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1  |  INTRODUC TION

Coastal wetlands are one of the global ecosystems with the largest car-
bon density and provide multiple ecosystem services for humans. Their 
carbon sink capacity is 30–50 times greater than terrestrial forests 
(Mcleod et al., 2011; Ouyang & Lee, 2020). The carbon pools in vegetated 

and unvegetated coastal wetlands, called “Blue carbon”, consist of the 
biomass and soil carbon pools stored in mangroves, salt marshes, sea-
grass, and mudflats (Nellemann et al., 2009). Blue carbon plays a signif-
icant role in the ocean carbon cycle, accounting for 50% of the annual 
organic carbon stock in the coastal ocean, and is considered an effective 
and low-cost natural climate solution (Macreadie et al., 2021).
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Abstract
China's coastal wetlands have experienced large losses and gains with rapid coastal rec-
lamation and restoration since the end of the 20th century. However, owing to the dif-
ficulties in mapping soil organic carbon (SOC) in blue carbon stocks of coastal wetlands 
on a national scale, little is known about the spatial pattern of SOC stock in China's 
coastal wetlands and the loss and gain of SOC stock following coastal reclamation, con-
servation, and restoration over the past decades. Here, we developed a SOC stock map 
in	China's	coastal	wetlands	at	30 m	spatial	resolution,	analyzed	the	spatial	variability	and	
driving factors of SOC stocks, and finally estimated SOC losses and gains due to coastal 
reclamation and wetland management from 1990 to 2020. We found that the total SOC 
stocks	in	China's	coastal	wetlands	were	77.8	Tg	C	by	2020	with	3.6	Tg	C	in	mangroves,	
8.8	Tg	C	in	salt	marshes,	and	65.4	Tg	C	in	mudflats.	Temperature,	rainfall,	and	seawater	
salinity exerted the highest relative contributions to SOC spatial variability. The spatial 
trend of SOC density gradually decreased from south to north except for Liaoning prov-
ince, with the lowest density in Shandong province. About 24.9% (19.4 Tg C) of SOC 
stocks in China's coastal wetlands were lost due to high-intensity reclamation, but SOC 
stock gained from conservation and restoration offset the reclamation-induced losses 
by 58.2% (11.3 Tg C) over the past three decades. These findings demonstrated the 
great potential of conservation and restoration of coastal wetlands in reversing the loss 
trend of blue carbon and contributing to the mitigation of climate change toward carbon 
neutrality. Our study provides significant spatial insights into the stocks, sequestration, 
and	recovery	capacity	of	blue	carbon	following	rapid	urbanization	and	management	ac-
tions, which benefit the progress of global blue carbon management.
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Soil organic carbon (SOC) stocks are the most important car-
bon pool in coastal wetlands accounting for 49%–98% of the total 
carbon stocks (Donato et al., 2011). Globally, the annual SOC 
stored in coastal wetlands is the same as that of terrestrial forests, 
even	though	coastal	wetland	area	 is	only	3%	of	the	size	of	 terres-
trial forest area (Duarte et al., 2013). However, geospatial data on 
SOC stocks of multiple coastal wetlands on a national scale have 
not yet been fully investigated. At present, remote sensing is the 
mainstream method to obtain the geospatial data of biomass carbon 
stocks on a large scale (Huang et al., 2021; Simard et al., 2019; Spawn 
et al., 2020), but its application to the estimation of SOC stocks has 
been limited due to the dense canopy of mangrove and salt marsh, 
covering the soil. Therefore, most studies used a simple algorithm of 
multiplying the mean SOC by the area to estimate the SOC stocks 
in coastal wetlands at national and global scales (Duarte et al., 2013; 
Fu et al., 2021), which caused large uncertainty, and the SOC spatial 
variability at finer scales cannot be captured.

Machine learning-based methods were recently applied to break 
the limitation of accurate estimates and the finer-scale spatial vari-
ability captured in the SOC stocks of coastal wetlands (Duarte de 
Paula	Costa	et	 al.,	2021; Sanderman et al., 2018). Although a few 
studies on the estimation of carbon stocks in China's coastal wet-
lands have also been conducted using machine learning-based 
methods on a local scale, a specific type of coastal wetlands was 
only reported, such as salt marshes or mangroves (Li et al., 2019; 
Zhu et al., 2015). These studies are insufficient for understanding 
the spatial distribution and variability in SOC stocks across different 
types of coastal wetlands on a national scale. Therefore, there is an 
urgent need to develop maps of the SOC stocks in three types of 
China's coastal wetlands (mangroves, salt marshes, and mudflats), 
which is conducive to quantifying the spatial variability of SOC 
stocks and determining the conservation and restoration priority 
areas of coastal wetlands in China.

An	estimated	63%	of	the	global	coastal	wetlands	have	been	lost	
since 1900 (Davidson, 2014), driven by coastal development, land 
cover/use conversion, pollution, overfishing, coastal erosion, and 
climate change (Galatowitsch, 2018; Hagger et al., 2022). The loss 
and degradation of coastal wetlands undermined their ability to 
mitigate climate change and increased CO2 emissions through mi-
crobial	decomposition,	re-mineralization,	and	the	release	of	carbon	
stored in the soil (Carnell et al., 2018; Lovelock & Reef, 2020; Salinas 
et al., 2020). These losses resulted in annual emissions of 0.15–1.02 
million tons of CO2	to	the	atmosphere	(Pendleton	et	al.,	2012). China 
lost 50% of coastal wetlands from 1950 to 2000, at an average 
rate	of	24,000 ha year−1, due to reclamation (Ma et al., 2014), which 
greatly threatens the ecosystem service of blue carbon sink and the 
capacity of climate change mitigation in coastal regions. The good 
news is a substantial increase in mangrove and salt marsh areas oc-
curred in China since 2012, driven by increased conservation and 
restoration efforts (Wang et al., 2021). However, owing to the dif-
ficulties in mapping carbon stocks in coastal wetlands on a national 
scale, the reclamation loss and restoration gain in blue carbon in 
China have not been well-understood.

