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Abstract

Coastal wetlands provide essential ecosystem goods and services but are extremely
vulnerable to sea-level rise, extreme climate, and human activities, especially the
coastal wetlands in large river deltas, which are regarded as “natural recorders” of
changes in estuarine environments. In addition to the area (loss or gain) and quality
(degradation or improvement) of coastal wetlands, the information on coastal wetland
structure (e.g., patch size and number) are also major metrics for coastal restoration
and biodiversity protection, but remain very limited in China's four major river del-
tas. In this study, we quantified the spatial-temporal dynamics of total area (TA) and
patch number (PN) of coastal wetlands with different sizes in the four deltas and the
protected areas (PAs) and assessed the effects of major driving factors during 1984-
2020. We also investigated the effectiveness of PAs through the comparison of TA
and PN of coastal wetlands before and after the years in which PAs were listed as
Ramsar Sites. We found both TA and PN experienced substantial losses in the Liaohe
River Delta and Yellow River Delta but recent recoveries in the Yangtze River Delta.
The coastal wetlands had a relatively stable and variable trend in TA but had a con-
tinually increasing trend in PN in the Pearl River Delta. Furthermore, reduced coastal
reclamation, ecological restoration projects, and rapid expansion of invasive plants
had great impacts on the coastal wetland structure in various ways. We also found
that PAs were effective in halting the decreasing trends in coastal wetland areas and
slowing the expansion of reclamation, but the success of PAs is being counteracted by
soaring exotic plant invasions. Our findings provide vital information for the govern-
ment and the public to address increasing challenges of coastal restoration, manage-

ment, and sustainability in large river deltas.
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China's major river deltas, coastal wetland structure, patch number, patch size, plant invasion,
protected area, Spartina alterniflora

Glob Change Biol. 2023;00:1-15.

wileyonlinelibrary.com/journal/gcb © 2023 John Wiley & Sons Ltd.

1

85U8017 SUOLILLOD BA 181D 3ealdde ay) Ag peusenob ae Ss(oie YO ‘88N JO Sa|nJ Joj Ak 8UlUQ A8]IM UO (SUOTHPUOD-pUe-SWBI W0 A8 | IMAleIq Ul |UO//SdNY) SUORIPUOD PUe SWB | 81 88S *[£202/T0/6T] Uo AriqiTauliuo AB|IM BWOURNO JO AISeAIUN AQ £8G9T GOB/TTTT'OT/I0p/W00" A3 (1M Ae.q 1 |BulUO//:Sdny Wo. pepeoiumod ‘0 ‘98vZS9ET


www.wileyonlinelibrary.com/journal/gcb
https://orcid.org/0000-0001-8013-3660
mailto:﻿
https://orcid.org/0000-0003-0956-7428
https://orcid.org/0000-0001-8515-6941
https://orcid.org/0000-0001-8623-8519
mailto:﻿
https://orcid.org/0000-0002-0439-5666
mailto:xiangming.xiao@ou.edu
mailto:bool@ynu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fgcb.16583&domain=pdf&date_stamp=2023-01-18

WANG ET AL.

iy

1 | INTRODUCTION

Coastal wetlands interact with both ocean and terrestrial ecosystems
and provide crucial ecosystem services for human beings and wildlife
(Ma et al., 2014; Murray et al., 2022; Wang et al., 2021). However,
because of climate change (e.g., sea level rise, storms) and intensified
anthropogenic activities (e.g., land reclamation, eutrophication, in-
vasive species), coastal wetlands have been substantially degraded
or disappeared over the last few decades (He & Silliman, 2019; Jia
et al., 2021; Murray et al., 2022). In particular, the coastal wetlands
in large river deltas, which provide key habitats for migratory birds,
fish, and other biological resources, are extremely vulnerable to
natural or anthropogenic disturbances (Ma et al., 2019), and are re-
garded as “natural recorders” of changes in estuarine environments
(Bianchi & Allison, 2009). For example, mangrove forest cover in the
Ayeyarwady delta of Myanmar declined by 64.2% at an average rate
of 51km? year™ (3.1%) during 1978-2011 (Richards & Friess, 2016;
Webb et al., 2014); coastal wetlands in the Mississippi River delta
have experienced considerable losses of 5197 km? since the 1930s
(Ryu et al., 2021); significant losses of coastal wetlands during 1984~
2018 (slope = 10.0+5.29 km? year *) were also found in the Yellow
River Delta (YRD) of China (Wang et al., 2021).

Intensified natural or anthropogenic disturbances not only cause
the losses of coastal wetlands but also exacerbate the substantial
changes in their structures (e.g., patch size and number), which have
substantial effects on coastal restoration and biodiversity protec-
tion (Haddad et al., 2015; Lindenmayer, 2019; Timmers et al., 2022;
Wilson et al., 2016). For example, integrated coastal wetlands with
larger patch sizes usually have better ecological functions, such as
water purification, carbon sequestration, and sediment deposition
(Barbier et al., 2011). However, tidal creeks are often introduced
in ecological restoration projects to divide large coastal wetland
patches into some isolated and small ones for higher hydrodynamic
and biological connections, which could provide more habitats for
nekton and shorebirds (Xie et al., 2020). Thus, quantitative evalua-
tion of the spatial-temporal characteristics of coastal wetland struc-
ture is of great significance to regional protection and management
and biodiversity protection and is crucial for achieving coordinated
socioeconomic development and ecosystem protection.

In China, more than 41% of the population, 70% of large and
medium-sized cities, and two-thirds of the Gross Domestic Product
are settled in the four major river deltas: Liaohe River Delta (LRD),
YRD, Yangtze River Delta (YtRD), and Pearl River Delta (PRD) (Ma
et al., 2019). The coastal wetlands in these four deltas play signif-
icant roles in biodiversity protection, for example, they provide
important habitats for 50 million migratory birds in the East Asian-
Australasian Flyway (EAAF) (Croxall et al., 2012; Ren et al., 2021;
Yang et al., 2017). However, coastal wetlands in China's major
river deltas are under intense pressure from reclamation (Wang
et al., 2021, 2022), plant invasions (Ning et al., 2019, 2021; Wang
et al., 2022), sea level rise (Ma et al., 2019), and reduced sediment
loads from the rivers (Wang, Xiao, Zou, Chen, et al., 2020), contrib-
uting to the great changes in coastal wetland structure and posing

substantial threats to the ecological security of coastal deltas (Ning
et al.,, 2020). Several remote-sensing studies have reported informa-
tion on coastal wetland structure in China's major river deltas in spe-
cific year(s), such as the LRD in 1980, 1990, 2000, 2010, and 2020
(Tan et al., 2022), the YRD in 2000, 2005 and 2010 (Liu et al., 2014),
and the PRD in 1980, 1990, 2000, 2010, and 2010 (Zhou et al., 2019).
However, these studies did not document annual and multi-decadal
changes in patch size and number. Furthermore, the impacts of plant
invasions, dam construction, and ecological restoration projects on
the coastal wetland structure, and the effectiveness of major pro-
tected areas (PAs) in protecting coastal wetlands are still yet not fully
explored in China's major river deltas.

