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Ecosystem carbon and nitrogen recovery
in restored coastal wetlands
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Coastal wetland restoration is a nature-based solution to mitigate climate change and eutrophication
through carbon and nitrogen storage. However, the effects of different restoration practices on
ecosystem carbon and nitrogen dynamics remain unclear. Here we conducted a global meta-analysis
on the recovery rates of soil carbon and nitrogen stocks and plant biomass carbon in 110 salt marsh
and190mangrovesites under various restoration types.Restoredcoastalwetlandsachieved37–76%
of soil carbon, 43–83% of soil nitrogen, and 34–119% of plant biomass carbon relative to natural
wetlands, due to different practices. Plant biomass requires ~20 years to reach natural levels, whereas
soil carbon and nitrogen stocks require ~40 years. Remediated wetlands have lower recovery
resistance than created wetlands, and the recovery efficiency is influenced by engineering
approaches, vegetation regrowth, soil properties, and hydrological conditions. These insights help
optimize land-sea coordination projects for improving carbon and nitrogen recovery.

Coastalwetlands, suchas saltmarshes andmangroves between land and sea,
are identified as “blue carbon” ecosystems with a substantial capacity for
sequestering carbon (C) (see Table 1 for abbreviations and descriptions) to
mitigate climate change1. However, land-cover and -use changes, as well as
natural habitat degradation, pose serious threats to existing coastalwetlands,
resulting in considerable global wetland area loss2. For example, agriculture
reclamation and intensified erosion can alterwetlandhydrology, vegetation,
soil properties, nutrient supply, and microbial activity, affecting C and
nitrogen (N) stocks and enhancing atmospheric greenhouse gas emissions
(primarily carbon dioxide (CO2), methane (CH4), and nitrous oxide)3,4.
Globally, the degradation of coastal wetlands has caused approximately 10‒
30% loss of soil C and N stocks resulting in equivalent global warming
potential of approximately 5‒25 t CO2e ha

−1 yr−1 5,6. The loss of salt marshes
andmangroves has resulted in increased emissions of 16.3 and 7.0 Tg CO2e
yr−1, respectively7,8.

Coastal wetland restoration is a critical approach to regain blue C sinks
and offset CO2 emissions, throughmarine carbon dioxide removal pathway
which can limit global warming9. Coastal wetland restorations are also
nature-based solutions which store and remove N from the marine envir-
onment to mitigate coastal eutrophication10. Restoring degraded wetlands
undergoing reclamation, erosion and pollution can improve the growth
environment of plants, enhance the accretion of tidal flats, and recover the

anaerobic soil condition11–13. Thereby, these practices could favor organic C
sequestration and burial14,15. Globally, wetland restoration projects vary
owing to different environmental conditions and restoration methods,
resulting in varying plant growth potentials, nutrient availabilities, and C
and N recovery efficiencies16,17. The C accumulation in restored wetlands is
strongly regulated by hydrological connectivity, salinity, plant species, and
soil properties18,19. Popular ecological restoration methods to address the
cause and degree of wetland degradation include creation and
remediation20,21. Creation refers to the process of transforming land into
wetlands where no coastal wetlands previously existed, for instance, con-
verting agricultural fields or aquacultural ponds into wetlands, vegetating
bare tidal flats, or modifying the topography of silted land into tidal flats.
Remediation refers to efforts to improve habitat structure and ecosystem
processes in wetlands, such as improving tidal connectivity or controlling
erosion, pollution, and invasive species. In some restoration practices,
measures such as modifying topography, hydrology, soil properties, and
biotic communities are implemented to reshape tidal exchange channels,
rewet drained soil, and enhance water quality, in addition to climate change
mitigation through CO2 sequestration

22.
However, considerable uncertainties persist in the extent to which the

C andN storage of restored coastal wetlands is comparable to that of natural
wetlands and the duration of their recovery. Billah et al. (2022) and Dontis
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et al. (2020) suggested that achieving C accumulation equivalent to that of
natural wetlands may require decades to a century22,23, whereas O’ Connor
et al. (2019) predicted a shorter period (7–17 years)24. Moreno-Mateos et al.
(2012) pointed out that the C storage is very hard to completely achieve
equivalent to natural level even when the biological structure has been
restored25. Also, there are a few studies on the variations in ecosystemC and
N across different coastal wetland types under various restoration practices
(creation and remediation). Therefore, a deeper understanding of these
restoration practices can help design a land-sea coordination CO2 removal
pathway and nature-based solution. In this study, we conducted a global
meta-analysis on restored salt marshes and mangroves to assess the effi-
ciency of the restoration of ecosystem C and N recovery in global restored
coastal wetlands (Fig. 1). The key questions addressed in this study are (1)
does the variety of restoration approaches affect the wetland ecosystem C
and N dynamics under various practice modes (Table 2)? and (2) how do
changed vegetative, hydro-sedimentary, edaphic conditions, and manage-
ment practices affect the C and N recovery in wetland ecosystems?

