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GRAPHICAL ABSTRACT
PUBLIC SUMMARY

- Protecting and restoring coastal ecosystems such as mangroves, salt marshes, tidal flats, and seagrass meadows can be a key strategy for

China to achieve its goal of carbon neutrality by 2060.

- Coastal ecosystems in China alone have stored large amounts of carbon, approximately 118 Tg C.

- In addition to helping fight climate change, protecting these ecosystems also provides other cost-effective benefits, including storm
protection, shoreline stabilization, water conservation, purification, high biodiversity, and productivity.
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To achieve the Paris Agreement, China pledged to become “Carbon Neutral”
by the 2060s. In addition to massive decarbonization, this would require sig-
nificant changes in ecosystems toward negative CO2 emissions. The ability
of coastal blue carbon ecosystems (BCEs), including mangrove, salt marsh,
and seagrassmeadows, to sequester large amounts of CO2makes their con-
servation and restoration an important “nature-based solution (NbS)” for
climate adaptation and mitigation. In this review, we examine how BCEs
in China can contribute to climate mitigation. On the national scale, the
BCEs in China store up to 118 Tg C across a total area of 1,440,377 ha,
including over 75% as unvegetated tidal flats. The annual sedimental C
burial of these BCEs reaches up to 2.06 Tg C year�1, of which most occurs
in salt marshes and tidal flats. The lateral C flux of mangroves and salt
marshes contributes to 1.17 Tg C year�1 along the Chinese coastline. Con-
servation and restoration of BCEs benefit climate change mitigation and
provide other ecological services with a value of $32,000 ha�1 year�1. The
potential practices and technologies that can be implemented in China to
improve BCE C sequestration, including their constraints and feasibility,
are also outlined. Future directions are suggested to improve blue carbon
estimates on aerial extent, carbon stocks, sequestration, and mitigation po-
tential. Restoring and preserving BCEs would be a cost-effective step to
achieve CarbonNeutral by 2060 in China despite various barriers that should
be removed.

INTRODUCTION
To achieve The Paris Agreement goal of 1.5�C warming by the end of the

century, humanity must achieve net-zero carbon dioxide (CO2) emissions
by the 2050s. In the United Nations’ 76th High-Level Debate on September
22, 2020, Chinese President Xi pledged: “China will strive to peak CO2 emis-
sions before 2030 and achieve carbon neutrality before 2060.” This will
require, in addition to massive and rapid decarbonization, very significant
changes in current land-use trajectories to minimize and subsequently
reverse CO2 emissions. Without this dual approach, the total achieved miti-
gation will be insufficient to achieve the Paris Agreement goal and prevent
further climate change.

Nature-based solutions (NbSs) can support decarbonization, through protec-
tion, restoration, and sustainable management of natural carbon sinks and res-
ervoirs. These NbSs were firstly defined as “actions to protect, sustainably
manage, and restore natural or modified ecosystems, that address societal chal-
lenges effectively and adaptively, simultaneously providing human well-being
and biodiversity benefits” by the International Union for Conservation of Nature
at its 2016 World Conservation Congress. Nature-based climate solutions have
the potential to offer greater cost-effectiveness and scalability compared with
technological alternatives. While options such as direct air capture, geological

sequestration, and biochar (BC) production are still in the early stages of deploy-
ment and encountering substantial economic, social, and environmental chal-
lenges, nature-based approaches hold promise for effectively addressing climate
change.1 By 2050, NbSs are expected to rise to 10–18 Pg CO2e per year.

1 This is
a significant proportion (10%–18%) of the total mitigation needed.
Current NbS strategies for climate mitigation exhibit a disproportionate

emphasis on green carbon (C), notably through the promotion of forest ecosys-
tems and tree planting. The lack of attention toward coastal and ocean-based
carbon sequestration remains a critical oversight in current NbSmethodologies.
The “Blue C” concept was originally referred to as C captured by marine ecosys-
tems covering both coastal and open ocean ecosystems.2 However, the ongoing
research and development of blue C in the past decade have predominantly
involved coastal ecosystems such as mangroves, salt marshes, seagrass
meadows, and more recently macroalgae.3,4 These coastal blue carbon ecosys-
tems (BCEs) have a disproportionally large C sequestration capacity. They are
thought to contribute to over 60%of the total organic C buried in the global ocean
sediments that, however, are only 0.5% of the seafloor area.5 The annual C
sequestration rate per area of BCEs is projected to reach 0.22 Gg C km�2, which
is tens to hundreds of times that of stable terrestrial forest ecosystems. The
extremely high ability of BCEs to sequester large amounts of atmosphere CO2

makes their conservation and restoration of BCEs as an important NbS for
climate adaptation and mitigation.6 Moreover, BCEs also provide many other
ecosystem services, such as habitat provision, water purification, water conser-
vation, flood and storm protection, shoreline stabilization, etc.
Coastal wetlands are typically distinguished as regions with slow organic

matter (OM) decomposition followed by high rates of primary productivity.5 As
a result, scientific interest has taken off in past years because of the impact of
these systems play on the global cycle as a large “Blue C” sinks.1,6,7 Carbon
sequestration in BCEs occurs primarily through the vertical sedimental C burial
plus the net lateral C flux of dissolved inorganic C (DIC), dissolved organic C
(DOC), and particulate organic C (POC) by tidal flow (Figure 1). Sediment C in
BCEs is partially consumed by microbial processes. Part of the microbial waste
products are flushed out of sediments via tidal movements, and part remains in
the sediments. The long-term anaerobic environment slows down organic C
decomposition, enabling vertical C accumulation.8 Unlike the soils in terrestrial
ecosystems, the sediments in BCEs do not become saturated with C as they
accrete vertically under the impact of rising sea levels.5 The rate of sediment C
sequestration can be maintained as long as the soil accretion continues to
keep pace with sea level rise.9 The longevity of tidal C sinks thus has a more sig-
nificant potential to mitigate climate change over longer periods. As a result,
coastal wetlands are regarded as a significant player in the global C cycle, with
large C reservoirs that continue to accumulate, ideal for climate change
mitigation strategies.
Whilemuch research has focused on quantifying C stocks and vertical fluxes

into sediments, the inorganic C input into the ocean driven by tidal flushing in

ll The Innovation 4(5): 100481, September 11, 2023 1

REVIEW

mailto:jiao@xmu.edu.cn
mailto:renhai@scbg.ac.cn
https://doi.org/10.1016/j.xinn.2023.100481
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xinn.2023.100481&domain=pdf


coastal wetlands (Figure 1) can exceed C burial.10 Thus, the actual annual C
sequestration capacity of coastal wetlands seems to exceed by far the rate esti-
mated by the vertical C sequestration.11 In addition, the presence of sulfate-rich
seawater in tidally influenced BCEs partially suppresses the production of
methane (CH4),

12,13 a more powerful greenhouse gas (GHG) with a 100 year
warmingpotential, 25 times that ofCO2.With rapidCsequestrationandminimal
CH4 production, the BCEs are of high value for mitigating GHG emissions and
are increasingly being considered as a nature-based climate solution for
C removal.5,6,14

This paper reviewswhether BCEs inChina can contribute to climatemitigation.
We first discuss the key mechanisms driving C sequestration in BCEs. Global-
and China-scale estimates of blue C stocks, C burial, and lateral C flux are also
described. Then, we discuss the climate change and human disturbance effects
on BCEs. The potential practices and technologies that can be considered in
China to improve BCE C sequestration, including their constraints and feasibility,
are outlined, focusing on conservation and restoration opportunities in China.
The role of BCEs in helping China achieve “C Neutral” by 2060 is examined,
and future directions are suggested to improve blue carbon estimates on
distribution extents, stocks, sequestration, and mitigation potentials.