Here, we generated the annual coastal wetland maps (includ-
ing tidal flats, saltmarshes, and mangrove forests) in China's four
major river deltas during 1984-2020 using time series Landsat
satellite images and the pixel- and phenology-based mapping tool
(Wang et al., 2021). Second, we analyzed the dynamics of patch area
and number of coastal wetlands with different sizes in four deltas
and assessed the effectiveness of PAs. Third, we explored the im-
pacts of reclamation, plant invasion (Spartina alterniflora, hereafter,
Spartina), sediment discharges, and ecological restoration projects
on the coastal wetland structure, and discussed the implications for
the protection, restoration, and sustainability of coastal wetlands in
large river deltas.

2 | MATERIALS AND METHODS
2.1 | Studyarea

In this study, we focused on the dynamics of coastal wetland
structure in China's four major river deltas (the LRD, YRD, YtRD,
and PRD), and all of which were formed by sediment discharge from
large rivers (Figure 1). The LRD is situated in Liaoning Province of
Northeast China and comprises the largest reed fields in the world
(Ma et al., 2019). The YRD, situated in Shandong Province, has the
largest amount of mud and sand, and is the largest river delta in
China (Wang et al., 2021), providing important habitats for native
wildlife and migratory birds in the EAAF (Ren et al., 2021). The YtRD,
which includes Shanghai municipality and the southern coastal zone
of Jiangsu Province, is the largest and key stopover site for migratory
birds in the EAAF (Zhang, Xiao, et al., 2020). The PRD, located in the
south of Guangdong Province, is one of the most highly urbanized
regions and most developed regions in the world (Ma et al., 2019).
Four key PAs have been established in China's four deltas
(Table S1). In 1988, Shuangtaihekou National Nature Reserves
(NNRs) in the LRD, whose name was changed to Liaoning Liaohe
Estuary NNRin 2015 (LHPA), was established to conserve the coastal
wetlands with an area of ~1271.52 km?, which was listed as a Ramsar
site in 2005 (Ma et al., 2019; Ren et al., 2021). YRD NNR (YRPA) was
established in 1992 and was listed as a Ramsar site in 2013. In the
YtRD, the Shanghai Chongming Dongtan Bird NNR (CMPA) and the
Shanghai Jiuduansha Wetland National Nature Reserve of the YtRD
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FIGURE 1 Study area. (a) Locations of four major rivers, Liaohe River Delta (LRD), Yellow River Delta (YRD), Yangtze River Delta (YtRD),
Pearl River Delta (PRD), and shoreline in 2020. (b, c) Coastal wetlands of the LRD in 1985 and 2020. (d, e) Coastal wetlands of the YRD in
1985 and 2020. (f, g) Coastal wetlands of the YtRD in 1985 and 2020. (h, i) Coastal wetlands of the PRD in 1985 and 2020. The reclaimed
regions during 1985-2020 are also shown in subfigure (c, e, g, and i). Map lines delineate study areas and do not necessarily depict accepted

national boundaries.

(JDSPA) were established in 2005, of which the CMPA was listed as

a Ramsar site in 2002 (Table S1).

2.2

221

We acquired all the available time series Landsat Collection 2 Level-2
(TM/ETM/OLI) surface reflectance (SR) images in China's four major

Data

Landsat data

river deltas from January 1, 1984, to December 31, 2020, from the
Google Earth Engine (GEE) cloud-processing platform. Landsat acquires
images at 16-day revisit cycle and 30-m spatial resolution. All poor-
quality observations in Landsat collections, including clouds and cloud
shadows, were identified and removed through the quality assessment
band (QA_PIXEL). As the limited good-quality observations of Landsat
data in these deltas before 1990 (Figure S1), we generated the coastal
wetland maps within each 3-year time period during 1984-1989; for
example, we generated the coastal wetland maps in 1985 using the
time series Landsat data during 1984-1986, and generated the maps in
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1988 using the Landsat data during 1987-1989. This approach enabled
us to have enough numbers of good-quality observations in each 3-
year period to generate the final maps (Wang et al., 2021).

The Enhanced Vegetation Index (EVI), Normalized Difference
Vegetation Index (NDVI), Land Surface Water Index (LSWI), and the
Modified Normalized Difference Water Index (nNDWI) were used
to identify coastal wetlands in this study, which were calculated

using the equations below:

NDVI = Pnir ~ Pred (1)
Prir T Pred
EVI = 2.5 x Phir — Pred 2)

Prir 6 X Preg = 7.5 X prye + 1

LSWI = Prir — Pswir (3)
Pgreen T Pswir

p — Pswi
mNDW| = —&reen 7swir
Pgreen T Pswir

Where pyjue Pgreen Pred Prin aNd py;r are the SR values of blue, green,
red, near-infrared, and shortwave infrared bands in Landsat images.

2.2.2 | Geospatial datasets of the driving factors

The driving factors were grouped into three categories: (1) land-use
and land-cover changes, including reclamation area and invasive
Spartina area as coastal reclamation and plant invasions are regarded
as the most important factors driving the rapid changes of coastal
wetlands (Ma et al., 2014; Ning et al., 2019, 2021; Wang et al., 2022);
(2) sea level rise; (3) sediment load, which directly affects the
deposition rates of mud and sand in river deltas (Wang, Xiao, Zou,
Hou, et al., 2020) (Figure S2).

1. Areas of Spartina and reclamation. Annual areas of invasive
Spartina and reclamation in four major river deltas during 1984-
2020 were calculated using the algorithms in Sections 2.3.2
and 2.3.3.

2. Sealevel data. Annual sea level anomaly data during 1984-2020 in
China were collected from the China Sea Level Bulletin (available
at http://www.mnr.gov.cn/sj/sjfw/hy/gbgg/zghpmgb/).

3. Sediment load data. We collected annual sediment load data in the
four deltas for the period 1984-2020 from the annual Chinese
River Sediment Bulletin (available at http://www.irtces.org/nszx/
cbw/hinsgb/A550406index_1.htm).

2.3 | Methods

The workflow of this study comprised major four steps: (1)
identification of surface water body, green vegetation, and

mangrove forest for individual observations and pixels; (2)
frequency estimates of surface water body, green vegetation, and
mangrove canopy in a year for individual pixels; (3) classification
of coastal wetlands (including tidal flats, saltmarshes, and
mangrove forests) for individual pixels; and (4) generation of
annual maps of coastal wetlands in four deltas during 1984-2020
(Figure S3).