Here, we aim to (1) explore the spatial variability and key driv-
ing factors of SOC stocks in China's coastal wetlands; (2) clarify the 
blue carbon loss induced by high-intensity reclamation from 1990 
to 2020; and (3) understand the benefit of China's conservation and 
restoration in blue carbon recovery. Therefore, we initially used a 
machine learning-based method to determine the driving factors of 
SOC stocks, and then developed a SOC stock map in China's coastal 
wetlands	at	30 m	spatial	resolution	to	analyze	the	spatial	variability	
at the estuarial, provincial, and national scales. In our study, coastal 
wetlands were defined to include two subgroups (vegetated tidal 
wetlands and mudflats), and vegetated tidal wetlands were further 
divided into salt marshes and mangroves (Wang et al., 2020). Finally, 
we estimated the losses, gains, and budget of SOC stock from 1990 
to 2020 following the coastal reclamation, conservation, and resto-
ration to reveal the benefits of China's conservation and restoration 
policies in the blue carbon recovery.

2  |  MATERIAL S AND METHODS

2.1  |  SOC and accumulation datasets

We conducted a systematic review in the ISI Web of Science core 
database, Elsevier Scopus, Google Scholar, and China National 
Knowledge Infrastructure (https:// www. cnki. net/ ). Keywords 
used to search the studies were “soil or sediment organic carbon,” 
“stock,” “accumulation rate,” “tidal wetland or coastal wetland,” 
“mangrove,” “salt marsh,” “mudflat,” and “China.” The following cri-
teria were used to select publications for analysis: (1) The stocks 
of SOC were directly provided, or the SOC concentration (SOCC), 
bulk density (BD), and soil depth were provided to calculate the 
SOC stocks; (2) the carbon accumulation rates (CAR) were directly 
provided, or the SOCC and sediment accretion rate used to calcu-
late the CAR were provided; (3) the location, longitude, and lati-
tude of sampling sites were provided, and the core depth is greater 
than	 20 cm.	We	 focused	 only	 on	 the	 top	meter	 of	 the	 soil	 since	
these pools are the most susceptible to land-use change. Since the 
SOC density reported in these studies is available in different soil 
depths, we took a published approach (Fu et al., 2021) with the 
depth variability of SOCC and BD across different coastal wetlands 
to extrapolate the SOC stocks of short cores (core depth <1 m)	to	
1 m,	which	can	obtain	 sufficient	 samples	and	 reduce	 subsequent	
modeling errors. We also compared the extrapolated SOC stocks 
with	the	true	SOC	stocks	of	 the	cores	 (1 m	core	depth)	 to	evalu-
ate the accuracy of the extrapolated SOC stocks (Figure S1). SOC 
stocks that were not provided in published studies were quantified 
by multiplying the SOCC of each layer by the BD and then adding. 
In	total,	we	collected	262	SOC	sampling	sites	and	120	CAR	sam-
pling sites in coastal wetlands of 11 coastal provinces in China (lati-
tude from 18°N to 40°N) during 2000–2020. SOC sampling sites 
include	 116	mangrove	 sites,	 94	 salt	marsh	 sites,	 and	 52	mudflat	
sites (Figure 1, Dataset S1). CAR sampling sites include 58 man-
grove sites, 50 salt marsh sites, and 12 mudflat sites (Dataset S2).
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2.2  |  Coastal reclamation, conservation, and 
restoration data

China's coastal reclamation data from 1990 to 2020 was used to ana-
lyze	the	spatial	loss	of	SOC	stocks	across	three	coastal	wetlands.	We	
collected China's coastal reclamation area and type during 1990–2015 
from a published study (Sajjad et al., 2018), with over 90% of overall 
accuracy. Afterward, the land use/cover of the GlobeLand30 data-
base in 2015 and 2020 was used to obtain China's coastal reclama-
tion area during 2015–2020, which was obtained from the National 
Geomatics Center of China (http:// www. globa lland cover. com). This 
database was produced using more than 20,000 Landsat and Chinese 
HJ-1	satellite	images	with	resolutions	of	30 m,	and	the	accuracy	is	up	
to 90% in China (Chen et al., 2017). Finally, China's coastal reclama-
tion during 1990–2020 was developed by merging the coastal recla-
mation area and type during 1990–2015 and 2015–2020.

The data on conservation and restoration of coastal wetlands 
was	used	to	analyze	the	gain	of	SOC	stocks	across	three	coastal	
wetlands	over	 the	past	30 years.	The	spatial	extent	of	protected	
coastal wetlands was obtained by overlaying the nature reserve 
boundary and the extent of coastal wetlands that have persisted 
for	 the	past	30 years.	Conservation-driven	SOC	gains	were	 then	
calculated over this extent. The extent of China's coastal wet-
lands from 1990 to 2020 was derived from remote sensing inter-
pretation (see Section 2.3 for detailed methods). National nature 
reserve data for China's coastal areas were collected from the 
Chinese Resource and Environment Science and Data Center 
(https:// www. resdc. cn/ Defau lt. aspx). The spatial extent of re-
stored mangroves and salt marshes was obtained by extracting 
the regions where the mudflats converted into salt marshes or 
mangroves during 1990–2020, and these regions should be re-
ported in the policy documents of ecological restoration from 

F I G U R E  1 Distribution	of	China's	coastal	wetlands	and	SOC	sampling	sites.	Map	lines	delineate	study	areas	and	do	not	necessarily	depict	
accepted national boundaries.
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local governments. These data on restoration policies and laws 
were collected from published studies.

2.3  |  Coastal wetlands mapping and 
accuracy assessment

Accurate extraction of spatial data in coastal wetlands is a critical 
first step in estimating and mapping SOC stocks. The coastal wet-
land map for 2020 was obtained from a previously published study 
(Zhang et al., 2022), and we only used the same method in this 
study to map China's coastal wetlands in 1990. We used all avail-
able Landsat 5 TM surface reflectance (SR) imagery for the year 
1990 in the Google Earth Engine (GEE) cloud-processing platform. 
Time series of Landsat 5 TM SR imagery for the year 1990, with 
6–12 months	buffer	prepended	(18–24 months	total),	were	collected	
to capture tidal variations and a full phenological cycle of vegetated 
wetlands. With more clouds and rain in the summer, prepended time 
buffers ensure sufficient cloud-free growing season observations in 
China. In total, 5003 images from January 1, 1990, to December 31, 
1991,	were	available,	of	which	1632	scenes	with	cloud	cover	greater	
than 70% were filtered out, and 3371 images were ultimately col-
lected	in	China's	coastal	zones	for	further	analysis.