THE CONTRIBUTION OF CHINA TO GLOBAL BCE C STORAGE
Mangroves

Carbon within BCEs is mainly stored in sediments rather than biomass.15

Previous research has shown that most mangrove plant-fixed C is stored
in the sediments, and only approximately 17% is stored in the biomass.16

Carbon sequestration in mangroves is closely related to local biogeochemical
and ecological processes.17,18 Therefore, the C stored in mangrove sediments
varies significantly among different geographic locations and forest types.
Generally, the C stocks are higher in tropical areas than subtropical
mangroves. For example, the estimated C stockwas 662MgC ha�1 inMexico,19

572MgCha�1 in Indonesia, and 1,059MgCha�1 inMalaysia,17while theC stock
ofmangroves in China is estimated to be 355.35MgCha�1,16 and only 119.3Mg
C ha�1 in Japan.20 On a global scale, the averagemangrove forest C stock range
from650 to 749MgCha�1,21,22 basedon different estimationmethods. Different

latitudes and environmental conditions may create different soil physicochem-
ical conditions in mangrove forests and thus affect the sediment C decomposi-
tion rates.23 Globally, there are 13.7 million ha of mangrove forest area within
tropical, subtropical, and warm temperate coastal zones, and the total C stocks
in mangroves range between 3.7 to 11.7 Pg C.6,24,25

As the most dominant ecosystems of subtropical and tropical coasts,
mangroves aremainly distributed in the southeastern region of China (Figure 2A),
especially in Fujian, Guangdong, Guangxi, and Hainan provinces, accounting for
more than 84.2% of the total mangrove area in China.26 According to a remote
sensing report,27 China’s mangroves covered a total area of 25,900 ha in 2015
(Table 1). The National Forestry and Grassland Administration’s data indicated
that Chinese mangroves had recovered rapidly over the past decade, reaching
an area of 28,900 ha in 2020, with more than 7,000 ha that were newly built
and recently restored. The extent of mangroves varies in different provinces. In
Hainan, 55% of the local mangroves were converted to aquaculture ponds
from 1996 to 2009, leaving the remaining mangroves fragmented throughout
the region.28 In Guangdong province, mangroves covered 9,305 ha in 1985,
9,556 ha in 1995, 6,793 ha in 2005, and 9,700 ha in 2015, respectively, with
the changes attributed to natural and anthropogenic factors.29 The mangrove
area of Guangxi province increased significantly, and the area of mangroves
exceeded the 1973 level by 2020.26 China lost about 50% of itsmangrove forests
from 1950 to 2001 but, since 2001, the mangrove forest area has increased by
nearly 2% year �1 due to protection and restoration.30

China’smangroveshaveanaverageof 59.4MgCha�1 stored in totalbiomass,
157.84MgCha�1 stored in soils to a depth of 1m, for a total C storage of 217.24
Mg C ha�1 and 72.65% of C stored in the mangrove sediment.31 Multiplying the
area, mangroves in China store approximately 6,918 Gg C (Table 1; Figure 2A).
Alongi32 estimated that global mangrove C storage was 933 Mg C ha�1.
Kauffman et al.24 reported that Asian mangroves average 772.6 Mg C ha�1

with 294.8 Mg C ha�1 stored in the top 1 m of soil. Of the 38 mangrove species
found in China (primarilyAvicennia marina, Kandelia candel, and Aegiceras corni-
culatum), about 70%had treeheightsnotmore than3m,andmore than90%had
tree heights not more than 5 m.33 These data indicate that China’s mangroves
have relatively lower biomass C storage compared with the global averages.

Figure 1. The vertical and lateral C flux of tidal wetlands in China modified from Wang et al.66 MEHWS, mean extreme high spring water; MHW, mean high water; MLW, mean
low water.
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The reasonmaybe theyoungageof recently restoredmangroves, thehigher lati-
tude, and more frequent human disturbance.16 Many studies have investigated
the relationship between latitude andmangrove C stock,34,35 and found that the
lower latitude usually hadhighermangroveC stocks,35 the relatively high latitude
thusshouldbe themost importantcauseof the lowbiomassCstocks inChinese
mangroves.

Salt marshes
The global area of tidal marshes has been estimated to be in the range of 2.2–

40 million ha.6 The most complete and comprehensive assessment suggests
that there are about 6.4 million ha tidal marshes at the global scale.36 The
data were accepted by the United Nations Environment ProgramWorld Conser-
vation Monitoring Center. However, the mapping data in some underdeveloped
countries are incomplete or even missing.6 Salt marshes are among the most
productive ecosystems, which store substantially more C in soils (317 ± 19
Mg C ha�1) than in plant biomass (9 ± 4 Mg C ha�1) with a total C stock of
334 ± 4 Mg C ha�1.18 Multiplying stocks by their global area, the global C stock
in salt marshes is about 1.84 Pg C.36

Salt marshes are the largest type of coastal BCEs in China. However, the total
distribution of salt marshes in China is actually of great discrepancy.33 The
recent national scale remote sensing of wetlands found that the salt marsh
area was 297,936 ha.27 The Chinese government investigation between 2009
and 2013 through the Second National Wetland Resources Report in 2014 sug-
gested that therewere 343,000 ha saltmarshes in China, while Hu et al.37 based
onSentinel-1 time-series data reported the total area of Chinese saltmarshes as
127,477 ha (Table 2). In conclusion, the area of salt marshes in China ranged
from127,477to343,000ha. Inviewof saltmarshCstorage,Fuetal.38 calculated
that the soil C storage and the C stock (±95% CI) of salt marshes in China were
7.5 ± 0.6 Tg C and 81.1 ± 9.1 Mg C ha�1, respectively. Combined with the total
area reported by Mao et al.,27 we calculate the total C stocks of Chinese salt
marshes of 24.86 Tg C (Table 2).

Seagrass
Estimates of global seagrass spatial distribution ranged from17.7 to 60million

ha in previous literature,39,40 but recentmodeling suggests that themapped area
of seagrass ranged from 16.04 to 26.66 million ha with moderate to low or high
confidence, respectively.41 Based on different mapping techniques, the potential
area for seagrass occupation globally ranges from 16.47 to 43.20 million ha.42

There have been several studies conducted to estimate the global seagrass C
storage. Fourqurean et al.43 estimated that seagrass ecosystemscould conserve
up to 19.9 Pg C, but 4.2–8.4 Pg C utilizing amore conservative method. A recent
review estimated that the C storage in seagrass ecosystems ranged from1.73 to
21 Pg C.6 The estimated C storage of seagrass ecosystems ranged in an order of
magnitude due to (1) the great uncertainties in the seagrass distribution map-
ping, (2) the changing status of seagrass coverage over time and the difficulties
in accurately identifying seagrass in some certain water depth and clarity,44 and
(3) the imbalanced investigation region,45 showing thatmost datawere collected

from North America, Western Europe, and Australia, with limited data in South
America, Africa, and tropical Indo-Pacific.43

Nowadays, the spatial distribution of seagrass ecosystems inChina contains a
large discrepancy because seagrass meadows are submerged by seawater
most of the time, and optical instruments cannot distinguish the difference be-
tween seagrass and the surrounding seawater. According to Zheng et al.,46 the
total area of seagrass ecosystems in China is around 9,000 ha. Recently, howev-
er, some new regions of seagrass beds have been discovered in Sansha City,
Hainan Province, Bohai Sea, and Liaodong Penisula.47–50 Based on the distribu-
tion characteristics, seagrass ecosystems in China can be divided into South
China Sea, the Yellow Sea, and Bohai Sea.51 The total area of seagrass ecosys-
tems in China’s coastal zone varies greatly due to the differentmappingmethod-
ologies, and here we sum up these data and report a total area of 14,169 ha (Ta-
ble 3). However, a unpublished national survey reveals that the total area of
seagrass beds in China is 26,495 ha. At present, a unified remote-sensing
geographic information system database is of particular importance for C sink
estimation and long-term monitoring of seagrass ecosystems.
Previous studies found that the C storage of seagrass ecosystems in China is

around 0.95 Tg C,52 while recent studies found that the seagrass ecosystems
contain around 1.6 Tg C and the C burial amount was around 6 Gg C year�1.38

However, the C storage and burial rates vary significantly among study sites. Pre-
vious research has found that the primary productivity of the seagrass beds
distributed in Sanggou Bay was 543 g Cm�2 year�1.53 Another study has found
that the C accumulation rate in the lagoon and northern coast of Dongsha Island
are approximately 34.5 and 31.2 g C m�2 year�1, respectively.54 Recent studies
have discovered that the total organic C storage seagrass beds in Guangxi Prov-
ince were 26.72 Gg C55 Moreover, the total organic C stock in newly discovered
seagrass beds in Hainan Island was around 1.31 Gg C, and the total organic C
stock across Hainan Island was 40.9 Gg C56 Here, we estimate a total seagrass
meadow C storage of 1,396 Gg based on the updated seagrass meadow area
(Figure S1; Table 3).