2.3.1 | Generation of annual maps of mangrove
forests, saltmarshes, and tidal flats

1. ldentification of surface water body, green vegetation, and
mangrove forest for individual observations.

We combined the mNDWI, NDVI, and EVI indices to iden-
tify surface water bodies (MNDWI>EVI or mNDWI>EVI) and
(EVI<0.1)), and this algorithm could reduce the commission er-
rors induced by green vegetation (Zou et al., 2018). We also com-
bined NDVI, EVI, and LSWI to map green vegetation (EVI20.1
and NDVI20.2 and LSWI>0), which has already been used to
identify tidal vegetation (Wang et al., 2021) and coastal Spartina
saltmarshes (Zhang, Xiao, et al., 2020). In addition, we used
(NDVI>0.3 and LSWI>0.3) as criteria to identify mangrove for-
ests (Chen et al., 2017).

2. Frequency estimates of surface water bodies, green vegetation,
and mangrove forests per pixel in a year.

A frequency-based approach was used in this study to maximize
the benefits of time series Landsat images and reduce the errors
induced by poor-quality observations, periodical tides, and phe-
nological information of tidal vegetation (Wang, Xiao, Zou, Hou,
et al., 2020). For example, the surface water frequency (Fs,) of a

pixel in a year was calculated using Equation (5).

NSW
= 5
FSW NGood ( )

where F,, is the frequency of open surface water bodies in a year,
ranging from O and 1 (100%) among all the good-quality observations;
Ngy is the number of surface water body observations in a year; and
Ngood is the number of good-quality observations in a year.

Similarly, we calculated the green vegetation frequency (Fg,) and
mangrove forest frequency (Fy) using Equations (6) and (7).

NGV
Fey = (6)
v N Good
Nur (7)
Fur =
MF N Good

3. Algorithms for classifying coastal wetlands per pixel.

In our study, coastal wetlands were divided into two subgroups
(tidal vegetation and unvegetated tidal flats), with tidal vegetation
being further divided into coastal saltmarshes and mangrove forests
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(Murray et al., 2022; Wang et al., 2021). Tidal flats and tidal vege-
tation were first identified by using different thresholds of Fg,, and
Fcv (Equations 8 and 9). After that, mangrove forests were separated
within tidal vegetation using Equations (10)-(12) (Chen et al., 2017).
Finally, the rest of tidal vegetation was regarded as saltmarshes
(Wang et al., 2021).

Tidal flat = Fg,, < 0.15 and 0.05 < Fg, < 0.95 (8)
Tidal vegetation = Fg,, > 0.15 and Fgy < 0.2 9)
70x<0.28
Fsw() >1{ —155.81x+114.010.28<x<0.73 (10)
0x>0.73
20x<0.25
Fov() >4 211.47x—33.460.25<x<0.54 (11)
80x>0.54
10x<0.28

Fme(x) >4 193.85x—43.780.28 <x <0.59 (12)
70x>0.59

where Fg, Fgy, and Fye are surface water frequency, green vegetation
frequency, and mangrove forest canopy frequency calculated in a year;
and x is annual mean NDVI in a year.

4. Generation of annual maps of coastal wetlands in four deltas
during 1984-2020.

We used the visual image interpretation approach to delineate
the man-made shorelines (e.g., aquaculture ponds, artificial en-
gineering, artificial levee for reclamation and roads) to separate
the natural coastal wetlands from other land cover types through
integrating very high spatial resolution images of Google Earth
and Landsat RGB images in each year during 1984-2020 (Chen
et al., 2019). Based on these man-made shorelines, a 50-km buf-
fer in marine environments was created as the potential natural
coastal zone (Wang et al., 2021).

Within the potential coastal zone, we identified the type for
each pixel (tidal flats, saltmarshes, and mangrove forests) accord-
ing to Equations (8)-(12). Furthermore, the rules DEM <5 m and
slope<5° were used as a supplementary criterion to limit the
boundary of coastal wetlands (Chen et al., 2017). Finally, all the
pixels with good-quality observations within potential coastal
wetland zone were processed using the same mapping algorithms,
and the annual coastal wetland maps of China's four major river
deltas during 1984-2020 were generated in the GEE platform
(Figure S4).

ST v -

2.3.2 | Algorithm for identifying invasive Spartina
saltmarshes

In this study, a phenology-based algorithm developed by Zhang, Xiao,
et al. (2020) was used to identify the invasive Spartina saltmarshes.
They investigated the phenology of Spartina, Phragmites, and Scirpus
saltmarshes based on the vegetation indices acquired from time
series Landsat data, and found that Spartina saltmarshes did not
green up in April-May and stayed still green in December-January,
which differed from the phenology of Phragmites and Scirpus
saltmarshes. Therefore, the algorithm for identifying Spartina
saltmarshes was shown in Equation (13).

Spartina = I-SWImean(ApriI—May) <0n FGV(December—January) >0 (13)

where LSWI . ,naprii-may) 1S the mean value of LSWI during April-
May, and Fgy pecember—January) IS the green vegetation frequency during
December-January. Therefore, we finally generated the annual maps
and calculated annual Spartina areas during 1984-2020 in China's four

major river deltas (Figures S5 and Séa-c).

2.3.3 | Calculation of reclaimed areas

Based on the 50-km buffer zone in marine environments created
in Section 2.3.1, we generated the reclamation zone (RZ,) using
the buffer zone in a year (BZ,) and the buffer zone in the previous
year (BZ,_ ;) (Equation 14). After that, we calculated the annual
reclaimed area during 1988-2020 in China's four major river deltas
(Figures S6d-g and S7).

RZ,=BZ, - BZ,_, (14)

where y is the year from 1988 to 2020.

2.3.4 | Geospatial and statistical analyses

We generated the annual vector maps of coastal wetlands
and Spartina saltmarshes based on their raster maps using
the “RasterToPolygon_conversion” algorithm in python, then
reprojected them to the Krasovsky_1940_Albers equal-area conic
projection. We then counted the patch numbers (PNs) of coastal
wetlands and Spartina saltmarshes and calculated the total areas
(TAs) of coastal wetlands, Spartina saltmarshes, and reclamation
zone within each delta and PA. Furthermore, we calculated the
patch density (PD) as the ratio of PN to TA. The interannual
variations and trends in TA, PN, and PD of coastal wetlands
during 1984-2020 at different spatial scales were calculated and
analyzed through linear regression models with a t-test at the 5%
significance level. Additionally, we also explored the relationship
of tidal vegetation and tidal flat areas with other driving factors
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using simple and multiple linear regression models in R code (R
Core Team, 2021).