The map of China's coastal wetlands in 1990 was produced using 
the same classification method that integrates the tidal level and 
phenological features (Zhang et al., 2022). In the GEE cloud-pro-
cessing platform, we first collected 12,378 georeferenced polygons 
as the training samples referring to multiple sources, including ex-
isting mangroves and mudflats datasets (Hu et al., 2018; Murray 
et al., 2019), Landsat 5 lowest tide composite images, high-reso-
lution Google Earth images during 1990–1991. The images of the 
theoretical highest and lowest tide were generated by calculating a 
ratio	of	the	Normalized	Difference	Vegetation	Index	and	Normalized	
Difference Water Index, and the images of vegetation growing sea-
son and dormant season were generated by using the Near-Infrared 
Reflectance	of	 vegetation	 (NIRv)	 and	Plant	 Senescence	Reflection	
Index	(PSRI).	Second,	the	maps	of	mudflats,	salt	marshes,	and	man-
groves were generated by a random forest supervision classification 
method using the constructed training samples. Finally, we gener-
ated	a	validation	set	including	2856	random	points	in	the	GEE	to	as-
sess the classification accuracy of coastal wetlands. If the validation 
points are located in the study area, they are assigned to four types: 
mangroves, salt marshes, mudflats, and others. The assessment re-
sults of classification accuracy in coastal wetlands were obtained by 
calculating	the	user's	accuracy,	producer's	accuracy	(PA),	overall	ac-
curacy (OA), and F1 score (Bargiel, 2017).

2.4  |  Spatial modeling of the SOC stocks in 
coastal wetlands

To accurately simulate the spatial distribution of SOC stocks in 
coastal wetlands, important biophysical and climatic environmental 

factors that may affect SOC stocks in China's coastal wetlands 
should be screened. According to the prior knowledge (Armitage 
& Fourqurean, 2016; Holmquist et al., 2021; Rogers, Kelleway, 
et al., 2019; Rogers, Saintilan, et al., 2019b; Simard et al., 2019), we 
selected eight climate factors including mean annual air temperature 
(average, minimum, and maximum), mean annual sea surface tem-
perature (SST; average, minimum, and maximum), mean annual pre-
cipitation, mean annual solar radiation, three marine environmental 
factors including mean annual salinity, mean annual total suspended 
matter (TSM) and mean annual tidal range, five soil physicochemical 
factors	including	pH,	SOC,	N,	P	and	the	ratio	of	N	and	P	from	ter-
restrial ecosystems, two biological and topographic factors including 
canopy height and elevation (These data sources were available in 
Table S1), to predict the SOC stocks in mangroves, salt marshes, and 
mudflats. The mean value of each climate factor was first calculated 
based on a 30-year climatology 1990–2020, and the raster of each 
explanatory variable should be resampled to a unified spatial reso-
lution	 (30 m)	using	 the	Nearest-Neighbor	method.	Then,	 the	mean	
value of explanatory variables corresponding to each sampling site 
was	extracted	by	the	Extract	by	Points	tool	in	ArcGIS	10.4	software.

There can be significant variability in the SOC stocks across 
three coastal wetlands, and their SOC stocks need to be modeled 
separately. Since there is a significant nonlinear relationship be-
tween the SOC stocks and driving factors (Figure S2), we developed 
three prediction models using the boosted regression tree (BRT) 
method in the mangroves, salt marshes, and mudflats. The BRT is a 
machine learning approach and ensemble method for dealing with 
large datasets or many variables. It is particularly robust to missing 
values and enhances predictive performance due to its ability to fit 
nonlinear relationships (Elith et al., 2008).

Before running the BRT model, the values of SOC stock need to 
be	converted	into	the	nearest	integer	to	satisfy	a	Poisson	distribu-
tion assumption, and a log-converted function was used following 
the gbm.step function in the dismo package of R version 3.5 soft-
ware. Then, we built BRT models for mangroves, salt marshes, and 
mudflats with a tree complexity of 5, a learning rate of 0.001, and 
a bag fraction of 0.75 (75% of samples for training; Table S2). After 
running the BRT models of mangroves, salt marshes, and mudflats, 
we evaluated the model performance by 10-fold cross-validation to 
reduce overfitting and test the model against the remaining 25% of 
data. The cross-validation percent deviance explanation was calcu-
lated	using	the	ggPerformance	function	within	the	ggBRT	package	
(Jouffray et al., 2019), and the equation was as follows:

where DEij is the variance explanation of the ith model of the jth coastal 
wetland,	CVDij is the cross-validation deviance of the ith model in the 
jth coastal wetland. MTDij is the mean total deviance of the ith model 
in the jth coastal wetland.

After evaluating the performance of multiple models, we de-
termined the optimal prediction models for SOC stocks and iden-
tified the most important drivers for the SOC spatial variability in 

(1)DEij = 1 −

CVDij

MTDij
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the mangroves, salt marshes, and mudflats, respectively. Finally, we 
established the spatial extrapolation models for SOC stocks in man-
groves, salt marshes, and mudflats using the spatial distribution data 
of predictors in the model and the gbm.predict.grids function. The 
model was applied to simulate and predict the spatial distribution of 
SOC stocks in China's coastal wetlands.

2.5  |  Uncertainty of the SOC stock mapping

To	analyze	 the	uncertainty	 in	 the	predictive	performance	of	our	
developed optimal BRTs, we ran 150 bootstrapped BRTs with 
50 BRTs in mangroves, salt marshes, and mudflats, respectively, 
where 75% of our original data were selected by random sam-
pling	with	 the	 replacement	of	each	 time	 (Duarte	de	Paula	Costa	
et al., 2021). These analyses were performed for each wetland on 
the provincial scale to improve performance efficiency. The pro-
vincial results were reassembled into a national scope for visuali-
zation	and	post-processing	at	 the	end	of	each	stage.	The	spatial	
standard deviation (SD) of the predictions in each coastal wetland 
was finally calculated for the uncertainty analysis of SOC stocks 
mapping.