Results
Ecosystem C and N stocks in restored wetlands
In the restored salt marshes, SC stock within the top 30 cm depth ranged
from 5.1 to 252.0 Mg C ha−1 (Fig. 2a), with the highest observed in the TC

type (148.6 ± 28.6MgCha−1) and the lowest in the SE type (23.3 ± 5.2MgC
ha−1). The SOC stock varied from 2.4 to 132.3MgCha−1 in the restored salt
marshes (Fig. 2c), with the highest in the RA type (72.6 ± 18.0 Mg C ha−1)
and the lowest in the VR type (11.6 ± 6.2 Mg C ha−1). For the restored
mangroves, SC stock ranged from16.5 to 216.0MgCha−1 (Fig. 2b), with the
highest in the HR type (71.7 ± 9.6 Mg C ha−1) and the lowest in the IE type
(18.6 ± 1.4MgCha−1). The SOC stock ranged from15.3 to 200.1MgCha−1

(Fig. 2d), with the highest in the HR type (73.5 ± 3.4 Mg C ha−1) and the
lowest in the IE type (39.1 ± 5.4 Mg C ha−1).

The SN stocks within the top 30 cm depth ranged from 0.1 to 18.9Mg
N ha−1 in the restored salt marshes and from 0.1 to 13.3 Mg N ha−1 in the
restored mangroves (Fig. 2e, f). For salt marshes, the highest SN stock was
observed in the RA type (9.0 ± 5.0MgNha−1) and the lowest in theVR type
(0.9 ± 0.1MgNha−1). Formangroves, the highest SN stockwas observed in
theRA type (4.9 ± 0.5MgNha−1) and the lowest in the IE type (2.9 ± 0.4Mg
N ha−1).

TheAGBCstocks of restored saltmarshes andmangroves ranged from
0.1 to 30.8 Mg C ha⁻¹ and from 1.6 to 280.6 Mg C ha⁻¹, respectively (Fig. 2g,
h). The BGBC stocks ranged from 0.1 to 33.0 Mg C ha⁻¹ in the salt marshes
and from 0.3 to 78.6 Mg C ha⁻¹ in the mangroves (Fig. 2i, j). There were no
significant differences in plant biomass stocks among the restoration types
in salt marshes. In the mangroves, the AGBC stock in the HR type
(98.7 ± 12.8 Mg C ha−1) was significantly higher than those in other
restoration types.

Variations of C and N content and density
The values of SC and SOC content and density in restored (remediated +
created) salt marshes accounted for 42–54% of those in the natural marshes
(referred to as “natural levels”), and those in the remediated and created salt
marshes accounted for 42–51% and 38–61% of the natural levels, respec-
tively (Fig. 3, and Table 3). Specifically, SOC content and density were
approximately 60% of natural levels in the VR type, whereas SC and SOC
content and density were at or above the natural levels in RA and TC types.
For SE and TM types, SOC content and density were <30% of the natural
levels. The SN content and density in restored saltmarshes accounted for an
average of 34.8 and 70.3% of those in the natural marshes, respectively. For
remediated saltmarshes, the SN content and density accounted for 51.7 and
66.3%, and for createdsaltmarshes, theyaccounted for 22.2 and63.4%of the
natural levels, respectively. The SND in theVR, RA, andTC typeswas >60%
of the natural levels, whereas SND in the SE and TM types was <50% of the
natural levels. The C/N ratio was not significantly different between the
restored (21.6) and natural (23.1) salt marshes. The AGBC and BGBC in
restored salt marshes accounted for an average of 100.3 and 45.9% of the
natural levels, respectively. For the remediated salt marshes, the plant bio-
mass C was similar to the natural levels, whereas that for the created salt
marshes was 42.2–87.1% of the natural level.

In the restored mangroves, SOC, SOCD, SC, and SCD accounted
for an average of 54.6, 74.5, 25.9, and 52.8% of the natural levels,
respectively, whereas those in the remediated and created mangroves
accounted for 62–81 and 23–72% of the natural levels, respectively
(Fig. 3, and Table 3). For the HR and SE types, the SOC content and
density were similar to those of natural mangroves. In the RA type, SCD
and SOCD were > 60% of the natural levels. In the VR and IE types, SC
and SOC content and density were lower than approximately 70% of the
natural levels. The SN content and density in restored mangroves
reached averages of 42.3 and 59.3% of the natural levels, respectively.
For remediated mangroves, SN content and density accounted for 53.0
and 81.7%, and for created mangroves, they accounted for 38.2 and
57.2% of the natural levels, respectively. The SN content and density in
the RA and IE types accounted for approximately 60–80% of the natural
levels, whereas those in the VR and SE types were <50% of the natural
levels. The C/N ratios in the VR and IE types were lower than those at
natural levels. The plant biomass C in the restoredmangroves accounted
for approximately 60% of the natural levels, whereas that in the SE and
IE types was <35% of the natural levels. The plant biomass C in

Table. 1 | Abbreviations and descriptions

Abbreviation Description

AGBC Aboveground biomass carbon

BD Bulk density

BGBC Belowground biomass carbon

C Carbon

C/N ratio Atomic ratio of organic carbon to nitrogen

CH4 Methane

CO2 Carbon dioxide

HR Habitat remediation

IE Invasive plant eradication

MAT Mean annual temperature

MSR Mean solar radiation

MTR Mean tidal range

Mud Soil mud content

N Nitrogen

ORP Oxidation-reduction potential

RA Returning agricultural/aquacultural land to wetland

SAL Soil salinity

Sand Soil sand content

SC Soil total carbon content

SCD Soil total carbon density

SE Shore-bank enhancement

SN Soil total nitrogen content

SND Soil total nitrogen density

SOC Soil organic carbon content

SOCD Soil organic carbon density

SOM Soil organic matter

SP Soil total phosphorus

SWC Soil water content

TC Tidal connection

TM Topographical modification

VR Revegetation

YAR Year after restoration
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Fig. 1 | Locations of coastal wetland restoration sites. Circles: salt marsh sites,
Rectangles: mangrove sites. Restoration types include revegetation (VR), returning
agricultural/aquacultural lands to wetlands (RA), shore-bank enhancement (SE),

tidal connection (TC), topographical modification (TM), invasive plant eradication
(IE), and habitat remediation (HR). Background map from Esri and Garmin
International, Inc.; copyright © [2023] Esri.

