-1986. 
Therefore, in this study we generated two 3-year maps (1985 and 1988) and twenty-nine annual maps of coastal wetlands during 
1990-2018, making a total of 31 maps. 

Data exclusions Bad-quality observations in Landsat images.

Reproducibility Landsat image analyses were performed in the Google Earth Engine cloud computing platform, and they could be reproduced by 
researchers through this platform. Statistical analyses can also be reproduced. 

Randomization No randomization in the parameters of the mapping algorithms and the mapping procedure. 

Blinding No blinding in the mapping procedure.

Did the study involve field work? Yes No

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Human research participants

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging
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