Tidal flats
Tidal flats are also an important type of coastal ecosystem, which mainly in-

cludes mudflat, sandy beach, and bedrock coast, as these areas have a strong
C burial capacity. The global area of tidal flats reaches up to 12.8 million ha.57

The average C accumulation rate of tidal flats is 129.8 g C m�2 year�1, with
the top meter sediments containing on average 86.3 Mg C ha�1.58 Globally, tidal
flats can bury 6.8 Tg C per year and can store 0.9 Pg C in the top meter
sediment.58

China’s tidal flats occupy a large area, even exceeding the total area of salt
marshes and mangroves. Indeed, the tidal flats in China are dominated by mud-
flats, characterized by a high burial rate of sediment and strong C sequestration
potential. The total area of tidal flats in China ranged from 0.24 to 1.1 million ha
based on different mapping sources.27,57 The unvegetated tidal flats occupied
87% of the entire tidal area in China, and stored 78.07 Tg C (top 1 m soils), ac-
counting for nearly 80% of the C deposited in the entire coastal tidal area.59 By

Table 1. The distribution, average C stock, C storage, and C burial of mangroves in China

Province Area (ha)
Soil C stock
(Mg C ha�1)

Soil C storage
(Gg C)

Biomass C stock
(Mg C ha�1)

Biomass C
storage (Gg C)

Total C storage
(Gg C)

C burial
(Gg C a�1)

Zhejiang 106 103.86 11 76.11 8 19 0.21

Fujian 827 103.86 86 76.11 63 149 1.6

Guangdong 9,205 142.13 1,308 66.45 612 1,920 17.86

Guangxi 11,251 255.59 2,876 94.57 1,064 3,940 21.83

Hainan 3,630 159.10 578 42.86 156 733 7.04

Hong Kong 104 142.13 15 66.45 7 22 0.2

Macao 13 142.13 2 66.45 1 3 0

Taiwan 736 103.86 76 76.11 56 132 1.43

Total 25,872 4,951 1,966 6,918 50.17

The area data sourced fromMao et al.,27 the biomass and soil C stock sourced from Fu et al.,38 C burial data sourced fromWang et al.65 1 Tg = 103 Gg = 106 Mg = 109

kg = 1012 g.
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combining the reported area and average C stock data, we estimate that the total
C storage of tidal flats in China ranges from 27 to 85 Tg C (Table 3; Figure 2D).

THE CONTRIBUTION OF CHINA TO GLOBAL BCE C BURIAL
Mangrove

The C sequestration of BCEs is mainly through vertical sedimental C burial
(Figure 1). Many studies have estimated the global organic C burial rates using
different approaches for mangrove forests. The first C burial rates in mangroves
were compiled by Twilley et al.,60 Alongi,32 and Breithaupt et al.61 estimated the
global mangrove C accumulation to be 29 and 2.6 Tg C year�1, respectively.
Rosentreter et al.62 estimated the mangrove C burial rates of 31.3 Tg C year�1.
Recent studies suggested the range of mangrove C accumulation rates was
18.4–34.4 Tg C year�1 5,32,61,63 based on the total mangrove area of 13.7 million
ha.64 However, most of the above-reported values were based on the simple
multiplication of the C burial rate with global or local mangrove area, creating
biases against undersampled tropical mangroves. A spatially explicit database
of C burial rates is needed for Tier 2 estimation of global mangroves. To fill
this gap, Wang et al.65 established a comprehensive global tidal wetland C burial
database, which includes some regions that have never been reported before,

such as Africa, and found that the C burial by global mangroves reached up to
41 Tg C year�1 (Figure S1A).
Although the C storage ofmangroves in China is lower than that in other coun-

tries, the C burial rate is relatively high when compared with other regions as a
result of the high sedimentation accretion rates.66 Ren et al.67 calculated the
average C burial rate for young S. apetala plantation, which was 750 g C m�2

year�1. Meng et al.33 estimated the mangrove C burial rate in China was 226 g
C m�2 year�1. These values are high compared with the global average of
170–190 g C m�2 year�1.65,68 We estimated that the total C burial amount of
mangroves in China (Figure S1) is about 0.05 Tg C year�1,65 which is close to
other studies,38 but far less than that of salt marshes in China, mainly due to
the currently small areas of mangroves.

Salt marsh
The capacity of long-term C burial by salt marshes primarily depends on the

balance between inputs (OM produced in situ and ex situ) and outputs.69 The
high C burial rates of saltmarshes (164–218 g Cm�2 year�1) are about 40 times
that of terrestrial ecosystems, acting as important C sinks andmitigating the im-
pacts of sea level rise on the coastline.5,65,70With the spatially explicit database of

A B

C D

Figure 2. The provincial total C stocks of mangroves, salt marshes, seagrass, and tidal flats in China The provincial total C stocks of mangroves (A), salt marshes (B), seagrass (C),
and tidal flats (D) in China. The data source refers to Tables 1, 2, 3, and 4. 1 Tg = 103 Gg = 106 Mg = 109 kg = 1012 g.
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C burial rates in tidal wetlands, Wang et al.65 reported that the C burial by global
tidal marshes was 12.6 Tg C year�1 (Figure S1B).

The C burial rates of salt marshes in China were estimated at 7–955 g C m�2

year�1 with mean and median values of 201 and 154 g C m�2 year�1, respec-
tively.38 Fu et al.38 estimated that the C burial rate of salt marshes in China
was about 0.16 Tg C year�1. Our previous studies estimated that the C burial
of salt marshes in China was 1.19 Tg C year�1.65,66 These data were greater
than the previous estimate of 0.16–0.75 Tg C year�1, mainly because the salt
marsh area (548,000 ha) used was larger than other data sources.65 If using a
relatively conservative wetland area (297,900 ha) to calculate these values
(Table 2), we estimated the annual C burial capacity of salt marshes in China
is about 0.50 Tg C a�1.66

Seagrass
Previous studies showed that the rate of C burial in seagrass meadows was

approximately 83 g C m�2 year�1,71 and the global C burial rate of seagrass
ecosystems varied from 27 to 44 Tg C year�1, which was an important compo-
nent of total C burial in the ocean.72 Kennedy et al.73 using paired C isotopic
composition data, estimated that the C burial rate was 48–112 Tg year�1.
However, the organic C only stands for a small part (2%–3%) of the buried ma-
terial within seagrass sediments,43 with the remaining being the inorganic C.74

The inorganic C burial in seagrass ecosystems is estimated to be 15–62 Tg C
year�1.75 The high C burial rate in seagrass ecosystems contributes to seabed
elevation and therefore acts as a buffer against sea level rise. The net effect of
organic versus inorganic C burial in seagrass beds is difficult to assess without
deep biogeochemical insight into the processes driving the accumulation and
cycling of sediment carbon. In China, the seagrass meadow C burial rate
ranged from 5 to 379 g C m�2 year�1, with the total burial C up to 10.47 Gg
C year�1 (Table 3).

Tidal flats
Low C densities (<0.01 g cm�3) were found in China’s tidal flat sediments,59

but the C sequestration rates ranged from 35 to 361 g C m�2 year�1, which
are comparable with the nearby salt marshes and mangroves rates.59,66 Based
on the most conservative coastal mudflats distribution data and C burial rate
of nearby salt marshes andmangroves, the lower limit of C burial rate of coastal
tidal flats in China is estimated to be 0.42 Tg C year�1, which ismuch higher than

that of mangroves and second only to salt marshes in China.66 Here, we
combined the tidal flats C burial rate59 and its different area sources,27,57,59

and calculated the total C burial in China tidal flats ranging between 0.28 and
1.5 Tg C year�1 (Table 4). However, the future C sequestration rates of these tidal
flats are facing uncertainties under the pressures of reduced fluvial sediment
loads from major rivers.