Table 2 | Salt marsh and mangrove restoration types with methodologies and specific practice techniques

Salt marsh restoration types

Methodology Type abbreviations Restoration specifications Primary practices

Creation Revegetation (VR) Restoring vegetation on bare tidal flats. Salt-marsh plants were supplementally
planted on the bare flats.

• Planting

Returning agricultural lands to
wetlands (RA)

Returning agricultural lands to wetlands. Hydrodynamic regulation measures were
employed to rewet abandoned agricultural lands. In several cases, supplemental
planting was employed subsequently.

• Tidal restoration;
• Drainage removal;
• Planting

Topographical modification (TM) Modifying the coastal sea topography. Coastal shallow water areas were filled with
substrates such as dredged materials or upland soils to form the basement with
subsequent supplemental planting.

• Basement creation;
• Planting

Remediation Shore-bank enhancement (SE) Enhancing shores under erosion. Measures such as using dredged materials to raise
the elevation and building breakwaters to alleviate tidal flushwere employed tomitigate
erosion at existing degraded salt marshes.

• Breakwater
construction;
• Elevation raise;
• Planting

Tidal connection (TC) Reintroducing tidal connectivity to impounded marshes. The tidal flows of these
impounded marshes were partially or completely eliminated using constructions such
asdikesor roads.Normal tidal cycleswere later restoredby removing the constructions.

• Tidal restoration

Mangrove restoration types

Methodology Type abbreviations Restoration specifications Primary practices

Creation Revegetation (VR) Restoring vegetation on bare tidal flats. Mangrove species were supplementally
planted on the bare flats.

• Planting

Returning aquacultural lands to
wetlands (RA)

Returning aquacultural lands to wetlands. Hydrodynamic regulation measures were
employed to induce tidal flows into the abandoned aquacultural lands with subsequent
supplemental planting.

• Tidal restoration;
• Planting

Remediation Shore-bank enhancement (SE) Enhancing shores under erosion. Breakwaters were constructed to alleviate tidal flush
and mitigate erosion at existing degraded mangroves.

• Breakwater
construction;
• Planting

Invasive plant eradication (IE) Eradicating invasive plant in coastal wetlands. The invasive salt marsh plant Spartina
alterniflora was mowed and replaced with mangroves.

• Plant substitution

Habitat remediation (HR) Remediating the degraded mangrove habitats polluted by herbicides. The
mangroves previously destroyedbyherbicideswere restoredbysupplemental planting.

• Pollution remediation;
• Planting
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remediated mangroves was >70% of the natural levels, whereas that in
the created mangroves was <60% of the natural levels.

Soil C, N, and plant biomass C stocks in the restored salt marshes did
not exhibit clear recovery trajectories (Fig. 4a–d), except for the TM type.
Soil C stocks in the TM type increased linearly with the restoration period
with a rate of 2.19 Mg C ha−1 yr−1, potentially reaching a natural level after
approximately 40 years (Fig. 4a). Plant biomass C stocks in the TM type
increased logarithmically during the restoration period with a rate of 5.56
Mg C ha−1 yr−1, potentially reaching a natural level after approximately 12
years (Fig. 4d). In the restored mangroves, the soil C stock and N stock
increased linearly and logarithmically during the restoration period with a
rate of 0.52 Mg C ha−1 yr−1 and 0.07 Mg N ha−1 yr−1, respectively, and

potentially reached natural levels both after nearly 45 years (Fig. 4e, f). Plant
biomass C reached its natural level within 22 years after mangrove
restoration with an average rate of 10.66 Mg C ha−1 yr−1 across all the
restoration types (Fig. 4h).

Key factors for C and N recovery
Compared to the natural wetlands, the average BD increased, whereas the
average Sand, SWC, SAL, and SP decreased in the restored salt marshes
(Fig. 5a–h). In the TM type, BD was significantly higher, and Sand and SP
were significantly lower than the natural levels. In the SE type, SWC was
significantly lower than the natural level. In the VR and TC types, the soil
properties were relatively close to natural levels. The restored mangroves

Fig. 2 | Ecosystem carbon (C) and nitrogen (N)
stocks of current restored salt marshes and man-
groves. a, b Soil total C stock (SC stock, Mg C ha−1)
in 30 cm depth. c, d Soil organic C stock (SOC stock,
MgCha−1) in 30 cm depth. e, f Soil total N stock (SN
stock,MgNha−1) in 30 cm depth. g, hAboveground
biomass C stock (AGBC stock, Mg C ha−1).
i, j Belowground biomass C stock (BGBC stock, Mg
C ha−1). Restoration types include revegetation
(VR), returning agricultural/aquacultural lands to
wetlands (RA), shore-bank enhancement (SE), tidal
connection (TC), topographical modification (TM),
invasive plant eradication (IE), and habitat reme-
diation (HR). Boxes indicate the interquartile range
(25th–75th percentile), center lines show the med-
ian, whiskers extend to 1.5 × interquartile range
from the box, closed circles represent the data point,
and open squares represent the mean values. Dif-
ferent letters above the boxes represent significant
differences (p < 0.05) in stocks among the restora-
tion types, tested by ANOVA.
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Fig. 3 | Weighted response ratios (RR++) of carbon and nitrogen in the current
restored salt marshes and mangroves. a, j Soil total carbon (SC). b, k Soil organic
carbon (SOC). c, l Soil total nitrogen (SN). d,m Soil total carbon density (SCD).
e, n Soil organic carbon density (SOCD). f, o Soil total nitrogen density (SND).
g, p Ratio of organic carbon to nitrogen (C/N ratio). h, q Aboveground biomass
carbon (AGBC). i, r Belowground biomass carbon (BGBC). Restoration types
include revegetation (VR), returning agricultural/aquacultural lands to wetlands
(RA), shore-bank enhancement (SE), tidal connection (TC), topographical