3 | RESULTS

3.1 | Coastal wetland areas in the four deltas

In 2020, the coastal wetland area was largest in the YtRD (922.05 km2),
followed by the YRD (456.80km?), LRD (181.25km?), and PRD
(114.64km?; Figure $8). During 1984-2020, the coastal wetland areas
in the LRD and YRD showed significantly decreasing trends with
rates of 1.61km?2/year (p<.01) and 17.67 km?/year (p<.001), respec-
tively (Figure 2a,b). The coastal wetland area in the YtRD had high
variations during 1984-2020, but it started to recover after 2012
(slope = 37.95km?/year, p<.01) whereas the PRD had a stable trend
in the coastal wetland area (Figure 2c,d). The interannual changes in
tidal vegetation areas had divergent trends among the four deltas dur-
ing 1984-2020 (Figure 3). It had four phases over years in the LRD: (1)
a relatively stable but variable phase during 1984-1998; (2) a slowly
declining phase in 1999-2005 (-2.0 km?/year, p <.01); (3) a rapidly in-
creasing phase in 2006-2014 (3.4 km?/year, p<.001); and (4) a rapid
decline phase in 2015-2020 (-3.9 km?/year, p = .05). However, it had
only two phases in the YRD: (1) a rapidly decreasing phase from 1984
to 2000 (-10.5 km?/year, p<.01) and (2) a relatively stable phase in
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2000s and 2020s. The tidal vegetation area in the YtRD had three
phases: (1) a relatively stable phase during 1984-2006; (2) a small area
but stable phase during 2007-2012; and (3) a rapidly increasing phase
during 2012-2020 (19.3 km2/year, p<.001). It increased over years
during 1984-2016 (0.4 km?/year, p<.001) but decreased moderately
after 2017 in the PRD.

The interannual changes of the tidal flat area also varied among
the four deltas (Figure 3). It had large variations during 1984-2005
in the LRD, and then substantially lost during 2006-2020 (-3.7 km?/
year, p<.01). Similarly, the YRD also had two phases in its tidal flat
areas: (1) a relatively stable phase during 1984-2005 and (2) a large
loss phase during 2006-2020 (-24.7 km?/year, p<.001). The tidal
flat areas in the YtRD had large interannual variation during 1984-
2020 with multiple phases, including the declining phase during
1984-1993, the increasing phase during 1994-1999, the declining
phase during 2000-2012, and the increasing phase during 2014-
2020. However, the tidal flat area in the PRD had two phases: (1) a
relatively stable phase during 1984-2012 and (2) a large gain phase
during 2013-2020 (5.5 km?/year, p <.05).

3.2 | Coastal wetland areas with different sizes

We qualified the TA dynamics of coastal wetlands with different

sizes (area<1 km? and area >1 km?) in the four river deltas (Figure 4).

(b)
1350 25
1150 y =-17.67x
p<0001 [ 29
o~ 950 - .
£ r 15
< 750 - -
< L 10
= 550 - o
- _5
350 1 y = -413.55x
150 P < 0.001 0
LOANTOOOANTOOWONT O 0O
VDO OO OO ™™ v N
[oNoNoNoNoNoNeolololeoloNoNeNeNoeNoNe)
T T T T T AN AN ANNNANNNANANAN
(d)
150 14
F 12 ~
=
=z
L 10 &
8
DOANTOOOANTOOONT OOWO
VDO OO0OO0OO0OO «™v™v™—v—v—«QN
[oNoNoNoNoNoNeoNololoNoloNoNoeNoelNoeNe]
T T e o AN AN ANANNNNNNNN
Year

FIGURE 2 Total areas (TAs) and patch numbers (PNs) of coastal wetlands in China's four major river deltas during 1984-2020. (a) Liaohe
River Delta (LRD). (b) Yellow River Delta (YRD). (c) Yangtze River Delta (YtRD). (d) Pearl River Delta (PRD).
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FIGURE 3 Total areas (TAs) and patch numbers (PNs) of tidal vegetation (TV) and tidal flats (TF) in China's four major river deltas during
1984-2020. (a) Spatial distribution of four deltas. (b, c) Liaohe River Delta (LRD). (d, e) Yellow River Delta (YRD). (f, g) Yangtze River Delta

(YtRD). (h, i) Pearl River Delta (PRD).

As the TA of large patches accounted for a very large proportion of
the TAs of coastal wetlands (Figure S8), the TA dynamics of large
coastal wetland patches matched well with those of total coastal
wetlands in four deltas. However, the small coastal wetland patches
usually had different TA dynamics from those of large patches. The
TA of small saltmarsh patches in the LRD had only three phases over
years: (1) a relatively stable but variable phase during 1984-1997; (2)
arapidly declining phase in 1999-2004; and (3) a continually increas-
ing phase in 2005-2020. However, it had four phases in the YtRD:
(1) a stable phase during 1984-2005; (2) a sharply decreasing phase
during 2006-2009; (3) a rapidly increasing phase during 2009-2013;
and (4) a stable phase after 2013 (Figure 4d). The TA of small tidal
vegetation in the PRD had similar dynamics to that of large patches
before 2017, and it decreased substantially but the TA of large
patches continually increased after 2017. The TA of small tidal flat
patches in the LRD had two obvious phases over years: (1) a stable
but variable phase between 1984 and 2000; and (2) a substantially

decreasing phase during 2001-2020. In other three deltas, the TA of
small tidal flat patches had similar dynamics to that of large patches

although the TA of large patches had more outliers.

3.3 | PNs of coastal wetlands in the four major
river deltas

We used the PN and PD for the analysis of PN dynamics of coastal
wetlands. The PN in the four major deltas in 2020 had similar pat-
terns with those of TA (Figure S8). The YtRD had the largest PN
of coastal wetlands (24,193) in 2020, followed by the PRD (9729),
YRD (6475), and LRD (2753), resulting in the largest PD of coastal
wetlands in the PRD and their sparser distribution than other
deltas (Figure S9). Although the PN of large patches of coastal
wetlands was much smaller than that of small patches, their
areas accounted for very large proportions of the TAs of coastal

85U8017 SUOLILLOD BA 181D 3ealdde ay) Ag peusenob ae Ss(oie YO ‘88N JO Sa|nJ Joj Ak 8UlUQ A8]IM UO (SUOTHPUOD-pUe-SWBI W0 A8 | IMAleIq Ul |UO//SdNY) SUORIPUOD PUe SWB | 81 88S *[£202/T0/6T] Uo AriqiTauliuo AB|IM BWOURNO JO AISeAIUN AQ £8G9T GOB/TTTT'OT/I0p/W00" A3 (1M Ae.q 1 |BulUO//:Sdny Wo. pepeoiumod ‘0 ‘98vZS9ET



8 ] WANG ET AL.