2.6  |  Spatial analysis and accounting of the SOC 
loss from 1990 to 2020

Based on the developed carbon flow network from our previous 
study (Fan et al., 2021),	we	 further	 analyzed	 the	 spatiotemporal	
change and drivers of SOC stocks and identified the potential nat-
ural and anthropogenic drivers (Table 1). The spatial distribution 
of reclamation-induced SOC loss in coastal wetlands from 1990 to 
2020 was obtained by overlapping the spatial distribution of SOC 
stocks in coastal wetlands and coastal reclamation from 1990 to 
2020.

Significant differences can exist in the influence degree of 
multiple drivers on SOC stocks in coastal wetlands. For the rec-
lamation-induced and degradation-induced SOC losses, pre-
vious study indicates that soil labile organic carbon is most 

susceptible to ecosystem degradation and land-use change 
(DeGryze	et	al.,	2004). Therefore, the amount of reclamation-in-
duced and degradation-induced SOC loss from 1990 to 2020 in 
mangroves, salt marshes, and mudflats at the pixel level was es-
timated by multiplying the SOC stock per unit area by the SOC 
loss rate caused by natural degradation and different reclamation 
types. The equation is as follows:

where SSOCL is the amount of SOC loss, SOCSij is the SOC stock at 
the ith pixel, n is the number of pixels, and ε is the SOC loss rate 
induced by natural degradation and different reclamation types 
(Table S3).

2.7  |  Accounting for the SOC gain from 
conservation and restoration

The regions where persistent coastal wetlands and natural protected 
areas overlaid were identified as the conservation areas of coastal 
wetlands. The regions where the spatial distribution of coastal wet-
lands in 1990 and 2020 intersected and the mudflat converted into 
the salt marsh or mangrove were identified as restoration areas of 
mangroves and salt marshes. Meanwhile, these regions should be re-
ported in the policy documents of ecological restoration from local 
governments.

Sampling sites of carbon accumulation rate (CAR) in the region 
of coastal wetland restoration and conservation were used to es-
timate the amount of restoration-driven and conservation-driven 
SOC gain from 1990 to 2020 by multiplying the CAR per unit area 
by the area and times of restoration and conservation. For the 
restoration-driven SOC gain, if there are no CAR sampling sites in 
mangrove and salt marsh restoration areas, the CAR of the nearest 
sampling site of the same wetland type is used instead. Regarding the 
conservation-driven SOC gain, the CAR of mangroves, salt marshes, 
and mudflats were both used to calculate. The equation is as follows:

(2)SSOCL =

n
∑

i=1

SOCSi × �

(3)SSOCG = area × CAR × t

TA B L E  1 Potential	natural	and	anthropogenic	drivers	of	spatiotemporal	change	of	SOC	stock	in	coastal	wetlands.

Drivers Ecological consequence Impact

Construction activities Loss in SOC stocks in coastal wetlands by converting coastal wetlands to built-up land Negative

Aquaculture activities Loss in SOC stocks in coastal wetlands by converting coastal wetlands to aquaculture 
ponds

Negative

Agriculture activities Loss in SOC stocks in coastal wetlands by converting coastal wetlands to cropland Negative

Salt marsh degradation Loss in SOC stocks from salt marshes to mudflats or erosion by seawater washing Negative

Mangrove degradation Loss in SOC stocks from mangroves to mudflats or erosion by seawater washing Negative

Salt marsh restoration Increased SOC stocks in salt marshes by human intervention or natural growth Positive

Mangrove restoration Increased SOC stocks in mangroves by human intervention or natural growth Positive

Conservation actions SOC stocks gain in stable mangroves, salt marshes, and mudflats without land use/
cover conversion

Positive
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where SSOCG is the amount of SOC gain, area is the restoration and 
conservation area, CAR is the carbon accumulation rate in mangroves 
and salt marshes, and t is the time of mangrove and salt marsh resto-
ration. The time of mangrove, salt marsh, and mudflat conservation 
refers to the established time of protected area. The time of mangrove 
and salt marsh restoration was obtained from a published study (Wang 
et al., 2021), which suggested the area of China's mangroves and salt 
marshes began to recover in 2000 and 2010, respectively. Therefore, 
the value of t for mangroves and salt marshes restoration is 20 and 10, 
respectively.

3  |  RESULTS

3.1  |  Spatial pattern of SOC stock in China's coastal 
wetlands

The simulated SOC density in mangroves, salt marshes, and mudflats was 
166.9 ± 47.7 Mg	C/ha,	86.8 ± 67.8 Mg	C/ha,	and	95.0 ± 51.4 Mg	C/ha,	 
respectively (Table 2), which were well-fitted to the measured val-
ues of SOC density (Figure S3). We found the SOC density in China's 
mangroves and salt marshes was lower than the global mean value 
(255	and	162 Mg	C/ha,	 respectively;	Duarte	et	al.,	2013). We then 
projected the simulated SOC density across the distribution of three 
coastal wetlands for the year 2020, and yielded a total SOC stock es-
timate of 77.8 TgC for the top meter of soil using the Zonal Statistics 
tool	 in	 the	ArcGIS	10.4	 software,	with	3.6	Tg	C	 in	mangroves,	 8.8	
Tg	C	 in	salt	marshes,	and	65.4	Tg	C	 in	mudflats	 (Table 2). The SOC 
stocks	 in	mudflats,	accounting	for	86.1%	of	total	SOC	stocks,	were	
the major SOC pools in China's coastal wetlands. However, its high 
carbon stocks have often been neglected in previous studies.

The range of SOC stocks in China's coastal wetlands was 19–
310 Mg	C/ha	(Figure 2a–h)	with	0.4–5.8 Mg	C/ha	of	the	spatial	stan-
dard deviation (Figure S4). The spatial variation trend of SOC stocks 
was highly consistent with the trend of mean annual minimum SST 
and mean annual precipitation, both of which gradually decreased 
from south to north (Figure 2i). At the provincial scale, the highest 
SOC stock of coastal wetlands was in Hainan, and the lowest was 
in Shandong among coastal provinces (Figure 2j). At the estuarine 
scale,	 the	highest	SOC	stock	of	coastal	wetlands	was	 in	Dongzhai	
harbor (DZH), and the lowest was in the Yellow River Estuary (YRE) 
and Yancheng estuary cluster (YCEC) among typical estuaries 
(Figure 2k). In particular, the SOC stock in the Liao River Estuary 

(LRE) was significantly higher than in the northern estuaries, which 
was due to the higher SOCC, rainfall, and water salinity in the LRE.