modification (TM), invasive plant eradication (IE), and habitat remediation (HR).
(s) and (t) show the RR++ of C and N variables in remediated and created wetlands
(s: salt marshes, and t: mangroves). Numbers in parentheses represent sample sizes.
Error bars represent the 95% confidence intervals (95% CI) of RR++. If the 95% CI
did not overlap zero, the RR++ was considered significantly different from natural
levels (the dashed horizontal lines), marked by “*”. Between-group variability (QB)
with p < 0.05 indicates significant between-group heterogeneity in the variables
analyzed.
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had higher Sand and SP and lower Mud, SWC, and SAL than the natural
levels (Fig. 5i–p). The soil properties of the RA, SE, and IE types were
relatively close to the natural levels. TheVR typehad significantly higher BD
and Sand and significantly lower Mud, SWC, and SAL than the natural
levels. The remediated wetlands showed environmental variables similar to
those in the natural wetlands (except for SWC), whereas the BD, SWC, and
SAL variables in the createdwetlands differed significantly from those in the
natural wetlands (Fig. 5q, r).

Overall, the recovery of soil C stock in the restored salt marshes and
mangroves was primarily driven by soil N stock, plant biomass, and the C/N
ratio (Fig. 6). BD had a direct positive relationship and an indirect negative
relationship with soil C stock (Fig. 6, and Fig S1). SWC,MTR, andMudwere
positively correlatedwith soilC stock,whereasMATwasnegatively correlated
with soil C stock (Fig. 6, and Fig S1). pHwas negatively correlated with soil C
stock in the restored saltmarshes, but positively correlatedwith soil C stock in
the RA-type mangroves (Fig. S1). SAL was negatively correlated with soil C
stock in the VR type and positively correlated with soil C stock in the IE-type
mangroves (Fig. S1). SP was negatively correlated with IE-type soil C stocks
(Fig. S1). YARhad a direct positive relationshipwith plant biomassC and soil
N stocks (Fig. 6). Mud and SWCwere positively correlated with soil N stock,
whereasBDandMATwerenegatively correlated (Fig. 6, andFig S2). SALand
MTRwere positively correlated with soil N stocks in the IE type (Fig. S2). pH
waspositively correlatedwith soilN stock in theRA-typemangroves (Fig. S2).
SAL, MTR, BD, and pH were negatively correlated with plant biomass C
stocks (Fig. 6, and Fig S3). MSR and SP were positively correlated with
biomass in the VR- and TM-type salt marshes, respectively, whereas SWC
was negatively correlated with biomass in RA-type mangroves (Fig. S3).

Discussion
Wetland C and N recovery efficiency
On a global scale, restored salt marshes and mangroves exhibit significant
heterogeneity in soil and plant C and N stocks owing to various restoration
practices and environmental variables. Our results reflect the different
recovery efficiencies of ecosystem C and N stocks among the restoration
types influenced by land-use histories and engineering approaches (Fig. S4).

Chronologically, the AGBC stock of restored salt marshes reaches natural
levels relatively quickly (approximately 10 years), whereas the total plant
biomass C stock of restored mangroves requires approximately 20 years to
recover (Fig. 4). Subsequently, the recovery of soil C and N stocks requires
approximately 40 years to reach natural levels (Figs. 4, 6). The possible
reason is that some degraded coastal wetland had very low initial soil C
stocks ( < 20% of natural levels) before restoration, leading to such a long
time for soil C recovery. Effective recovery of soil N stock and vegetation is
also a prerequisite for restoring soil C stocks22,26.

Revegetation is a common restoration practice for degraded wetlands
resulting from deforestation and land development. However, ecosystem C
and N stocks in the VR type (for both salt marshes and mangroves) were
significantly lower than the natural levels (Figs. 2, 3, and Table 3). This
indicates that the initial effects ofVRonorganicC andNaccumulation in the
tidal flats were poor (Fig. S4). The survival rate of newly planted vegetation
was generally low under strong wave disturbances and frequent tidal inun-
dation, and young seedlings were susceptible to harsh environmental
stresses27,28. In addition, we found that many revegetation practices relied on
monotype plantations, and thus the low plant diversity was unfavorable for
the formation of a stable top community with high biomass levels17,29. Thus,
ecosystemCandNdevelopment in theVRtype requires a longperiodof time.