VERTICAL GHG EMISSIONS AND LATERAL C FLUX OF BCEs
Methane emissions
BCEs are greatly divergent in the GHGs emissions, owing mostly to their lo-

cations spanning from temperate to tropical climates and regulated by irregular
tides. Methane (CH4) emission in BCEs was regarded to be considerably low by
the traditional concept, primarily because of the presence of sulfate.76 However,
previous literature data indicated that CH4 emission from sediments varies
greatly due to the large differences in soil organic matter (SOM) among sites,
vegetation types, salinity gradients, temperature, and the availability of terminal
electron acceptors.77–79 Some studies indicated that the anthropogenic
nutrient loading (total organic C, N, and P) from the drainage triggers higher
CH4 emission rates.80,81 Ma et al.80 reported that heavy metal pollution signif-
icantly increased the emission of CH4 up to 180 mg g�1 day�1. The CH4 emis-
sions can also be emitted through the diffusion of water from creeks, but that
is generally smaller than emissions from the sediments, because the CH4 can
be oxidized by methane-oxidizing bacteria in the surface water before it rea-
ches the atmosphere. In addition, recent studies reported that CH4 could be
emitted through the stems and leaves in the mangrove due to the aerobic con-
ditions.82 Rosentreter et al.62 showed that high CH4 evasion rates have the po-
tential to partially offset blue carbon burial rates in mangrove sediments on
average by 20%. Thus, the CH4 fluxes in mangrove ecosystems cannot be ne-
glected when constructing the C budgets and estimating the C sequestration.
GHG emissions of salt marshes in China were estimated at rates of 23.6–
986 mg CH4 m�2 h�1 and 1.58–110 mg N2O m�2 h�1, respectively.83–85 At
the same time, GHG emissions of salt marshes in China increased from high
to low latitudes, indicating the high dependence on climatic temperature.85

Based on the reported data,62 we estimated the CH4 emission of mangroves
in China would be 10 Gg C year�1 (Figure 3), while further work is needed to
calculate the methane emission in other BCEs (especially salt marshes and
tidal flats) in China.

Table 2. The distribution, average C stock, C storage, and C burial of salt marshes in China

Province

Area (ha)
Soil C stock
(Mg C ha�1)

Soil carbon storage (Tg C) Soil burial (Gg C a�1)

Low High Low High Low High

Liaoning 4,481 97,473 112.6 0.50 10.98 7.48 162.78

Hebei 152 10,347 25.1 0.00 0.26 0.25 17.28

Tianjin 204 18,969 65.2 0.01 1.24 0.34 31.68

Shandong 20,206 42,134 56.6 1.14 2.38 33.74 70.36

Jiansu 30,818 46,598 48 1.48 2.24 51.47 77.82

Shanghai 32,956 60,266 91.7 3.02 5.53 55.04 100.64

Zhejiang 25,016 7,660 60.7 1.52 0.46 41.78 12.79

Fujian 11,025 5,121 137.3 1.51 0.70 18.41 8.55

Guangdong 372 5,361 110.9 0.04 0.59 0.62 8.95

Guangxi 2,249 898 138.5 0.31 0.12 3.76 1.50

Hainan – 1,567 92.6 – 0.15 – 2.62

Taiwan – 1,541 135.8 – 0.21 – 2.57

Hong Kong – 2 110.9 – 0.00 – –

Macao – <0.1 110.9 – 0.00 – –

Total 127,477 297,936 54.10 9.55 24.86 213 498

The area data sourced fromMao et al.27 and Hu et al.,37 the soil C stock sourced from Fu et al.,38 C burial data sourced fromWang et al.65 1 Tg = 103 Gg = 106Mg = 109

kg = 1012 g.
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Lateral C flux
Besides the better-understood vertical C burial and GHG emission, BCEs also

furnish C and nitrogen to adjacent coastal waters through lateral tidal flow.11 The
inorganic C input into the ocean by lateral tidal flow from coastal wetlands (also
referred as outwelling) can exceed the sedimentation of organic C.10,86 For
instance, mangrove outwelling contributes �10% of the terrestrially derived
DOC to the oceans.87 The export of DIC and alkalinity was approximately 1.7
times higher than burial as a long-term C sink in a subtropical mangrove sys-
tem.86 By using the global organic C burial rate of 41 TgC year�1,65 then theman-
groves C sink associated with DIC and alkalinity export may reach 69.7 Tg C
year�1. Besides DIC, POC and DOC exports to the coastal ocean are also signif-
icant in terms of the C budget (Table 5), and combined this may account for an
atmospheric C sink similar to the burial.86 The rates of POC export to adjacent
tidal waters are three times greater in mangroves than in salt marshes,
DOC export is more than twice the rate in mangroves than in salt marshes,
and DIC export is nearly three times greater inmangroves than in saltmarshes.18

Global upscaling exercises based on short datasets on a few sites imply that
the mangrove DIC, DOC, and POC outwelling exports approach 190 Tg C
year�1.11 Here, we synthesized the reported lateral flux from previous studies
(Table 5): mangroves on average exported 588, 146, and 98 g C m�2 year�1

and salt marshes exported 213, 97, and 9 g C m�2 year�1as DIC, DOC, and
POC, respectively. Based on these global average values, the lateral flux of man-
groves and salt marshes in China are 215 and 951 Gg C year�1, respectively
(Figure 3).

These large DIC, POC, and DOC exports to the coastal ocean are significant
fromaCbudget perspective.86 However, it remains unclearwhether the exported
C is stored in the ocean over long time scales, or returns to the atmosphere. Part
of the POC and DOC will be oxidized back to DIC in coastal waters, and some
parts can be transformed into refractory DOC (RDOC) by the microbial C
bump.88 The DIC is made up of both carbonate alkalinity (HCO3

� and CO3
2�),

which can be stored in the ocean over thousands of years, and CO2, which re-
turns to the atmosphere.11 Resolving the relative contribution of alkalinity and
CO2 to DIC is essential to understanding the contribution of outwelling to blue
carbon sequestration. The ratio of alkalinity to DIC is driven by complex biogeo-
chemical processes that are difficult to quantify. Alkalinity seems to contribute to
most of the DIC exports in mangroves and saltmarshes in the few cases when
alkalinity was quantified.86,89 If this proves correct as more observations are per-
formed, the export of DIC and alkalinity results in a long-term atmospheric C sink
and should be incorporated into the blue C paradigm to assess its role in seques-
tering C and mitigating climate change.86 RDOC is a huge and stable carbon
reservoir in the ocean equivalent to total amount of CO2 in the atmosphere.90

The contribution of RDOC to the lateral C flux in BCEs is influenced by environ-
mental conditions and thus allows manipulations to pursue maximum outputs
of C sequestration.3

CLIMATE CHANGE AND HUMAN DISTURBANCES ON BCEs
Climate change
Climate change is exerting a great and continuous influence on BCEs.