3.2  |  Driving factors of SOC spatial variation in 
China's coastal wetlands

The final combination of variables explained 50.1%, 71.0%, and 
62.4%	 of	 the	 deviance	 in	 SOC	 stocks	 in	 China's	 mangroves,	 salt	
marshes, and mudflats, respectively (Table S2). The optimal predic-
tion model for mangrove SOC stocks included the mean annual mini-
mum SST, mean annual temperature, mean annual precipitation, and 
mean annual solar radiation. These factors made distinctive contri-
butions to the spatial variability of SOC, with respective percentages 
of	39.8%,	26.5%,	20.9%,	and	13.1%	(Figure 3). There are significant 
positive effects of mean annual minimum SST, mean annual temper-
ature, and mean annual precipitation on the mangrove SOC stocks, 
but the mean annual solar radiation had significant negative effects. 
The optimal prediction model for salt marsh SOC stocks included the 
mean	annual	salinity,	mean	annual	precipitation,	terrestrial	soil	N/P,	
mean annual tidal range, and terrestrial SOC. These factors made dis-
tinctive contributions to the spatial variability of SOC, with respec-
tive	percentages	of	50.7%,	22.9%,	11.4%,	8.6%,	and	6.4%	(Figure 3). 
Mean annual salinity, mean annual precipitation, and terrestrial soil 
N/P	had	more	significant	effects	on	the	salt	marsh	SOC	stocks.	The	
optimal prediction model for mudflat SOC stocks included the mean 
annual precipitation, mean annual maximum temperature, and mean 
annual salinity. Their relative contributions to the SOC spatial vari-
ability	were	43.0%,	37.6%,	and	19.4%,	respectively	(Figure 3). Mean 
annual precipitation and mean annual salinity had significant posi-
tive effects on the mudflat SOC stocks, but mean annual maximum 
temperature had significant negative effects.

3.3  |  SOC stock losses induced by coastal 
reclamation

The lost wetland area induced by high-intensity coastal reclamation dur-
ing	1990–2020	was	2988.7 km2, accounting for 31.5% of the existing 
coastal wetlands, with the largest loss in Jiangsu province (Figure 4a). 
The amount of SOC stock loss due to high-intensity reclamation was 
19.4 Tg C (Table S4), accounting for 24.9% of total SOC stocks and re-
sulting in CO2	emission	of	71.2	Tg	(the	conversion	coefficient	is	3.67;	
Fan et al., 2021). The largest loss of SOC stocks occurred in Zhejiang, 
Jiangsu, and Liaoning (Figure 4b), with losses of 5.0, 3.7, and 2.8 Tg C, 
which	together	accounted	for	62.2%	of	the	total	losses	in	SOC	stock.

Aquaculture was the most important driver of SOC loss during 
the	past	 30 years	 (Figure 4c, Table S4), and the SOC loss induced 
by aquaculture activity accounted for 50% of the total SOC loss. 
Construction and agriculture activities accounted for 38.8% and 
11.2% of the total SOC loss, respectively. However, the land-
scape-wide proportions of SOC loss are variable on local scales. 
For example, aquaculture reclamation can dominate the SOC loss in 

TA B L E  2 SOC	stocks	in	China's	mangroves,	salt	marshes,	and	
mudflats.

Coastal wetlands
Area 
(km2)

SOC stock 
(Mg C/ha) SD

Total SOC 
stocks (Tg C)

Mangroves 195.1 166.9 47.7 3.6

Salt marshes 1098.5 86.8 67.8 8.8

Mudflats 8200.3 95.0 51.4 65.4

Note: The area of coastal wetlands was derived from Zhang et al. (2022).
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    |  7 of 18FAN and LI

the	Bohai	Bay	(BHB),	YCEC,	and	Hangzhou	Bay	(HZB)	(Figure 5a–c), 
accounting	for	58.1%,	87.7%,	and	62.9%	of	local	total	SOC	loss,	re-
spectively (Table S5), and was larger than landscape-scale SOC loss 
(50%). SOC loss was dominated by the conversion from mudflats to 
aquaculture in the BHB and HZB, but 33.3% of SOC loss was induced 
by the salt marsh conversion in the YCEC. SOC loss is dominated by 
the land reclamation for construction in the BHB, Xiamen Bay (XMB), 
and	 Pearl	 River	 Estuary	 (PRE;	Figure 5d–f),	 accounting	 for	 39.6%,	
81.9%,	and	53.6%	of	local	total	SOC	loss,	respectively	(Table S5), and 
was larger than landscape-scale SOC loss (38.8%). The conversion 
from mudflats to built-up land dominates the construction-induced 
SOC loss in these bays. Cropland reclamation can dominate SOC loss 

in	 the	Yangtze	Estuary	 (YTE)	and	LRE	 (Figure 5g,i), accounting for 
60%	and	39.2%	of	local	total	SOC	loss,	respectively	(Table S5), and 
was much greater than landscape-scale SOC loss (11.2%). SOC loss 
was dominated by the conversion from mudflats to cropland in the 
YTE but by the salt marsh conversion in the LRE.