In the salt marshes restored from agricultural lands, the average eco-
system C and N stocks approached natural levels compared with the other
restoration types (Figs. 2, 3, and Table 3). When natural wetlands are
converted to agricultural fields, there is substantial SOC stock loss from
management practices such as drainage, cultivation, and harvesting3,5.
However, over time, crop growth can contribute organic C to the soil and
partially mitigate SOC loss, particularly with appropriate hydrological and
fertilizationmanagement30. Fertilization during cultivation can increase soil
N content31 and stimulate plant growth, facilitating SOC storage.Moreover,
rewetting drained agricultural land can reduce the decomposition of soil
organic matter (SOM) and subsequent greenhouse gas emissions12.
Therefore, the initial SOC level was generally higher in the RA type than in
the other degraded wetlands (Fig. S4). However, in mangroves restored
from aquacultural lands, SOC content and density were still significantly

Table 3 | Percentages of soil total carbon (SC), soil total carbon density (SCD), soil organic carbon (SOC), soil organic carbon
density (SOCD), soil total nitrogen (SN), soil total nitrogen density (SND), aboveground biomass carbon (AGBC), and
belowground biomass carbon (BGBC) in current restored salt marshes and mangroves relative to those in natural wetlands

Restoration types Percentage relative to natural level

SC SCD SOC SOCD SN SND AGBC BGBC

Salt marsh VR – – 57.4% 61.8% – 67.3% 49.3% 43.5%

RA 41.7% 60.8% 163.5% 127.2% 51.8% 73.8% 88.1% 63.8%

SE 16.7% 20.8% 25.3% 30.1% 16.3% 5.8% 181.9% 70.7%

TC 77.0% 114.9% 99.5% 64.6% 90.5% 129.5% 112.6% 48.6%

TM 62.6% – 19.6% 28.5% 20.1% 48.4% 115.9% 32.6%

Remediation 50.9% 45.3% 51.3% 41.8% 51.7% 66.3% 145.8% 61.7%

Creation 48.1% 60.8% 37.9% 55.6% 22.2% 63.4% 87.1% 42.2%

Means 49.9%
(37.1–67.1%)

54.1%
(42.6–68.7%)

42.0%
(30.1–58.6%)

51.9%
(46.2–58.2%)

34.8%
(21.8–55.7%)

70.3%
(61.0–80.9%)

100.3%
(84.5–119.0%)

45.9%
(34.2–61.7%)

Mangrove VR 14.3% 46.0% 53.0% 58.0% 29.1% 48.5% 62.0% 48.9%

RA 35.1% 61.7% 52.4% 84.0% 65.2% 70.6% 43.2% 63.5%

SE – – 121.4% 96.6% 34.0% – 34.9% -

IE 65.7% 70.9% 42.5% 50.5% 58.1% 81.7% 14.3% 20.9%

HR – – 112.1% 85.8% – – 117.1% 173.7%

Remediation 65.7% 71.3% 62.0% 80.7% 53.0% 81.7% 73.6% 90.1%

Creation 22.7% 50.5% 52.8% 72.0% 38.2% 57.2% 48.6% 57.5%

Means 25.9%
(18.1–37.2%)

52.8%
(36.9–75.5%)

54.6%
(46.3–64.3%)

74.5%
(66.5–83.4%)

42.3%
(28.4–63.0%)

59.3%
(42.6–82.6%)

57.5%
(42.7–77.6%)

64.3%
(42.0–98.5%)

Restoration types include revegetation (VR), returning agricultural/aquacultural lands towetlands (RA), shore-bank enhancement (SE), tidal connection (TC), topographicalmodification (TM), invasive plant
eradication (IE), and habitat remediation (HR). Bold numbers indicate the values near natural levels (i.e., the confidence intervals overlap 100%). Values in brackets are the confidence intervals.
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Fig. 4 | Temporal variations of carbon and nitrogen in restored salt marshes and
mangroves. a, e Response ratios of soil carbon stock (lnRR of soil C). b, f Response
ratios of soil nitrogen stock (lnRR of soil N). c, g Response ratios of C/N ratio (lnRR
of C/N ratio). d, h Response ratios of plant biomass carbon stock (lnRR of biomass
C). Restoration types include revegetation (VR), returning agricultural/aquacultural

lands to wetlands (RA), shore-bank enhancement (SE), tidal connection (TC),
topographical modification (TM), invasive plant eradication (IE), and habitat
remediation (HR). Gray horizontal lines represent the natural levels. Shadows
represent log-transformed standard errors of natural levels.
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lower than the natural levels, although N content and density were close to
the natural levels (Figs. 2, 3). This can be attributed to the fact that most of
the degraded mangroves were previously converted to aquaculture ponds
(Fig. S4), where large amounts of forage residuals and animal feces notably
increased sediment N loads6.

The tidal reconnection for the salt marshes also demonstrated good
restoration efficiency, as ecosystem C and N stocks were relatively close to
natural levels, and the SC stock was the highest compared with the other

restoration types (Figs. 2, 3, and Table 3). Tidal reconnection can result in
high sedimentation rates32,33, particularly by providing appropriate condi-
tions for vegetation regrowth and tidal flat accretion34,35. Both auto-
chthonous litters and allochthonous materials contributed to the high
sedimentation rates32. Moreover, the diversity of native vegetation species
can also be enhanced through tidal transportation of seeds and propagules
to new colonization areas1. Therefore, the high soil C and N accumulation
rates may be attributed to the combined effects of the increased

Fig. 5 | Weighted response ratios (RR++) of edaphic factors in the current
restored salt marshes and mangroves. a, i Soil bulk density (BD). b, j Soil sand
content (Sand). c, k Soil mud content (Mud). d, l Soil water content (SWC). e,m Soil
salinity (SAL). f, n Soil pH. g, o Soil oxidation–reduction potential (ORP). h, p Soil
total phosphorus (SP). Restoration types include revegetation (VR), returning
agricultural/aquacultural lands to wetlands (RA), shore-bank enhancement (SE),
tidal connection (TC), topographical modification (TM), invasive plant eradication