Coastal wetlands face numerous challenges due to elevated atmospheric
CO2 concentration, sea level rise, air and water temperature rise, and changes
in precipitation patterns and storm events.91 Moreover, climate change influ-
ences coastal wetland distribution and function, and affects C cycling and
GHGs emissions from those ecosystems.92,93 The following section focuses
on the influence of climate change on productivity, soil C burial rate, and
GHG production in BCEs.
Ecosystem productivities play an important role in SOM accumulation in

coastal wetlands, and canopy respiration is the largest component of CO2 ex-
change between the ecosystem and atmosphere.94 Increased temperature will
enhance plant productivity in coastal wetlands until a threshold is reached.94

Generally, in tropical forests with abundant water supply, the temperature
may be more important than parameters related to moisture in moderating
coastal wetlands productivity, while availability from tides and rainfall seem
to play a more critical role in semi-arid climates.95,96 Annual litter fall has typi-
cally been used to assess the mangrove productivity, showing latitudinal gradi-
ents, with greater litterfall at latitudes lower than 10� and lower litterfall in lat-
itudes higher than 30�.60,63 For instance, the pattern of litterfall along latitudes
was in line with the changes in sediment organic C stock in global man-
groves.25 Salt marsh productivity also possessed a north-south gradient that
follows the solar energy inputs at 0.2%–0.35% net conversion efficiency.97

Enhanced precipitation can increase nutrient inputs to estuarine systems, flood
length, and reduce pore water salinity in coastal wetland soils, which may lead
to tree growth.35 Conversely, coastal wetlands in arid or semi-arid climates are
likely affected by decreased rainfall and may have lower productivity, particu-
larly due to higher salt stress.98 Consequently, precipitation patterns driven
by climate change will exert an influence on both ecosystem gross productivity
and respiration, altering GHG emissions as well as the blue C budget. Sea-level
rise will also likely affect photosynthesis and therefore productivity in coastal
wetlands, particularly by moderating nutrient availability and inundation fre-
quency to partially control physico-chemical properties such as pore water
salinity and soil redox conditions.99 Ouyang et al.100 recently reported that litter
carbon sinks in BCEs will increase due to higher increase in litter C production
than in decomposition by 2100 compared with 2020 due to climate change,
which highlights that BCEs will play an increasingly important role in future
climate change mitigation.
Carbon burial can be highly variable, significantly influenced by the soil accre-

tion rate and therefore the tidal regime and surface elevation. Carbon burial rates
in coastal wetlands have therefore been greatly influenced by the changing sea
level.9 Although, in someplaces,mangroves keep pacewith sea level rise through
vertical surface elevation change,101 somemangroves cannot and therefore hab-
itats may be lost. Over relatively long periods of time, coastal wetlands have to
migrate with the intertidal zone and move to new areas to maintain their physi-
ological needs,102 which influences C burial rates. Current sea level rise is
inducing a landward migration of coastal wetlands that will influence C burial
in their soils, modifying C stocks and thus GHGs production and emission.
Coastal wetlands may directly influence soil accretion processes through root
system development, which can also be altered under climate change.103

Coupled with sea level rise, climate change factors, such as increases in rainfall
and temperature, greatly influence subsidence, root development, and sediment
inputs from watersheds, all of which impact burial rates in coastal ecosys-
tems.104 Moreover, a recent study reported that plant trait evolution and/or plant
adaption can alter coastal wetland resilience to sea level rise,105 suggesting that
plants can evolve at a pace that feeds back on ecosystem processes.
Besides organic-rich soils, coastal wetlands are usually characterized by low

production rates of GHGs, CO2, or CH4.
106 In the soil, GHGproduction throughmi-

crobial processes depends on many parameters, including oxygen availability,
soil and water temperatures, soil water content (SWC), grain size, porosity, redox
potential (Eh), salinity, pH, andOMquality.106,107 Enhanced temperaturewill stim-
ulate OM decomposition, and therefore GHG production. Increased temperature
is positively correlated with C mineralization in mangrove soils.108 For example,
CH4 emissions from salt marsh soils were found to correlate with both air and
soil temperatures, indicating that methanogenic bacteria are better adapted to
warm soil conditions thanmethanotrophic bacteria.109 At the water-air interface,
CO2 production in mangroves was also found to increase significantly following

Table 3. The distribution, average C stock, C storage, and C burial of seagrass
meadows in China

Province
Area
(ha)

C stock
(Mg C ha�1)

Total C
stock
(Gg C)

C burial rate
(g C m�2 year�1)

Total C burial
(Gg C year�1)

Liaoning 892 33.6 30.0 202 1.8

Hebei 2,917 27.6 80.5 24 0.7

Shandong 1,352 90.9 122.9 379 5.12

Guangdong 1,039 37 38.4 45 0.47

Guangxi 942 56.4 53.1 202 1.9

Hainan 5,838 162.5 948.7 7 0.41

Taiwan 1,186 103.4 122.6 5.05 0.06

Hongkong 4 36.2 0.1 202 0.01

Total 14,169 90.75 1,396.4 – 10.47

The area data sourced from previous reports,46,47,49,50,55 the C stock sourced
from Fu et al.,38 C burial data sourced from Fu et al.38 1 Tg = 103 Gg = 106

Mg = 109 kg = 1012 g.
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the increasing water temperature.110 Changing precipitation patterns and sea
level rise may influence litter and OM decomposition along with GHG production
within coastal wetland soils, particularly through altering the SWC, the oxygen
supply, and soil electron acceptor renewal.35,96,107,111 However, microbial metab-
olisms can be stimulatedunder suitablemoisture: SWC less than 10% constrains
the normalmetabolic activity in the soil, and droughts are likely to limit OMminer-
alization and hence GHG production.112 Elevated atmospheric CO2 concentra-
tions can enhance C:N ratios of coastal wetland plant tissues, such asmangrove
seedlings.113 Generally, climate change may result in a more recalcitrant OM, in-
hibiting the decomposition process and GHG production. In addition, elevated
CO2 concentrations are causing ocean acidification, which may also influence
microbial activity in coastal wetland soils.

Human disturbance
By far, themajor cause of historical and contemporary coastal wetland loss is

direct human modification.114 During the 20th century, the conversion of
wetlands into other land use reached about 25%–50% of the world’s coastal
wetlands.5,115 Tidal marshes were among the earliest coastal wetlands to be
substantially modified116 because they dominated the temperate zone
where industrialization took place. Global losses of tidal marshes and sea-
grasses have been estimated at around 1%–2%117 and 1.5%118 per year,
although some conservation actions have led to a reversal of declining trends
inseagrasses incertain regions.119Globally, themangrove loss ratehaddeclined
toanaverageof0.16%–0.3%per yearbetween2000and2012 from0.99% in the
1980s, which shows the efforts related to mangrove conservation.120 Even
though mangrove soils alone have lost an estimated 30.4–122 Tg C due to
land-use changes that occurred between 2000 and 2015, with Indonesia,
Malaysia, and Myanmar contributing to more than 75% of these losses.121 The
main drivers of BCE loss vary across ecosystems and geographical regions,
but usually include physical change (includingecosystemchange and drainage),
pollution, non-native species, and climate change.115 For instance, developing
countries are nowconverting coastalwetlands intoother landusesat breakneck
speed, replacing agriculture, aquaculture, and tourismandproviding natural cap-
ital and ecosystem services to these systems.117 In summary, BCEs not only
store C but also provide benefits to both human beings and ecosystems, such
as coastal protection and fisheries enhancement;6 however, more work is
neededonBCEconservation tomaintain thesebenefits and improvesustainable
development.

ECOSYSTEM SERVICES OF BCEs BEYOND C SEQUESTRATION
A broad definition of ecosystem services was provided by the Millennium

Ecosystem Assessment that “Ecosystem services are the benefits people obtain
from ecosystems.”122 With essential ecological functions, coastal BCEs are very
productive and provide many benefits to society, such as habitat provision,
climate regulation and stabilization, water purification, water conservation, flood
protection, shoreline stabilization, source of substantial biodiversity, and atmo-
spheric maintenance.101,123,124 Besides, coastal wetlands provide goods, such
as food, water, rawmaterials, and other products collected by local communities.
Coastalwetland ecosystem value ranged fromUS$300 to $887,828 ha�1 year�1,
and US$193,845 ha�1 year�1 on average.125,126 It was also reported that a
32,346 ha reduction in coastal wetlands resulted in US$806 million year�1 loss
in ecosystem service.127 Here, we summarize the primary ecosystem functions
of BCEs, and listed their values (Table 6). In general, these ecosystem services
are worth around $32,000 ha�1 year�1.

Water conservation
Coastal wetlands play an important role in regulating water flow and reducing

the impact offloods and stormsurges. They act as natural sponges by absorbing
andstoring largeamountsofwater duringperiodsof highflow, and then releasing
it slowly. This helps to regulate the water cycle and reduce the risk of flooding in
nearby coastal communities. Coastal wetlands also help to reduce the impact of
storm surges by acting as a buffer between the land and the sea. In addition,
coastalwetlandscanalsohelp to rechargegroundwaterandmaintainwaterqual-
ity in nearby rivers and estuaries. Coastal wetlands also help to improve water
quality by filtering pollutants and excess nutrients before they reach the ocean.