3.4  |  SOC stock gains following conservation and 
restoration

The mangroves and salt marshes area in China increased by 
1055.7 km2 from 1990 to 2020 due to conservation and restoration 

F I G U R E  2 Maps	and	stocks	of	coastal	wetland	SOC	in	coastal	provinces	and	typical	estuaries.	Spatial	pattern	of	the	SOC	stocks	in	China's	
coastal	wetlands	(a).	Spatial	pattern	of	the	SOC	stocks	in	the	Liao	River	Estuary	(LRE)	(b),	Yellow	River	Estuary	(YRE)	(c),	Yangtze	Estuary	(YTE)	
(d),	Xiamen	Bay	(XMB)	(e),	Pearl	River	Estuary	(PRE)	(f),	Yingluo	Bay	(YLB)	(g),	Nanliu	River	Estuary	(NLRE)	(h),	and	Dongzhai	Harbor	(DZH)	
(i). Characteristic of the SOC stocks and key drivers across the coastal provinces (j). SOC stock of coastal wetlands in coastal provinces was 
ordered latitudinally from south to north (k). SOC stock of coastal wetlands in typical estuaries was ordered latitudinally from south to north 
(l), YCEC is the Yancheng Estuary Cluster. Map lines delineate study areas and do not necessarily depict accepted national boundaries.
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8 of 18  |     FAN and LI

(Table S6), with the largest gain in Jiangsu province (Figure 4b). 
The increased SOC stocks driven by conservation and restoration 
of coastal wetlands were 11.3 Tg C (Table S4) and can offset the 
reclamation-induced SOC losses by 58.2%. On the provincial scale, 
the large gain of SOC stocks occurred in Jiangsu, Shandong, and 
Liaoning,	with	 gains	 of	 2.6,	 2.5,	 and	1.8	 Tg	C,	which	 together	 ac-
counted	 for	61.2%	of	 the	 total	gains	 in	SOC	stocks.	However,	 the	
large SOC losses and little recovery resulted in a great deficit of 
SOC pools in Zhejiang and Hebei (Figure 4b). It suggested that more 
restoration efforts are needed to recover the SOC stock in these 
provinces.

Coastal wetland conservation was the most important driver 
of	SOC	gain	during	the	past	30 years,	and	the	conservation-driven	
SOC gain accounted for 75.4% of the total SOC gains (Figure 4c, 
Table S4). On the provincial scale, the conservation-driven SOC 
gain mainly occurred in Shandong, Jiangsu, and Liaoning, which was 
2.1 Tg C, 2.0 Tg C, and 1.8 Tg C, respectively. The restoration-driven 
SOC gain in mangroves mainly occurred in Guangxi (YLB, NLRE, 
and QRE), which was 0.2 Tg C (Figure 6, Table S4). The resto-
ration-driven SOC gain in salt marshes mainly occurred in Jiangsu 
(YCEC),	which	was	0.6	Tg	C	 (Figure 6, Table S4). On the estuarial 
scale, owing to the extensive salt marsh restoration and mudflat 
conservation, the SOC gain mainly occurred in YRE of Shandong, 
LRE of Liaoning, and YCEC of Jiangsu, which was 1.9 Tg C, 1.2 Tg 
C, and 0.9 Tg C, respectively (Figure 6) and together accounted for 
35.7% of the total SOC gains.

3.5  |  Net change in SOC stock of China's 
coastal wetland

The coastal wetland area in 1990 and 2020 was 11,800.7 and 
9493.9 km2,	 respectively,	 with	 an	 overall	 accuracy	 of	 96.9%	 and	
97.1% (Table S7). The net loss area of China's coastal wetlands was 
2306.7 km2 from 1990 to 2020 (Table 3), with 80% losses from the 
mudflats. The net change in SOC stock due to landscape changes in 
coastal	wetlands	during	1990–2020	was	−8.1	Tg	C	(net	loss)	in	China	
(Table 3),	with	the	largest	net	loss	in	SOC	stock	in	Zhejiang	(−4.0	Tg	C)	 
and the largest net gain in Shangdong (1.1 Tg C). Shangdong and 
Fujian displayed a net loss in wetland area, but a net gain in SOC 
stock (Table 3). Shanghai and Hainan presented a net gain in wetland 
area, but a net loss in SOC stock.

4  |  DISCUSSION

4.1  |  A 30 m spatial resolution map of SOC stocks 
in China's coastal wetlands

Developing a fine resolution map of SOC stocks and understand-
ing the spatial variability and driving factors of SOC stocks in 
China's coastal wetlands were key data support for formulating 
the conservation and restoration of coastal wetlands. Although 
a	map	of	global	mangrove	SOC	stocks	at	30 m	spatial	 resolution	

F I G U R E  3 Relative	contribution	of	driving	factors	on	the	SOC	stocks	in	China's	mangroves,	salt	marshes,	and	mudflats.	The	blue	arrows	
represent the positive effects, and the red arrows represent the negative ones. The numbers in rectangular are the relative contribution.
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    |  9 of 18FAN and LI

already exists (Sanderman et al., 2018), the base year for this map 
is 2000 and does not cover many mangrove areas in China as the 
area of mangroves in China has increased since 2000. Currently, no 
map of SOC stocks has been developed for China's salt marshes, 
seagrass beds, and mudflats. In our study, we extracted the spatial 
distribution of three coastal wetlands with high accuracy (more 
than	 90%)	 and	 used	 262	 SOC	 sampling	 sites	 in	mangroves,	 salt	
marshes, and mudflats to produce their SOC stock maps based 
on the BRT model. Our developed map of SOC stocks can iden-
tify the hot spots and cold spots of carbon-rich areas in China's 
coastal wetlands, which are invaluable for the improvement of 
blue carbon management and sustainability in China. Seagrass bed 
was not included in our study because the spatial distribution of 
seagrass beds in China is uncertain and few sampling sites in pub-
lished studies are available.

Our results suggested that the SOC stocks in China's coastal 
wetlands	were	77.8	Tg	C	with	3.6	Tg	C	 in	mangroves,	8.8	Tg	C	 in	
salt	 marshes,	 and	 65.4	 Tg	 C	 in	mudflats	 (Table 1). SOC stocks of 

mangroves	in	the	previous	study	were	6.3	Tg	C	(Fu	et	al.,	2021) and 
were overestimated due to simpler algorithms. SOC stocks of mud-
flats in the previous study were 78.07 Tg C (Chen et al., 2020) and 
were overestimated due to the use of overestimated mudflat area 
(Murray et al., 2019). Many aquaculture ponds in China's coastal 
areas were misclassified as mudflats in Murray's study because the 
bottom soil of aquaculture ponds is exposed during the dry season 
(Pekel	et	al.,	2016). The SOC density in mangroves and salt marshes 
were	 166.9 ± 47.7 Mg	 C/ha	 and	 86.8 ± 67.8 Mg	 C/ha,	 respectively,	
which were lower than the results in previous studies (Liu et al., 2014; 
Meng et al., 2019) and the global mean value (Duarte et al., 2013). 
This may be due to the limited data used in early studies and field ob-
servation of SOC-rich areas, resulting in the overestimation of SOC 
stocks. China's coastal rivers account for nearly 12% of the global 
sediment delivered into the ocean (Milliman & Farnsworth, 2013), 
which resulted in the decline of particulate organic carbon in coastal 
rivers and explained why the SOC stock in China's mangroves and 
salt marshes was lower than the global mean value.