WI LEY—% Global Change Biology

(a) Area<1 Areax1 (b) (c) (d)

16 45 50 30070 400 12
S LRD 20 YRD YIRD 27 | PRD
g 12 L 30 | L 20060 1 L 300 - 8
o) 30 23 A
> 8 0 50 .
;c 4 15 . - 100, | 200 19
hs]
kK 0—/————————0 0+——— =0 30—~ 100 15 Fo—m o 0

0N ©O YT ®N©O O N © O S O N ©O LN ©O Y 0N ©O BODPPDSODRD = v —
0NN O QO = = VOO 9O = = A VNN Q9 = = A IS S8S8SS5SS
>0 O®O OO oo o >0 OO OO o0 o O SN - ellellellelle) 222NN
~ - v~ NN AN AN NN N N ~ - - N AN N N N N ~ - - N AN N N N N

(e) () (9 (h)

35 300 120 800 170 550 50 40
2 | 40 A I
8 o5 80 - 600 13 | L 400 4 | 30
3 - 200 - 400 20 | - 20
= 15 40 - | 500 90 1 P 250 7 L 10

S 100 0 0 50 e 100 0 St e 0

N N © O I O N © O L AN © O F © N © O oy

3388885358 8338838558 338388835359 8338888555

- - - N AN AN AN NN - T - N N AN AN NN ~ - - N AN N N NN T T ANNNNNNN
Year Year Year Year

FIGURE 4 Total areas (TAs, km?) of tidal vegetation and tidal flats with different sizes (area<1 and area>1) in China's four major river
deltas during 1984-2020. (a-d) TA of tidal vegetation with different sizes in four deltas. (e-h) TA of tidal flats with different sizes in four

deltas.
a LRD YRD YtRD PRD
45 @ 300 ; ®) 400 4 © 12 o (@
S [ ]
S s
< 30 * 200 300
o < < <
o+ . = [
5 15 ® p<0.001 100 200 P<0.001
S R2=0.85 o | RZ=067
0+ : : ) : : . 100 A | : : .
5 10 15 0 10 20 30 0 2 4 6
PN PN PN
300 5 (@) 900 4 (f) 450 - (h) . o
%) ° e o
® ° S ° i
S o < 600 - o .0 £ 300
- - o iy o, b —
_% 200 1 8 oo, '.: L4 1
S ]
\.:::‘3"0 p>005 300 $., o005 1 *P<0.001 10 | P<0.001
***®  R2=002 R2=0.07 R2=0.42 R2=0.89
100 : , 0 - - 0 - - 0 ¢ . .
5 15 25 0 20 40 60 0 20 40 60 0 10 20
PN PN PN PN

FIGURE 5 Relationships between patch number (PN) and total area (TA, km?) of large tidal vegetation (TV) and tidal flat (TF) patches in
China's four major river deltas during 1984-2020. (a-d) Relationships of tidal vegetation in four deltas. (e-h) Relationships of tidal flats in

four deltas.

wetlands. During 1984-2020, the PNs of coastal wetlands in the
LRD and YRD showed significantly decreasing trends with rates
of 32.60km?/year (p <.05) and 413.55 km?/year (p <.001), respec-
tively, but it recently started to recover with large variation in the
LRD after 2004 and showed a stable trend in the YRD after 2012
(Figure 2a,b). The PN of coastal wetlands in the YtRD had high
variations during 1984-2020, but it also started to recover after
2012 (37.95 km?/year, p <.01), which matched well with the trend
of its areas (Figure 2c). The PRD showed a continually increasing
trend in the PN of coastal wetlands during 1984-2020 (p <.001;
Figure 2d).

The PN dynamics of tidal vegetation in the four deltas also
matched well with the TA dynamics (Figure 3), although the PN

trend of the LRD during 2004-2020 was much smoother than its
TA trends. However, the PN of large tidal vegetation did not always
change simultaneously with its TA (Figure 510). We found significant
relationships in the LRD, YRD, PRD and non-positive relationship
in the YtRD between PN and TA of large tidal vegetation patches
(Figure 5), demonstrating the intensified anthropological interven-
tions with tidal vegetation in the YtRD. The PN of tidal flats changed
simultaneously with their TA in the YRD, YtRD, and PRD, neverthe-
less, the PN in the LRD experienced a substantially increasing trend
while their TA experienced a significantly decreasing trend during
2004-2020. Furthermore, non-negative relationships in the LRD
and YRD between PN and TA of large tidal flat patches also indicated
their asynchronous changes.
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3.4 | Coastal wetlands in the protected areas

We analyzed the dynamics of TA and PN of coastal wetlands
within the PAs before and after the years in which PAs were listed
as Ramsar Sites (Ramsar year) and assessed the effectiveness
of PAs for protecting coastal wetlands (Figure 6). The TA and PN
of tidal vegetation in the Liaoning Liaohe Estuary NNR (LHPA)
experienced a substantial decrease with large variation before 2005
(p<.01), indicating the perilous state of coastal wetlands before
the Ramsar year. After 2005, the TA had two noticeable phases:
(1) a rapid recovery phase during 2005-2014 (slope = 3.95km?/
year, p<.001); and (2) a rapidly decreasing phase during 2015-
2020 (slope = -3.78km?/year, p>.05). However, the PN of tidal
vegetation showed a significantly increasing trend (slope = 12.65/
year, p<.05) after 2005, demonstrating the fragmentation situation
of tidal vegetation. The TA of tidal flats in the LHPA first experienced
adecreasing trend and then an increasing trend before 2005, and the
PN showed a significantly decreasing trend (p <.05). However, the TA
of tidal flats decreased substantially after 2005 (slope = -3.70km?/
year, p<.01), and the PN had two phases: (1) a rapidly increasing
phase during 2006-2013 (p <.05); and (2) a sharply decreasing phase
during 2014-2020 (p>.05). In general, the LHPA was effective in
halting the decreasing trends in saltmarsh and tidal flat areas after
the Ramsar year, and it still had more room for enhancing the
efficiency of its recovery.

The TA and PN of tidal vegetation in the Yellow River Delta
National Nature Reserve-Yellow River Estuary (YRPA) experienced
a substantial decrease before 2013 with rates of —3.44km2/year
(p<.001) and-22.73/year (p<.01), respectively. After the Ramsar
year, the TA of tidal vegetation in the YRPA started to increase
slightly, nevertheless, its PN experienced a slight decrease. Unlike
the tidal vegetation, the TA of tidal flats showed a relatively stable
trend before 2013 while the PN decreased substantially (p<.05).
After 2013, the TA and PN had two phases: (1) a significantly de-
creasing phase of TA and slightly increasing phases of PN during
2014-2018; and (2) an increasing phase of TA and decreasing phases
of PN after 2018. Thus, the YRPA was more effective in saving and
protecting saltmarshes than tidal flats after the Ramsar year.