Storm protection
As natural buffers, coastal wetlands are effective against storms, preventing

damages from flooding from storm-tidal surges, rainfall, and high winds.
Between upland terrain and the storm surge, a coastal wetland can diminish
storm intensity.128,129 A gain of 1 km2 of coastal wetlands decreases a loss of
an averageUS$12.00million and amedianUS$1.70million, suffering fromstorm
damage related to specific events.130

Water purification
Coastal wetlands are water quality control systems, filtering chemicals and

sediment out of the water before it is discharged into the ocean. Coastal wetland

Table 4. The distribution, average C stock, C storage, and C burial of tidal flats in China

Provinces

Area (ha)
C stock
(Mg C ha�1)

Total SOC storage
(Tg C)

C burial rate
(g C m�2 year�1)

Soil C burial amount
(Gg C year�1)

Low High Low High Low High

Liaoning 0.54 133,100 69.9 0.00 9.30 107.45 0.00 143

Tianjin and Hebei 8,305 73,200 53.6 0.45 3.92 146.02 12 107

Shandong 34,208 123,800 82 2.81 10.15 192.95 66 239

Jiangsu 6,277 291,400 59.4 0.37 17.31 153.84 10 448

Shanghai 10,981 37,800 73.7 0.81 2.79 91.51 10 35

Zhejiang 21,740 132,800 67.9 1.48 9.02 153.84 33 204

Fujian 28,285 122,300 75.74 2.14 9.26 139.38 39 170

Guangdong 34,807 108,500 75.1 2.61 8.15 74.55 26 81

Guangxi 69,732 59,800 207 14.43 12.38 74.55 52 45

Hainan 5,031 19,700 125.7 0.63 2.48 136.63 7 27

Taiwan 18,075 – 75.7 1.37 – 139.38 25 –

Hongkong 2 – 75.1 0.00 – 74.55 0 –

Macao 7 – 75.1 0.00 – 74.55 0 –

Total 237,450 1,102,400 27.1 84.8 280 1,499

The area data sourced fromMao et al.27 and the global tidal flatmap,57,59 the soil C stock sourced fromChen et al.,59 C burial data sourced from Chen et al.59 1 Tg = 103

Gg = 106 Mg = 109 kg = 1012 g.
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plants and phytoplankton can fix nitrogen and phosphorus through photosyn-
thetic processes. The water quality enhancement provided by coastal wetlands
in Louisiana alone was estimated to cost US$99 to US$5,551 ha�1 on the basis
of the type of treatment.131

Shoreline stabilization
With well-developed root systems,mangroves, miscanthus, and other wetland

plants can hold the soil in place with their roots, absorb the energy created by
ocean currents, and break up the flow of waves, currents, and runoff, which
would otherwise degrade a shoreline and associated development. The value
of seashore protection ranged from US$9,143 to US$30,757 ha�1 year�1, which
was mainly due to the affects related to coastal mudflats.132

Habitat provision/biodiversity
Providing habitat to thousands of flora and fauna, coastal wetlands are diverse

and dynamic ecosystems with biodiversity that includes birds, fish, mammals,
reptiles, and amphibians, maintaining from genetic diversity to species diversity
to ecosystemdiversity. Xie et al.133 reported a factor of 2.5 for the contribution of
biodiversity maintaining service in coastal wetlands compared with a factor of 1
for farmland ecosystems, resulting in a value of US$316 ha�1 year�1.134

High productivity
With high biodiversity and high biomass, coastal wetlands provide a variety of

socio-economic benefits (e.g., valued products) to people for human consump-
tion, including fruits, fish, shellfish, meats, resins, timber for building, firewood,
and so on.

BCEs AS A NbS FOR C NEUTRALITY IN CHINA
Conservation and restoration

Although the ecological and socioeconomic importance of BCEs has been
greatly emphasized in the past, these systems are still rapidly being lost globally
due to human disturbance as mentioned above. Globally, BCEs are expected to
decline further due to various interconnected drivers, including deforestation,
pollution, and climate change.135 The rapid loss, fragmentation, and degradation
of BCEs create strong incentives for their restoration across their natural range
to replace lost habitat and ecosystem services.13,14,136,137 Generally, the conser-

vation of remaining BCEs is much more cost-effective than restoration as this
requires substantial investment. However, restoration can earn more anthropo-
genicC credits, which offer opportunities to developmarket-basedmechanisms
that take advantage of existing C offsets frameworks.6 There have been
numerous efforts globally to conserve and restore BCEs. Almost 2,000 km2 of
mangroves have been planted over the past 40 years.135 A recentmeta-analysis
concluded that mangrove restoration offers positive benefit-cost ratios ranging
from 10.50 to 6.83,136 suggesting that restoration is a cost-effective form of
ecosystem management. The restoration of BCEs globally was estimated to
mitigate up to 290 Tg C year�1 emissions, with 2.18 Mg C ha�1 year�1.138 In
comparison with restoration, conservation current BCEs will be a much more
cost-effective pathway to C neutral.138 The avoided C emissions by protecting
threatenedBCEsmay reach up to 89TgC year�1.138 By usingmore recent lower
estimates of ongoingBCE loss rates, Bossio et al.139 estimated the conservation
and protection of BCEs would avoid the soil C emission of 197.47, 133.78, and
77.43 Mg C ha�1 over the expected loss of 0.05 Mha year�1 mangroves, 0.08
Mha year�1 salt marshes, and 0.45 Mha year�1seagrass, respectively. Overall,
the conservation and restoration of BCEs have substantial potential to increase
the C sequestration and contribute to an NbS for climate change.1,6,66,138,140

In China, coastal wetlands have experienced a sharpdecrease in the area since
the 1950s. An et al.141 reported that the cumulative loss of the coastal wetland
area is around 22,000 km2 since 1949, about 51.2% of the total area of coastal
wetlands in China. The total mangrove area has lost from 48,650 ha in the
1950s to 25,900 ha in 2015. China aims to restore the 48,650 ha of mangrove
forests in the next 10 years.38 If this is well conducted, there will be an additional
106GgC year�1 C sequestration in thesemangroves. Besidesmangroves, China
has a large area of saltmarshes and unvegetated tidal flats.66 Unlikemangroves,
the restoration of saltmarshes has not beenwell planned. In fact, saltmarshes in
China have suffered great losses since the 1950s without experiencing any
appreciable recovery. The area loss rate is estimated to have been relatively sta-
ble during the 1950s–1980s (28,893 ha year�1) and 1980s–1990s (22,279 ha
year�1) then to have declined to 8,928 ha year�1in the 1990s–2000s, with a total
of 22.5–95.7 Tg C emitted throughout the 70 years,38 equivalent to 321–1,367
Gg C year�1. The rapid coastal development in China during the past decades
also resulted in a loss of over 23,000 ha year�1of tidal flats reclaimed for aqua-
culture, agriculture, salt pans, and urban expansion from the 1950s,59,142 leading

Figure 3. The vertical and lateral C flux of BCEs in China in units of Gg C year�1 1 Tg = 103 Gg = 106 Mg = 109 kg = 1012 g.
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to the loss of 30.8 Gg C year�1 fromCburial, with the total loss of 2.16 TgC in the
past 70 years. Fu et al.,38 based on the Chinese and global decadal seagrass
rates of decline, estimated the seagrass habitat loss rates in China at 533–
3,100 ha year�1 in the 1950s–2010s, equivalent to 11–282 Gg C year�1 and
1.55–6.87 Tg C in total. To sum up, the sharp reduction of BCEs in China in
the past 70 years has led to a great loss of the blue C function of these coastal
wetlands, conserving the remaining BCEs in China can avoid 0.47–1.79 Tg C
year�1 emissions, which is also the most cost-effective pathway for achieving
C neutrality.