F I G U R E  4 The	loss	and	gain	of	coastal	wetland	area	and	SOC	stock	across	coastal	provinces	over	the	last	30 years.	Coastal	wetland	area	
(a). SOC stock (b). Natural and anthropogenic drivers on the loss and gain of SOC stock (c). GHM is the Guangdong-Hong Kong-Macao area.
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10 of 18  |     FAN and LI

4.2  |  Principal driving factors affecting the 
resilience of blue carbon stocks

Blue carbon stocks in China's coastal wetlands were controlled by 
climate factors and marine environmental factors (Figure 3). There 
were significant positive effects of the mean annual minimum SST on 
mangrove SOC stocks. Mangroves, extremely sensitive to the mini-
mum SST, would face the threat of death and functional decline when 
the minimum SST was lower than a certain threshold (Cavanaugh 
et al., 2018). Inversely, the mangrove SOC stocks would be enhanced 
within a suitable SST (Lewis et al., 2020; Serrano et al., 2019). For ex-
ample, the SOC stock in mangrove forests increased twice when the 
minimum SST was between 18 and 20°C in our study (Figure S5). Given 
that China's mangroves are located in the tropical and subtropical 
coasts, we believe that there is an optimal metabolic temperature for 
mangrove forests in carbon sequestration with a warming climate, and 
the SOC stock would decrease once the temperature is higher than 
the metabolic optimum of mangrove forests. This optimal metabolic 
temperature has been demonstrated in local tidal marsh and mangrove 

ecosystems based on field experiments in previous studies (Coldren 
et al., 2016; Smith et al., 2022).

There were significant positive effects of the mean annual pre-
cipitation on the SOC stocks across all coastal wetlands. Generally, 
greater rainfall is associated with longer soil inundation periods, and 
resulting in an increase in water-logged soils, which may contribute 
to a lower SOC decomposition rate and higher SOC burial (Sanders 
et al., 2016; Spivak et al., 2019). Salinity plays a key role in promot-
ing SOC stocks in salt marshes. The increase of marine salinity re-
sults in the weakened metabolic capacity of soil microorganisms and 
slows down the SOC decomposition rate with the addition of a salt, 
which is conducive to SOC accumulation and storage (Chambers 
et al., 2013; Hinson et al., 2019). However, too much rainfall may 
also result in longer inundation of coastal wetlands on high-tide lev-
els, which in turn causes increased salinity and the death of some 
salt-intolerant species (Crase et al., 2013), ultimately resulting in 
a decrease in SOC stocks. Therefore, optimal rainfall and salinity 
across different coastal wetlands that promote carbon sinks need to 
be identified in the future.

F I G U R E  5 Spatial	pattern	of	the	reclamation-induced	SOC	loss	in	China's	coastal	wetlands	and	the	amount	of	SOC	loss	caused	by	
multiple reclamation activities in typical estuaries. Spatial pattern of the aquaculture-induced SOC loss in the Bohai Bay (BHB) (a), Yancheng 
Estuary	Cluster	(YCEC)	(b),	Hangzhou	Bay	(HZB)	(c).	Spatial	pattern	of	SOC	loss	caused	by	construction	activities	in	the	Bohai	Bay	(d),	Xiamen	
Bay	(XMB)	(e),	and	Pearl	River	Estuary	(PRE)	(f).	Spatial	pattern	of	SOC	loss	induced	by	agriculture	activities	in	the	Liao	River	Estuary	(LRE)	
(g),	Yancheng	Estuary	Cluster	(h),	and	Yangtze	Estuary	(YTZ)	(i).	The	colors	in	the	Circos	plots	represent	SOC	flow	from	one	coastal	wetland	
to	one	land	use,	and	the	gray	color	represents	the	change	in	SOC	driven	by	reclamation/landcover	changes	not	currently	being	emphasized.	
The width of the lines represents the amount of SOC flow. Map lines delineate study areas and do not necessarily depict accepted national 
boundaries.
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    |  11 of 18FAN and LI

TSM (an agent of sediment supply) has no significant effect 
on the SOC stocks of coastal wetlands in our study, but reduced 
sediment supplies due to human activities will affect the ability 
of coastal wetlands to accumulate carbon, especially if the rate of 
sea-level rise exceeds the sedimentation rate (Saintilan et al., 2020). 
As CO2 levels are rising and the globe is warming, the blue carbon 
stock in coastal wetlands is facing severe climate and marine risks in 
the future. Some empirical studies demonstrate that elevated CO2 
concentration can increase vertical accretion and elevation gain, 
and then enhance the carbon sinks in coastal wetlands (Langley 
et al., 2009; Reef et al., 2017). However, recent evidence revealed 
accelerated sea-level rise is suppressing CO2 stimulation of tidal 

marsh productivity (Zhu et al., 2022). Therefore, the interaction of 
elevated CO2, decreased sediment supplies, and rising sea levels 
need to be addressed to enhance the resilience of coastal wetlands 
to future climate and marine risks.