(IE), and habitat remediation (HR). q, r The RR++ of edaphic factors in remediated
and created wetlands. Numbers in parentheses represent sample sizes. Error bars
represent the 95% confidence intervals (95% CI) of RR++. If the 95% CI did not
overlap zero, theRR++was considered significantly different fromnatural levels (the
dashed horizontal lines), marked by “*”. Between-group variability (QB) with
p < 0.05 indicates significant between-group heterogeneity in the variables analyzed.
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sedimentation rate and rapid recovery of diverse plant community (Fig. S4).
Moreover, Kroeger et al. (2017) reported that substantial reductions in
CH4 emissions have been achieved through the restoration of tidal
connectivity36.

Many salt marshes have suffered bank erosion owing to land recla-
mation and storm events. Bank erosion generally inhibits the survival and
development of vegetation37. In shore-bank enhancement- and topo-
graphical modification-type restored salt marshes, dredged sediment or
upland soil that contained lowSOMandnutrient contentswas often used as
a substrate to elevate the marsh basement or to recreate new tidal mudflats
(Fig. S4). This would lead to the initially low C and N storage in the young
restored wetlands38,39. Although the SOC and SN stocks in the SE and TM
types remained significantly lower than the natural levels (Fig. 3), the soil C
stock recovered steadily over time (Fig. 4). Furthermore, SE-typemangroves
showed SOC and SN stocks relatively close to natural levels (Fig. 3) com-
pared with that of the salt marshes. Mangroves are more effective than salt
marshes forwave attenuation and erosionmitigation because of their denser
canopies and greater root biomass40,41. This may be the reason why the
degradation of C andN storage was less severe in themangroves than in the
salt marshes under eroding conditions (Fig. S4).

Along China’s coastline, a serious ecological risk arises from the rapid
invasion of Spartina alterniflora, which exerts a strong competitive pressure
on native marsh and mangrove species. Consequently, a national-scale
ecological engineering project was conducted to remove invasive S. alter-
niflora from the coast42. An eco-friendly solution is to plant mangroves in
areas from which S. alterniflora has been cleared. Soil C and N densities in
the IE-type mangroves were close to natural levels (Fig. 3, and Fig S4

). Similar to China’s S. alterniflora control project, the US and Eur-
opean countries have also carried out the engineering projects to remove the
exotic plants and restore the native salt marsh species43,44. These practices
had been successful in enhancing C storage and mitigating eutrophication.
We also found that the SOC density in the habitat remediation-type was
close to the natural level, and the AGBC stock was the highest among all
restoration types (Figs. 2, 3). A possible reason for this is that degraded
mangroves, despite environmental pollution, may still retain appropriate
hydrological, nutrient, and saline conditions, and further improvements in
habitat quality could efficiently support plant growth and C sequestra-
tion (Fig. S4).

Additionally, we found that the recovery efficiency of ecosystemC and
Nstockswas generally higher in the remediated than in the createdwetlands
(Fig. 3). This may be because the edaphic characteristics of the remediated
wetlands were similar to those of the natural wetlands (Fig. 5). In North
Carolina, the recovery rateof SOMin remediated forestwetlandswashigher
than in created wetlands because of the organic-rich substrate of the
remediation sites45. In Hawaii, the SOM content, soil mud content, and pH
in remediated coastalwetlandswere closer to natural levels, whichwasmore
favorable for vegetation development than in created coastal wetlands46.
Song et al. (2023) summarized that the remediation of existing mangrove
habitats is more cost-effective than the conversion or creation of new
mangrove ecosystems47. Another reason is that the conversion of natural
wetlands to other land uses and land covers results in a high degree of C
loss5,6. The reclamation and development of natural coastal wetlands will
block the exchange of tidal water and nutrient matter from coastal waters,
and the consequent drainage and agricultural management practices (til-
lage, fertilization, and irrigation) will profoundly reduce the water table and
increase ammonium and nitrate concentrations in the soil. This stimulates
the activity of nitrifying and denitrifying bacteria and soil C conversion,
leading to high nitrous oxide and CO2 emissions, and soil C loss. Therefore,
additional effort, cost, and time are required for plant community reintro-
duction, topographical rebuilding, and hydrological regulation in created
wetlands.

Although this study was able to estimate the recovery rates of ecosys-
tem C and N stocks in the restored coastal wetlands, there still remain gaps
in the quantification of lateral element exchange in ecosystem C and N
cycles. The tidal transportation of dissolved fractions of ecosystem C andN
(soil dissolved organic C and N) between coastal ecosystems and adjacent
waters plays an important role in C and N budgets. The effects of wetland
restoration practices on lateral C and N exchange require additional
attention.