However, the best way to conserve and restore BCEswisely and ecologically is
still largely under debate. For instance, the current BCE planting designs, aiming
at promoting thewetland area have in some cases failed to sustain the growth of
mangroves.143 The replanting actions, such as mono-species plantation,
decreased the diversity of the ecosystem and the possibility of resistance of
pests and disease, and non-native mangrove species were widely used for
mangrove restoration although they growmuch faster than native species.144,145

Therefore, the most desirable, comprehensive approaches need careful site se-
lection and species selection, balancing ecological principles and economic ben-
efits for mangrove restoration. For example, when choosing mangrove species
for afforestation, it is recommended to prioritize local tree species. Sonneratia
apetala, a common non-native mangrove species, had a high growth rate, but
they are weak in biodiversity.145 Native species Bruguiera gymnorrhiza man-
groves have typical knee roots, andKandelia candel forests have unique buttress-
ing, which are good at accumulating the allochthonous C.146 By estimating
mangrove C storage, Liu et al.16 indicated that C storage in mangroves could
be increased by selecting specific species for afforestation and stand improve-
ment practices, and the increased C stockswould be evenmore than the C gains
by expanding the mangrove area. Chen et al.147 proposed eco-farm systems to
transfer aquaculture ponds to mangroves, suggesting a potentially broad appli-
cation in southern China linking C sequestration and biomass gain in restored
mangroveswith required food production. Ouyang et al.148 further demonstrated
this approach by highlighting that the conversion of aquaculture ponds to
mangroves could reduce CO2 efflux. Other management options, which could
substantially reduce CH4 emissions from shrimp production, have also been
introduced to enhance the dissolved oxygen availability in aquaculture.149

Regarding the large area of salt marsh and tidal flats in China, how to restore
and increase the area of tidal marshes and flats will be of great importance for
BCE restoration. Due to the relatively lower C sequestration of the unvegetated

tidal flats compared with salt marshes,150 transforming the unvegetated tidal
flats to vegetated tidal marshes will also benefit C sequestration. However, there
are still very few coastal wetland restoration projects considering these poten-
tials. In addition, China’s tidal flats are currently threatened by Spartina alterniflora
invasion. In the past 30 years, nearly 467 km2ofmudflats have been transformed
into S. alterniflora salt marshes.151 S. alterniflora invasion not only increases the
input of plant biomass and organic litter150 but also slows down the tidal flow,
accelerates sediment deposition, and increases the sedimentation rate.152,153

Generally, the total C sink of mudflats increases after S. alterniflora invasion,
which favors the ecosystem C sequestration.153,154 However, the invasion has
led to changes of other ecosystem functions, such as biodiversity, so compre-
hensive ecosystem impactions after S. alterniflora invasion thus needs to be
further evaluated.66

BCE management practices
Besides the conservation and restoration of BCEs, the management practices

and technologies to improve C sequestration or reduce the C emissions of BCEs
can also help to achieve the goals of C neutral. However, most studies on this
topic have focused on terrestrial ecosystems,140 such as forests and agriculture
ecosystems, with very few reports on coastal wetlands. Here, we synthesize
several technologies that have the potential to enhance the blue C sequestration
in BCEs. However, some of these practicesmay also lead to the damage of these
natural ecosystems, a balance betweenmaximizingBCECsequestration and the
protection of these natural ecosystems is thus required during the implementa-
tion of these management practices.
Biochar addition. Biochar (BC) is a fine-grained and porous carbon-rich ma-

terial made from a variety of organic materials (e.g., crop residues, woody mate-
rials, livestock manure, and other organic materials). BC is composed of alkyl
structures and aromatic rings that form a core structure through close packing
and high twisting. Due to its chemical and biological stability, BC can be stored in
the ecosystem for a long time without being mineralized or decomposed,155,156

which is of great significance for climate changemitigation. The incorporation of
BC into soils can delay the return of C to the atmosphere as CO2 or CH4. Woolf
et al.157 roughly estimated the carbon sequestration potential of BC and found
that BC could sequestrate 1.8 PgCO2-C per year (with no impact on food security
and ecosystems), which is equivalent to 12% of annual anthropogenic GHG
emissions. In addition, adding BC to soil can (1) increase soil pH for acidic soil
remediation,158 (2) increase soil cation exchange capacity and nutrient

Table 5. The reported coastal wetland lateral C flux worldwide

S.N Site Vegetation DOC (g C m�2 year�1) DIC (g C m�2 year�1) POC ;(g C m�2 year�1) References

1 East and west coast marshes, USA salt marsh 9.1 Ganju et al.182

2 US pacific coast salt marsh 9.7 96 Bogard et al.183

3 North Inlet, South Carolina, USA salt marsh 73 ± 73 2,628 ± 2,000 Correa et al.184

4 North Carolina, USA salt marsh 178 227 Czapla et al.185

5 Delaware, USA salt marsh 40 168 Guimond and Tamborski186

6 Sage Lot Pond, USA salt marsh 414 Wang et al.10

7 York River, VA Estuary salt marsh 193 Neubauer and Andersen187

8 Duplin River, Sapelo Island salt marsh 156 Wang and Cai188

9 Atlantic coast salt marsh 185 ± 71 236 ± 120 Windham-Myers et al.189

10 Southern Moreton Bay, Australia mangrove 259 927 285 Maher et al.86

11 Fukido River, Ishigaki Island, Japan mangrove 193 857 Ohtsuka et al.190

12 North Brazilian mangrove 22 Maher et al.191

13 Australian mangrove 53 Maher et al.191

14 Sundarbans, India mangrove 353 440 67 Ray et al.192

15 Florida, USA mangrove 28 8 Romigh et al.193

16 African mangroves mangrove 115 31 Machiwa194

17 Multiple mangrove creeks, Australia mangrove 127 Sippo et al.87
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sequestration,159 and (3) facilitate the adsorption and immobilization of heavy
metals and organic pollutants.160 Therefore, BC has multiple environmental ef-
fects, not only for C sequestration but also for reducing ocean pollution. Many
studies have investigated the C sequestration potential of BC in farmlands161

and forest ecosystems.162 However, little is known about the C sequestration po-
tential of BC in coastal wetland ecosystems.163

Gypsum addition. Gypsum (CaSO4$2H2O) is typically used as a fertilizer to
solve soil salinity problems. In the case of the coexistence of sulfate-reducing
bacteria and methanogens in the environment, the addition of sulfate can inhibit
the activity of methanogens, thereby inhibiting the release of methane.164 At
the same time, the reduction of sulfate leads to an increase in pH values. The
dissolved metabolite CO2 can react with Ca2+ to form carbonate precipitation,
convert unstable organic carbon into inorganic carbon, and increase C
sequestration.165

The role of gypsum in these system is mainly manifested in the following as-
pects: (1) gypsum is a slightly soluble mineral and plays the role of slow-release
sulfate, (2) the continuous dissolution of gypsumconverts the system into stable
sulfate concentrations and enough electron acceptors, which promotes sulfate-
reducing bacteria (SRB) to become the dominant microorganisms. SRB inhibits
methanogens through competition for substrates and electrons, inhibiting the
production ofmethane.166 (3) Sulfate-reducing bacteria consumeorganic carbon
while reducing sulfate, and accelerate the inorganicmineralization of OM.167 The
inorganic mineralization of OM produces carbonate and combines with Ca2+ in
gypsum to form calcite, which improves the conversion rate of organic carbon
to inorganic carbon. More experimental studies are needed to clarify the gypsum
addition effects on the BCE C cyclings.