The TA of tidal vegetation in the Shanghai Chongming Dongtan
Bird National Nature Reserve (CMPA) continually increased
(slope = 1.68km?/year, p<.0001) before 2005; however, the PN had
two phases: a substantially increasing phase (p<.01) during 1984-
1997; and a slightly decreasing phase during 1998-2005. After the
Ramsar year, the TA of tidal vegetation continually increased during
2005-2013, but rapidly decreased during 2013-2014, and slightly
increased after 2014. The PN continually increased during 2006-
2020 except for the very large values in 2014. As for the tidal flats,
their TA had an increasing trend over years (slope = 0.53 km?/year,
p <.0001), and their PN also had a non-significantly increasing trend
during 1984-2020 (p>.05), however, the variation of PN before
2005 was much larger than that after 2005.

The TA of tidal vegetation in the Shanghai Jiuduansha Wetland
National Nature Reserve (JDSPA) of the YtRD, which was subjected

oo, MM

to very limited human disturbances, experienced substantial gains
during 1984-2020. However, the PN of tidal vegetation had a rel-
atively stable trend with large variation. The TA of tidal flats had a
significantly increasing trend before 2005 (slope = 1.04km?/year,
p<.0001), then it had a slightly decreasing trend after 2005 (p>.05).
The PN of tidal flats had similar dynamics to TA before and after
the NNR year. Thus, both the CMPA and JDSPA were effective in
holding the increasing trends in saltmarshes and tidal flats after the

NNR and Ramsar years.

4 | DISCUSSION

4.1 | Coastal wetland structure in China's four
major river deltas

Due to the great importance and vulnerability of coastal wetlands in
large river deltas, the dynamic analysis of coastal wetland structure
(e.g., patch size and number) are becoming a research hotspot (Bianchi
& Allison, 2009; Gaglio et al., 2017; Richards & Friess, 2016; Ryu
et al., 2021; Webb et al., 2014), especially in China's four major river
deltas, where coastal wetlands have experienced substantial changes
under the pressure of intensified human activities and climate change
(Li etal., 2011; Liu et al., 2014; Tan et al., 2022; Xiao & Li, 2004; Zhou
etal., 2019). In this study, we used a pixel- and phenology-based map-
ping tool, which has been validated at multiple scales in China (Liu
et al., 2020, 2023; Wang, Xiao, Zou, Chen, et al., 2020; Wang, Xiao,
Zou, Hou, et al., 2020), to generate the annual maps of coastal wet-
lands in China's four major river deltas, and analyzed the dynamics of
their patch sizes and numbers during 1984-2020. Furthermore, we
also investigated the effectiveness of four PAs for saving and pro-
tecting coastal wetlands over the last three decades.

Other researchers also have completed the analysis in China's
river deltas. For example, Liu et al. (2014) analyzed the spatial-
temporal dynamics of wetland landscape patterns in the YRD based
on remotely sensed imageries in 2000, 2005, and 2010. They found
that the TA of natural coastal wetlands decreased from 2000 to
2010, which was also supported by our study. Furthermore, they
found the wetland patches, which included natural and constructed
wetlands, gradually became more fragmentated, complex, and de-
centralized in the YRD. However, our study focused on the natu-
ral tidal flats and saltmarshes separately and found their decreased
PD values and less fragmented trends during 2000-2010 because
of the considerable losses of coastal wetland areas (Figure 3).
Zhou et al. (2019) generated maps of natural coastal wetlands and
constructed wetlands of the PRD in 1980, 1990, 2000, 2010, and
2015, and found that the natural wetlands had shrunk with a TA of
189 km?. In addition, compared with the situation in 1980, the PN of
wetlands was much higher in 2015. However, in our study, we found
an increased TA and PN of tidal vegetation and a slightly decreased
TA of tidal flats in the PRD during 1984-2015.

Several reasons may explain the inconsistency between these
published studies and our study. First, in terms of input image data,
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FIGURE 6 Total areas (TA, km?) and patch numbers (PN) of saltmarshes and tidal flats in four protected areas (PAs) in China's four major
river deltas during 1984-2020. (a-b) TA and PN in the LRPA. (c-d) TA and PN in the YRPA. (e-f) TA and PN in the CMPA. (g-h) TA and PN in
the JDSPA. Year of NNR: The year in which PA was established as a National Nature Reserve (NNR); Year of Ramsar: The year in which PA

was listed as a Ramsar site.

these studies used only one Landsat imagery from a single date or
mosaicked image from multiple dates within the study region, how-
ever, our study used all the available time-series Landsat data in
each year. The larger numbers of good-quality observations used
in our study could provide more information on coastal wetlands,
and might have obtained a more accurate estimate of coastal wet-
land area in our study. Second, in terms of the mapping algorithm,

these published studies used either a visual interpretation method
or object-oriented classification approach while we used a pixel- and
phenology-based algorithm, which could reduce the effects of bad-
quality observations, phenological information of tidal vegetation,
and periodical tides on the identification of coastal wetlands and
greatly improve the accuracy of resultant analysis (Chen et al., 2017,
Wang et al., 2021). Third, in terms of land cover classification scheme
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and definition, these previous studies mapped all the natural and
constructed coastal wetlands, but we only identified the natural
coastal wetlands (including tidal flats, saltmarshes, and mangrove
forests). The different definitions of study area might also have led
to the different dynamics of coastal wetlands. In addition, almost
all these published studies only reported the landscape dynamics of
coastal wetlands in specific years before 2015, however, our study
generated annual maps of coastal wetlands and extended the study
period to the year 2020 from 1980s and found the divergent dy-
namics of patch sizes and numbers of coastal wetlands in four deltas
after 2015. To our best knowledge, this is the first study that evalu-
ated annual spatial-temporal dynamics of patch size and number in
China's four large river deltas during 1984-2020.

With regards to the effectiveness of major PAs, Mao
et al. (2021) have explored the wetland dynamics in China's
Ramsar sites and revealed that Ramsar sites play important roles
in preventing wetland loss, in comparison to the dramatic decline
of wetlands in the surrounding areas. Furthermore, they have also
highlighted the expansion of invasive Spartina in several coastal
areas, especially in the coastal PAs, for example, YRPA and CMPA.
In addition, Ren et al. (2021) have also analyzed the effectiveness
of coastal wetland PAs and found that PAs were successful in res-
cuing iconic wetlands and critical shorebird habitats from once
widespread reclamation, but this success was counteracted by ex-
tensive plant invasions. In our study, similar conclusions were also
drawn, that is, PAs were effective in controlling the expansion of
reclaimed areas but plant invasions threatened the success of PAs.
Furthermore, our study also reported varying effectiveness of PAs
in China's four major river deltas in halting the decreasing trends in
coastal wetland areas after these PAs were listed as Ramsar Sites
through analyzing the annual dynamics of TA and PN of coastal

wetlands.