Roles of environmental factors
During wetland restoration, soil C stocks increased with increasing plant
biomass and soil N stocks (Fig. 6). Increased plant biomass leads to an
increased plant-derived C input into the soil profile, and sediment particles
with organic materials are trapped by dense plant canopies, prop roots, and
pneumatophores26. New plant-derived organic matter inputs (cellulose and

Fig. 6 | Structural equation model of the interac-
tions among carbon, nitrogen, and environmental
factors for all restored wetlands. Soil C: response
ratios of soil carbon stock. Soil N: response ratios of
soil nitrogen stock. Plant biomass: response ratios of
plant biomass carbon stock. C/N ratio: soil organic
carbon/nitrogen ratio. MTR: mean tidal range. SAL:
soil salinity. BD: soil bulk density. Mud: soil mud
content. pH: soil pH. SWC: soil water content. YAR:
year after restoration. Blue, red, and dashed gray
arrows indicate positive, negative, and insignificant
relationships, respectively. Values associated with
arrows represent standardized path coefficients,
with significance indicated by asterisks (“*” for
p < 0.05 and “**” for p < 0.01). The R2 values asso-
ciated with the response variables indicate the pro-
portion of the variation explained by the other
variables. The model fit to the data was tested using
chi-square (χ2), normed chi-square (χ2 / df), prob-
ability (p), root mean square error of approximation
(RMSEA), comparative fit (CFI), and Tucker–Lewis
indices (TLI). The sample size is 262.
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lignin-like material) and a low degree of decomposition generally enhance
the ecosystem organic C stock48,49. The plant-derived C influx (litters) into
the soil also facilitated the formation of soil aggregates which are difficult for
microbes to decompose in a short-term50. Moreover, an increase in soil N
content supports plant biomass growth and alters microbial enzyme
activity, whichmay result in slower decomposition of recalcitrant SOM51. N
availability may also affect the formation and release of dissolved organic C
and improve SOC stocks52,53. Additionally, low latitude and highMATwere
associated with lower soil C and N stocks in the restored wetlands (Figs. S1,
and Fig S2). Thismay be due to the stimulatory effects of high temperatures
on soil respiration and N mineralization, leading to reduced C and N
retention30,54.

Soil C and N stocks increased with SWC, whereas BD had a negative
effect on soil C stocks (Fig. 6, Fig S1, and Fig S2). In general, wetland soils
with a higher BD have fewer fine-grained sediments and a lower water-
holding capacity55,56. In coastalwetlands, highmudcontent andfine-grained
sediments are favorable for nutrient and SOM retention57,58. A higher BD
also represents increased anaerobic conditions and a lower SOM miner-
alization rate59. In contrast, BD negatively affected plant growth in salt
marshes (Fig. S3) owing to poor soil nutrient storage under low soil
porosity60.

Soil salinity negatively affected vegetation C stocks, indicating that salt
stress affects plant growth (Fig. 6). In contrast, soil salinity positively affected
soil organic C and N (in the IE type) because high salinity can inhibit SOM
mineralization59,61 (Figs. S1, and Fig S2), which is favorable for C and N
preservation. MTR negatively affected vegetation C due to lengthy inun-
dation and strong tidal flushing under high MTR conditions, which
inhibited plant colonization and growth. Conversely,MTRpromoted soil C
stocks, possibly because of the high sediment C availability due to tidal
runoff. Low soil pH also negatively affected soil C and N stocks in RA-type
mangroves (Figs. S1, and Fig S2). Several RA-type examples have shown soil
acidification, likely a consequence of aquaculture pond construction,
resulting in low N availability, low inorganic C preservation, and inhibition
of plant and microbial metabolism58,62.

Implications for coastal wetland restoration
Enhancing coastal ecosystem C and N sinks and reducing greenhouse gas
emissions are considered biotic marine CO2 removal pathway to mitigate
global warming, and nature-based solution to reduce marine nutrient
loading. However, a better understanding of coastal wetland restoration is
required to improve C- and N-related benefits. Here, we discuss valuable
insights for improving the coastal wetland restoration projects based
on land-sea coordination and propose a workflow to better implement
restoration projects for recovering ecosystem C and N sinks (Fig. 7).

Degraded salt marshes and mangrove habitats typically face adverse
conditions, such as vegetation community issues, topography, salinity,
nutrient levels, and other environmental factors47. First, a substantial
amount of information on wetland degradation or damage is necessary to
identify various restoration requirements, including vegetation state, soil
quality, andhydrological and topographical regimes (Fig. 7). It is also crucial
to identify the factors that limit wetland restoration. A well-designed
restoration plan can enhance resistance to uncertainty and challenges and
improve the recovery of geomorphology and environmental quality in
coastal wetlands.

Furthermore, a series of suitable techniques must be employed to
achieve wetland restoration, depending on the degree of damage and
restoration goals (Fig. 7), which are particularly important for creation
projects that typically face adverse environments for restoration. For
instance, terrain modification and hydrological regulation should be con-
ducted before vegetation restoration because topographical and flooding
regimes greatly influence the survival anddevelopment of vegetation in tidal
flats in the coastal environment. For topographical modification, it is
advisable to use environmentally friendly substrates or appropriate textures
to increase the flat elevation (layer increment with dredged sediment) and
maintain the sedimentation rate (using wooden and bamboo piles as wave

barriers). Monoculture planting is a common revegetation method63–65.
However, monoculture ecosystems may not sustain increased C and N
storage because of their susceptibility to diseases and environmental
impacts29,66. Particularly for wetlands converted to aquaculture ponds in
many Asian countries, the edaphic conditions, topography, and vegetation
communities are challenging to restore to their original states. Additional
time is required for soil quality improvement and vegetation restoration,
and artificial adjustments to plant communities should be considered to
accelerate the adaptation of vegetation to soil exposure, nutrient changes,
and salinity during the transition from impounded ponds to open tidal
habitats67,68. Additionally, weed invasion can limit mangrove growth owing
to the rapid expansion and strong competition for nutrients by invasive
weeds. Mangroves have a higher capacity for ecosystem C storage than
herbaceous species69. Therefore, ecological substitution with native man-
grove species could efficiently reduce the risk of C and N stock losses.