Iron oxide fertilization. Iron (Fe) is the most abundant redox-sensitive metal
element in the Earth’s crust, and iron oxides are widely present in wetland soils
and sediments.168 Fe(III) is the main electron acceptor for organic matter (OM)
mineralization in the anaerobic environment of coastal wetlands. The process
of dissimilatory Fe reduction can be considered as an important pathway for
OM decomposition under anaerobic conditions.168 Alternatively, iron oxides act
as flocculants in the soil, forming organo-mineral complexes, and stabilizing
soil aggregates for C sequestration.169 The mechanism of organic C (OC)

sequestration by iron oxides is mainly attributed to adsorption and co-precipita-
tion. The exchange of ligands between hydroxyl and carboxyl groups in OM and
the surface of iron oxides can adsorb up to 110–140 mg C g�1 by iron ox-
ides.170,171 For co-precipitation, organic carbon in soil has a high affinity for
Fe3+. The formation of occluded OM reduced the availability and increased the
stability of OC.172 At the same time, Fe(III) minerals can stimulate the growth
of iron-reducingmicroorganisms. Through diversemetabolic pathways,microor-
ganisms mineralize and utilize short-chain fatty acids, while forming more recal-
citrant forms of OC.173 Fe(II) oxidation also facilitates OC accumulation. For
instance, a research from Yellowstone National Park found that at least 42%
of DIC was incorporated to biomass C under Fe(II) oxidation by chemoauto-
trophs.174 This suggest that, in some cases, chemoautotrophs can dominate
the C fixation process.174 In addition, Fe(III) reducers can inhibitmethane produc-
tion by competing with methanogenic archaea for acetate and hydrogen.175

Thus, iron-reducing microorganisms could play a central role in SOM decompo-
sition and GHG emissions from BCE soils, the fertilization of iron oxide may
contribute the C sequestration in BCEs, and can be a potential technology for
NbS of C neutrality.
Eutrophication. The eutrophication of near-shore waters is increasing due to

land-based nitrogen entering offshore through surface runoff,176 which is one of
the most serious environmental problems facing the global coastal zone. Under
tidal flux, large amounts of N typically enter coastal wetland ecosystems from
runoff and can be retained by the coastal wetland vegetation. This changes
the key processes of C cycle such as photosynthetic C input, plant-soil C parti-
tioning, soil organicCdecomposition, and soil-soluble organic C release.177,178 Ni-
trogen is considered to be one of the most important nutrients limiting the net
primary productivity of terrestrial ecosystems. Terrestrial N influences C seques-
tration in coastal wetlands through twomain pathways: (1)most ecosystemsare
N limited, so exogenous N inputs can significantly increase the photosynthetic C
sequestration capacity of plants by stimulating the growth of above- or below-
ground plant parts, and thus increasing soil C inputs177,179; (2) N input affects
soil organic C decomposition by altering soil N availability, regulating soil micro-
bial growth, activity, community composition/diversity, and enzyme activity.180 N
input can change soil microbial biomass and microbial activity by increasing the

Table 6. The reported values of ecological functions of coastal blue carbon ecosystems worldwide

Ecosystem function Vegetation type Study location

Total value (US$ ha�1 year�1)

ReferenceLow High

Water conservation whole wetland Sinaloa, Mexico 1,906 Camacho-Valdez et al.195

whole wetland Catalan, Spain 1,287 Brenner et al.196

Storm/flood protection whole wetland China 9,678 255,000,000 Liu et al.130

whole wetland Catalan, Spain 68,166 Spalding et al.124

whole wetland Colorado, USA 40 20,830 Batker et al.197

salt marshes Galveston Island, USA 12,924 Feagin et al.198

salt flat Galveston Island, USA 405 Feagin et al.198

Water purification whole wetland British Columbia 1,395 Wilson et al.199

whole wetland Catalan, Spain 13,376 Brenner et al.196

whole wetland Thibodaux, USA 3,102 3,497 Ballard et al.200

tidal marshes global assessments 11,346 Purcell et al.201

Shoreline stabilization whole wetland Xiamen, China 3,400 10,100 Chen132

whole wetland USA 50 232 Ballard et al.200

Habitat provision/biodiversity whole wetland Qinghuangdao, China 350 Bai et al.134

whole wetland Catalan, Spain 497 Brenner et al.196

estuaries global assessments 222 Purcell et al.201

High productivity salt marshes Galveston Island, USA 6,944 Feagin et al.198

tidal marshes global assessments 790 Purcell et al.201

estuaries global assessments 882 Purcell et al.201
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C andN content in the soil, leading to changes in the decomposition of SOM frac-
tions. The increase of N content ismore likely to result in reorganization ofmicro-
organisms and the formation of highly stable SOM.

CONCLUSION AND FUTURE PERSPECTIVES
Coastal wetlands are considered high-yielding habitats in sequestering signif-

icant amounts of atmospheric CO2 globally. Understanding the magnitude and
mechanisms of C cycling in the BCEs, such as salt marshes, mangroves, and
seagrass, is at the foremost to resolve their role in coastal C budgets. Chinese
coastal regions are dominated by salt marshes, with a much smaller area of
mangrove forests and seagrass beds. Furthermore, the unvegetated tidal flat
areas are large in this region. The conservation and restoration of these BCEs
and improving their C sequestration potential by management can be a cost-
effective pathway for climate change adaptation and help to achieve the C
neutral goals of China in 2060. However, the current level of research on BCEs
in China has not resolved the basic questions related to sequestration of these
systems. Many problems still require scientific, socio-political, and technological
solutions to enhance the C sequestration of Chinese BCEs for climate change
mitigation. These include:

1. The area of theseBCEs in China is still highly uncertain. The accuracy and
spatiotemporal resolutionofBCEdistribution andGHGemissionsneed to
be better resolved tomonitor their C sequestration capacity. Thepotential
of satellites and drones in monitoring BCE biomass should be fulfilled.
Remote sensing approaches for monitoring seagrass meadows need
new technological breakthroughs. Carrying out accurate C budget calcu-
lations of BCEs based on joint land-sea-sky observations is an important
step toward science-based decision-making in China.140

2. Considering the large area of saltmarshes and tidal flats in China, future
field andmodeling studies should prioritize these ecosystems to under-
stand their carbon stock, burial rate, outwelling, and GHG emissions.
Currently, the suspended sediment loads of major rivers are lower
than the loads in the 20th century due to the construction of dams
and soil erosion control measures.59 Decreased sediment loads create
an uncertain future for the C sequestration of these tidal ecosystems.
Therefore, modeling and prediction of coastal ecosystem responses
to human disturbance and climate change are also needed.

3. Even though the BCEs have a more effective C sequestration rate
compared with terrestrial ecosystems, the Chinese coast has experi-
enced extensive reclamation activities142 and the construction of sea
walls.181 These modifications reduce the C stock and sequestration
rates in BCEs as well as their ecosystem services such as landscape
fragmentation, loss of biodiversity, destruction of habitats for fish and
birds, the decline of fisheries resources, reduced water purification,
increased water pollution, frequent harmful algal blooms, etc.142 The
impacts of these human disturbances on BCEs and their influence on
ecosystem services need empirical research to guide future conserva-
tion and restoration. Moreover, policymakers should improve marine
spatial planning, fully evaluate the negative impact of land reclamation
and seawall construction, and enhance ocean awareness and public
involvement in coastal management.

4. Restoration technologies including species selection and planting
schemes, as well as management practices and technologies to
improve planting success and enhance the C sequestration of BCEs
are needed. Studies on this topic were mainly conducted in terrestrial
ecosystems, with very rare reports on coastal wetlands. Technologies
for CO2 capture, utilization, and storage can also be applied in these
coastal ecosystems, including fertilization with gypsum and BC.

5. Due to the high variation and quick response of BCEs to climate change
and human disturbance, we suggest establishing a nation-wide coastal
Blue Carbon Ecosystems Research Network. The network should
combine long-term ecological studies, flux observations, remote
sensing, and model simulations to quantify the C stock and flux of
BCEs in China and their response to change. Only through long-term
and real-time monitoring of C cycling in the BCEs can we clarify the
impact of climate change and human activities on C sequestration of
BCEs, and reveal the key drivers of the vertical C burial and lateral C
exchange process. Overall, such a network would provide a reliable

national Blue C inventory with uncertainties, and serve the national Car-
bon Neutral goals.

Considering the relatively high sedimentation rate of coastal wetlands inChina,
the total area of coastal wetlands should increase substantially by the end of the
21st century if there are no additional disturbances. The overall C sink and
ecosystem services are expected to be further enhanced along with these ef-
forts. However, the total area of coastal wetlands in China is relatively small in
comparisonwith other terrestrial ecosystemsdue to past disturbance. Therefore,
how to effectively restore and build BCEs, reduce the damage to the natural
coastline around wetlands, improve their natural resilience, and enhance the
ecosystem service of existing BCEs is of great importance to improve the
“blue carbon” function of coastal wetlands in China. Overall, BCEs have a strong
potential to become an NbS tomitigate climate change and support the Chinese
C neutral goals in 2060.
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