4.2 | Anthropogenic drivers for coastal
wetland dynamics

Coastal reclamation, the process of creating new land from the
sea, is regarded as one of the most important factors that are
driving the rapid changes of coastal wetlands, and leads to reduced
biodiversity, worse water quality, reduced ability of carbon storage
and coastal protection from storm events, and increased regional
vulnerability to sea level rise (Cheng et al., 2020; Jiang et al., 2021,
Ma et al., 2014). In this study, we found that China's four major river
deltas experienced drastic reclamations since the 1980s, resulting in
the substantial losses of coastal wetlands in the LRD and YRD. For
example, the reclamation activities in the LRD and LHPA resulted
in the substantial decrease in the saltmarsh areas (Figure S11).
To protect the environment and maintain the sustainability of
coastal wetlands, China's government has implemented several
environmental laws and regulations since the 1980s (Hua, 2014,
Jiang et al., 2021; Li et al., 2020; Wang et al., 2014), such as the
release of the Notice on Issues related to Intensifying Management
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of Land Reclamation Plans in 2010 and Procedure for Management
of Land Reclamation Plans in 2011, both of which aim to specify the
detailed procedure of making, implementing, and supervising annual
reclamation quota plans (Jiang et al., 2021), as well as the approval of
National Marine Function Zoning Plan (2011-2020) in 2012, which
aims to strengthen the management of reclamation projects and
to rationally control the scale of reclamation (Ma et al., 2014). All
these measures have slowed down the reclamation, and our study
also provided strong evidence that the reclaimed areas in four deltas
decreased substantially over the last few years (Figure Séd-g). The
decreased reclaimed areas in four deltas have great contribution
to the recent recovery of tidal vegetation and tidal flats (Wang
et al., 2021), such as the recent recovery of saltmarshes in the LRD
and YtRD, as well as the continually increased area of tidal vegetation
in the PRD (Figure 3).

Large-scale dams have been constructed in China's large riv-
ers to meet the growing needs for water resources required for an
increasing population and controlling of seasonal flooding (Yang
& Lu, 2014). One example is the Three Gorges Dam (TGD) in the
Yangtze River of western Hubei Province, the largest hydroelectric
dam in the world, which contributes to the substantial decrease of
sediment discharge in the Yangtze River (Figure S12a). The TGD
reservoir was first impounded in 2003, then the water level in-
creased to 175m (the maximum height by dam design) in October
2010 (Wang et al., 2013, 2014). During 2003-2010, the low and de-
creased sediment load, as well as the large and increased reclaimed
areas, contributed to the substantial losses of saltmarsh and tidal flat
areas and increased PNs in the YtRD (Figure S12a,b). Furthermore,
our findings highlight that the reclaimed areas have larger effects on
the PN dynamics of saltmarshes than sediment discharge in these
years (Figure S13). After 2012, the reclaimed areas decreased and
stayed at a very low level by 2020, contributing to the recent recov-
ery of saltmarsh and tidal flats in all four deltas.

In addition to the reclamation and sediment discharge, eco-
logical restoration projects in the coastal zone also have great
impacts on the dynamics of coastal wetlands (Jia et al., 2021;
Liu et al., 2014; Zhang, Xiao, et al., 2020), such as the Ecological
Engineering Project of Controlling Spartina (US$ 186 million, here-
after, EEPCS) implemented during 2013-2016 in CMPA of the
YtRD (Figure S14), which contained three major components: era-
diation of invasive Spartina, restoration of native plant saltmarsh
communities, and reconstruction of bird habitats (Zhang, Xiao,
et al., 2020). EEPCS caused substantial decreases of PN and TA of
medium- to large-size saltmarshes (area >0.01 km?) and increased
the TA of tidal flats in CMPA during 2013-2016 due to the re-
moval of Spartina in the first step (Figure S12c,d), after which the
PN and TA of saltmarshes started to increase and the PN of tidal
flats started to decrease at high rates due to the restoration of
native plant (e.g., Scirpus x mariqueter) saltmarshes (Zhang, Xiao,
et al., 2020). Although the restoration project has contributed to
the losses of invasive Spartina and the gains of native saltmarsh
plants, this project covered a very limited range, and the conser-
vation of saltmarsh ecosystems still lags far behind the invasion of
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Spartina (Jackson et al., 2021; Mao et al., 2019; Wang et al., 2022).
Considering the important ecosystem services of native salt-
marshes, there is an urgent need to put more effort into the pro-
tection and restoration of native saltmarshes at a much larger
scale.

4.3 | Impact of plant invasions on coastal
wetland dynamics

Plant invasions are one of the most important interventions
on the dynamics of coastal wetlands in China's coastal zone,
especially Spartina, which has the great invading ability, and has
well established in the intertidal zones and become the most
dominant species in saltmarshes in China (Ning et al., 2021; Wang
etal., 2022; Zhang, Xiao, et al., 2020). Since the 1980s, the areas of
Spartina saltmarshes continually increased in China's coastal zone
as they expanded rapidly from 0.001 km? in 1981 to approximately
520km? in 2020 (Li et al., 2022), especially in large river deltas, as
the proportions of the total saltmarsh areas have raised to ~20%
in the YRD and ~28% in the YtRD in 2020, and the proportions of
their PN accounted for ~40% in the YRD and ~55% in the YtRD in
2020 (Figure S15). As Spartina saltmarshes could alter the estuarine
sediment dynamics and outcompete native plant species, the
expansion of Spartina usually decreases the PNs of total saltmarsh
and contributed to the smaller fragmentation (Liu et al., 2018).
Our study also supported that the Spartina saltmarsh area in
JDSPA, which has very limited human disturbances, increased
substantially since 2000 (Figure S16a), and the expanded Spartina
saltmarshes had a significant contribution to the decreased PNs of
saltmarshes (Figure S16b).