4.3  |  Implications for coastal wetlands 
management and resilience enhancement

Coastal	wetlands	in	China	have	lost	over	24,000 ha/year	during	the	
past decades, reclaimed for agriculture and salt pans from 1950 to 
1970, aquaculture, and built-up areas from 1980 to 2015 (Wang 

F I G U R E  6 The	spatial	distribution	of	conserved	and	restored	coastal	wetlands	and	the	number	of	SOC	gains	driven	by	conservation	and	
restoration. Map lines delineate study areas and do not necessarily depict accepted national boundaries.
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et al., 2014). Our results suggested aquaculture drove the most SOC 
loss in China's coastal provinces, which accounted for 50% of the 
total	SOC	loss	during	the	past	30 years	(Table S4). Nutrient import 
from aquaculture ponds leads to further wetland losses and pro-
motes the decomposition of buried SOC (Atwood et al., 2017; Deegan 
et al., 2012). China has the largest aquaculture industry worldwide, 
mainly concentrated in Bohai Bay, Jiangsu, and Guangdong, where 
coastal wetlands are also rich (Duan et al., 2020), which induced 
more eutrophication (Xiao et al., 2019) and suggested further loss 
risk of SOC stocks in these regions. Additionally, we found that 
Shanghai, Zheijang, and Guangxi presented a net increase in wet-
land	area	but	a	net	decrease	in	SOC	stock	during	the	past	30 years.	
The reason behind this contradiction is that a lot of mudflats with 
high SOC density were reclaimed for land use (e.g., aquaculture, con-
struction, and agriculture) in these provinces. Although decreased 
mudflats can be offset by wetland restoration, increased SOC stock 
is much lower than decreased SOC stock. Therefore, there is a need 
for more actions to restore and protect coastal wetlands (especially 
mudflats,	which	 account	 for	 86.1%	of	 total	 SOC	 stocks	 in	China's	
coastal wetlands) from the loss of reclamation and induced eutrophi-
cation in these regions.

Over the past decades, China has made great efforts in coastal 
wetland conservation and restoration, as signified by the imple-
mentation of multiple coastal wetland conservation and resto-
ration projects (National Development and Reform Commission of 
China, 2016), the construction of coastal wetland nature reserves, 
the	practice	of	 ecological	 civilization,	 special	 action	plan	 for	man-
grove protection and restoration (2020–2025; National Forestry 
and Grassland Administration, 2020), etc. These national programs 
provided a major driver for coastal wetland area restoration (Wang 
et al., 2021). Furthermore, our findings proved that China's con-
servation and restoration actions effectively recovered lost blue 
carbon stocks in coastal wetlands. In our study, the estimated SOC 

gains driven by conservation and restoration in China's coastal wet-
lands	were	 11.3	 Tg	 C	 during	 the	 last	 30 years	 and	 can	 offset	 the	
reclamation-induced SOC losses by 58.2%, which indicated great 
achievements in the conservation and restoration of China's coastal 
wetlands	over	the	last	30 years	(Figure S6). The estimated SOC gains 
following	conservation	and	restoration	over	the	last	30 years	in	our	
study had also some uncertainty since the CAR data collected from 
published literature represented the mean value of CAR over the 
past	20–100 years.

Increasing coastal wetland areas is the first step to enhanc-
ing blue carbon sinks in current conservation strategy of China's 
coastal wetlands. Enhancing the carbon sequestration capacity of 
existing coastal wetlands needs further consideration in coastal 
wetland management, as our study found that 75.4% of SOC 
stocks were gained from unchanged coastal wetlands over the last 
three decades. However, the SOC stock in existing coastal wet-
lands would be exposed to threats of land-sea warming (Fan & Li, 
2022), Spartina alterniflora invasion (Xia et al., 2021), and sea-level 
rise (Wang et al., 2019). The SOC stocks in mangroves and salt 
marshes might be substantially reduced after S. alterniflora inva-
sion (Xu et al., 2022), and more efforts are suggested to focus on 
restoring native vegetation. For the mangrove ecosystem, forest 
thinning with mixed species along the seaward fringe was an ef-
fective nature-based solution for preventing S. alterniflora inva-
sion and enhancing the organic carbon sink (Chen et al., 2021). 
Although carbon accumulation capacity in some coastal wetlands 
might be enhanced with accelerating sea level rise due to more 
sediment supply (Herbert et al., 2021), a large SOC stock of coastal 
wetlands might be lost owing to changed hydrology and increased 
salinity.	 Therefore,	 optimizing	 tree	 species	 structure,	 restoring	
sediment availability, and improving hydrological connectivity are 
needed to mitigate climatic risks and enhance the resilience of 
blue carbon ecosystems in the future.

Provinces
Net change in area 
(km2)

Net change in 
SOC stock (Tg C)

Liaoning −1098.6 −1.0

Hebei −216.2 −1.0

Tianjin −100.4 −0.5

Shandong −400.6 1.1

Jiangsu −328.9 −1.4

Shanghai 159.3 −1.0

Zhejiang −4.5 −4.0

Fujian −277.4 0.2

GHM (Guangdong-Hong Kong-Macao area) −127.8 −0.6

Guangxi 75.4 0.3

Hainan 13.0 −0.2

Total −2306.7 −8.1

Note:	Negative	values	are	the	net	loss	in	area/SOC	stock.	Positive	values	are	the	net	gain	in	area/
SOC stock.

TA B L E  3 Net	change	in	area	and	SOC	
stock of China's coastal wetlands during 
1990–2020.
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5  |  CONCLUSIONS

Coastal wetlands are important in CO2 sequestration but are sensi-
tive to climate changes and anthropogenic disturbances. Our study 
explores the spatial pattern, driving factors, and loss and gain of SOC 
stocks in China's coastal wetlands over three decades. SOC stocks in 
China's	coastal	wetlands	were	77.8	Tg	C	with	3.6	Tg	C	in	mangroves,	
8.8	Tg	C	in	salt	marshes,	and	65.4	Tg	C	in	mudflats.	The	high-resolution	
SOC map can identify the hot spots (Hainan and Guangxi) and cold 
spots (Shandong and Jiangsu) of carbon-rich areas in China's coastal 
wetlands, which are invaluable for the improvement of blue carbon 
management and sustainability in China. Estimated blue carbon gains 
driven by conservation and restoration in China's coastal wetlands 
were	11.3	Tg	C	during	the	last	30 years,	which	can	offset	the	reclama-
tion-induced losses by 58.2% during this period. It proved that China's 
conservation and restoration actions had significant effects on effec-
tively recovering the blue carbon stocks. Identifying optimal metabolic 
temperature and salinity, restoring sediment availability, and improv-
ing hydrological connectivity are priorities for enhancing coastal wet-
land resilience to anthropogenic and climatic risks in the future.
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