However, the rapid and extensive spread of Spartina salt-
marshes has threatened coastal sustainable environments through
out-competing native plant species, preventing water birds from
obtaining food from mudflats, and reducing coastal biodiversity
(Li et al., 2022; Wang et al., 2022). As the target of the “no net
loss” policy measures total changes without considering changes
in composition and the corresponding ecological functions
(He, 2019; Mao et al., 2022; Xu et al., 2019), the Spartina-induced
no net loss of coastal wetlands in patch sizes and numbers do not
really represent the real improvement of wetland quality, func-
tions, biodiversity, and ecosystem services. Thus, given its rapid
expansion and notable negative ecological consequences, it is
necessary to monitor the Spartina invasions in the saltmarshes for
the sake of scientific ecosystem management and conservation,
and replace them with native saltmarshes for the conservation
and restoration of coastal wetlands in China (Mao et al., 2019;
Wang et al., 2021). Furthermore, the effects of rapidly expanding
Spartina on the ecosystem structure and functioning (such as soil
carbon sequestration) of natural wetlands are still unclear, which
calls for comprehensive research on the effects of plant invasions,
the functions of coastal wetlands, and how to restore their func-
tions (He, 2019).

TABLE 1 Reclamation and Spartina areas (km?) in four protected
areas (PAs) of China's major river deltas before and after Ramsar
years

Reclaimed area Spartina area

PAs Before After Before After
LHPA 148.58 70.01 0.02 0.48
YRPA 139.57 20.64 3.67 85.58
CMPA 0.82 23.74 0.53 78.68
JDSPA = = 7.41 352.07

Note: “—" means there is no reclamation in JDSPA. Note that JDSPA
has not been listed as a Ramsar site, and here we calculated the areas
before and after the year in which JDSPA was established as National
Nature Reserve.

4.4 | Effectiveness of PAs for protecting
biodiversity in four deltas

Protected areas, which have more than tripled in number and
size globally, have effectively conserved habitats and biodiver-
sity against losses driven by human activities (Mao et al., 2021;
Ren et al., 2021). In China's four major river deltas, four PAs have
been established as NNRs, three of which have been listed as
Ramsar sites (Table S1), and are playing critical roles in halting
the decreasing trends in coastal wetland areas (Ren et al., 2021).
Our findings also supported that the tidal vegetation and tidal flat
areas in these PAs had stable or increasing trends after the estab-
lishment (Figure 6). In addition, we also found that the reclaimed
areas have recently experienced significant decreases in these PAs
(Figure S17). In particular, reclaimed areas of these PAs became
much smaller after they were listed as Ramsar sites except for that
of the CMPA because of the EEPCS (Table 1), indicating the strong
effectiveness of PAs in controlling the expansion of reclaimed
areas.

However, the success of PAs in preventing the expansion of
reclamation is being threatened by extensive plant invasions. From
the long-term analysis, our study found that the areas invaded
by Spartina increased substantially in the four PAs (Figure S17).
Furthermore, the Spartina-invaded areas in four PAs were much
larger after Ramsar sites were designated (Table 1). The expansion
of Spartina saltmarshes not only affects the patch size and number
of coastal wetlands but also has great negative effects on the suc-
cession of new native marshes and the protection of water birds and
biodiversity (Li et al., 2022; Wang et al., 2022). Our findings have
important implications for understanding the information on effec-
tiveness of PAs in stopping land reclamation and expansion of plant
invasions in China's major river deltas. In addition, our findings also
suggest that it is urgent to control the reclamation and plant inva-
sions to safeguard PAs as effective refugia for highly valued coastal
wetland ecosystems and biodiversity and maintain the sustainability
of coastal wetlands in China.

In addition, the PAs had different effectiveness in protecting
different types of coastal wetlands. Considering the important
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ecosystem services of saltmarsh ecosystems, many conservation
efforts in PAs have led to the recovery of saltmarshes, such as
the restoration project in the YRPA (Zhou et al., 2016) and the
restoration of native Scirpus x mariqueter saltmarshes in the CMPA
(Zhang, Qiu, et al., 2020). However, few conservation and res-
toration plans in PAs have been introduced for tidal flats, which
spread across 18,000 km of China's coastline and cover the largest
areas in the coastal zone serving as critical wildlife habitats for
many species of waterfowl and migratory birds (Jia et al., 2021).
Our study also found that PAs in China's major river deltas had
stronger effectiveness in saving and protecting saltmarshes than
tidal flats (Figure 6). Thus, to maintain the sustainability of coastal
wetlands in PAs, more efforts are needed to protect tidal flats by
establishing new protection laws and regulations, and by increas-

ing financial support for tidal flat research.

4.5 | Uncertainties of the analysis of coastal
wetland structure

Our study analyzed the divergent dynamics of coastal wetland
structure (patch size and number) in China's four large river deltas
by producing detailed and accurate maps of coastal wetlands (tidal
flats, saltmarshes, and mangrove forests), and investigated the
impacts of reclamation, dam construction, ecological engineering
projects, plant invasions, and the effectiveness of PAs. Our study,
together with previously published studies (Li et al., 2011; Liu
et al., 2014; Tan et al., 2022), contributed to our knowledge about
the coastal wetland structure and coastal sustainability in China's
major river deltas. However, we must also recognize the potential
sources of errors and uncertainties in our analysis. First, as the
spatial resolution of Landsat imagery is 30 m, those small patches
of coastal wetlands with areas <30 x 30m? could not be mapped in
our study. Second, the Landsat image quality might have affected
the analysis in our study. For example, the number of images of
China's coastal provinces was much lower in 2012 than in other
years (Figure S1), which appeared to lead to the low coastal wetland
areas recorded in 2012 in some deltas, such as the very low tidal flat
area in the YtRD in 2012 (Figure 3g). Third, our study reported the
structure of three major coastal wetland types, of which saltmarshes
have many communities that are dominated respectively by Tamarix
chinensis, Phragmites australis, Suaeda salsa, Scirpus mariqueter,
Cyperus malaccensis. In the future, we could further explore the
fine classification of saltmarshes and mangroves by dominant
species, and investigate their structural dynamics under natural or

anthropogenic disturbances.

5 | CONCLUSION

Our satellite-based analysis reveals rapid and large changes in
coastal wetland structure (patch size and number) in China's
four major river deltas. Both TA and PN in the LRD and YRD

S iy

experienced substantial losses over the last three decades, and
they had a non-significantly but recently increasing trend in the
YtRD. The PRD showed a relatively stable but variable trend in
TA but a continually increasing trend in PN. Furthermore, the tidal
vegetation and tidal flats had divergent dynamicsin their TAand PN
due to coastal reclamation, reduced sediment loads in the rivers,
expansion of invasive plants, and ecological restoration projects.
We also found that PAs were effective in halting the decreasing
trends in saltmarsh and tidal flat areas, but still, there are great
potentials to be improved, especially, the success of PAs in slowing
the expansion of reclamation is being counteracted by soaring
exotic plant invasions. Our study provides vital information for the
government, stakeholders, and the public to address increasing
challenges of coastal management, restoration, and sustainability

in large river deltas.
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