Conclusions
Based on the global meta-analysis, coastal wetland restoration practices
exhibit varying climate-mitigation potentials depending on the type of
restoration and original land use. In some cases, restored sites showed up to
a 1.5-fold increase in vegetative biomass C following restoration, while the
soil C and N, though slower to respond, also exhibited a positive trajectory,
reaching levels comparable to those of natural wetlands in both salt marsh
andmangrove ecosystems. Plant biomassCmight require approximately 20
years to reach natural levels, whereas soil C and N stocks might require
approximately 40 years. We also found that the remediated wetlands have
lower recovery resistance than createdwetlands. The efficiency of ecosystem
C and N recovery is influenced by engineering approaches (topographical
modification and tidal reconnection), vegetation regrowth (biomass accu-
mulation and species composition), soil properties (sediment texture, BD,
pH, and nutrient content), hydrological conditions (tidal regime, soil water
content, and SAL), and restoration duration. This study provides a more
holistic understanding of varying restoration approaches relative towetland
C and N stock recovery, both above and belowground. Here, a land-sea
coordination workflow was developed to guide restoration projects and
heighten their success – from problem identification through design to
implementation.

Methods
Data compilation
The peer-reviewed published articles were drawn from the Web of Science
(http://www.isiknowledge.com/) to obtain data on the changes in ecosystem
C and N due to global salt marsh and mangrove restoration practices. The
paper retrieval followed thekeywords search terms: “AB = (coastalwetland*
OR tidal wetland* OR estuarine wetland* OR tidal marsh* OR coastal
marsh* OR estuarine marsh* OR salt marsh* OR saltmarsh* OR man-
grove* OR tidal flat* OR mudflat* OR mud flat* OR degraded*) AND
TI = (enhance* OR creat* OR restor* OR recover* OR rehabilitat* OR
modif*OR construct*OR conversion*OR engineering*ORartificial*OR
manag* OR reforest* OR afforest* OR revegetat* OR planted* OR plan-
tation*ORplanting*OR replant*) ANDAB = (carbon*ORnitrogen*OR
GPP*ORNPP*ORprimary producti*OR biomass*) NOTTS = (model*
ORmap*ORremot* sens*)”witha time spanof 1980‒2023.A total of 3,555
articles were found. We assessed the qualification of each article to be
selected for analysis following four basic criteria: (a) the studies have to be
based on field sampling; (b) the restored wetlands match at least one type
listed in Table 2, listing five salt marsh and mangrove restoration types
(modes); (c) the wetlands must be restored by engineering approaches, not
passive restoration; (d) the articles include at least one of the following
information: soil total carbon content (SC, organic C+ inorganicC, g kg−1),
soil total carbon density (SCD, g cm−3), soil organic carbon content
(SOC, g kg−1), soil organic carbon density (SOCD, g cm−3), soil total
nitrogen content (SN, g kg−1), soil total nitrogen density (SND, g cm−3),
aboveground biomass carbon (AGBC, g C m−2), belowground biomass
carbon (BGBC, g C m−2), and total biomass carbon (g C m−2).
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A total of 110 sites for salt marshes (Supplementary Data 1) and
190 sites for mangroves (Supplementary Data 2) were eventually selected.
Distribution of these sites was shown in Fig. 1. For salt marsh, there were
15 sites for revegetation (VR), 12 sites for returning agricultural lands to
wetlands (RA), 32 sites for shore-bank enhancement (SE), 18 sites for tidal
connection (TC), and 33 sites for topographical modification (TM). For
mangrove, there were 80 sites for revegetation (VR), 50 sites for returning
aquacultural lands to wetlands (RA), 12 sites for shore-bank enhancement
(SE), 20 sites for invasive plant eradication (IE), and 28 sites for habitat
remediation (HR). These restoration types weremethodologically classified
into wetland creation and remediation (Table 2). Generally, the restored
sites appeared with natural wetland sites (reference sites). When a restored
site in an article didn’t have reference site, a natural site was chosen from
another study that was conducted nearby (mostly within 100 miles). Data
only expressed in digitized graphs were extracted using Digitizer tool of
Origin 2021 (OriginLab, USA).

The soil properties of the top 30 cm of wetlands are the most sensitive
to land management practices6,63,70, therefore, we used soil C and N data
from the top 30 cmof the soil layer for analysis in this study (Supplementary
Data 3-4).The soilC andNcontents (soil totalC content (SC), soil organicC
content (SOC), or soil total N content (SN), g kg−1) and bulk density (BD,
g cm−3) were used to calculate C (soil total C density (SCD) and soil organic
C density (SOCD), g cm−3) and N density (soil total N density (SND),
g cm−3) as follows:

SCD SOCD; SNDð Þ ¼ SCðSOC; SNÞ×BD=100 ð1Þ

The SC, SOC, and SN stocks were derived bymultiplying SCD, SOCD, and
SNDby soil depth (30 cm). TheC/N ratio was calculated as the atomic ratio
of measured organic C to N. Plant biomass was converted to aboveground
biomass C (AGBC) and belowground biomass C (BGBC) by multiplying
the biomass by the C conversion ratio (Supplementary Data 5-6).

For each site, information on longitude, latitude, years after restoration
(YAR), mean annual temperature (MAT, °C), mean solar radiation (MSR,
kJm−2 d−1),mean tidal range (MTR,m), BD, soil sand content (Sand%), soil
mud content (Mud, silt+ clay,%), soil water content (SWC), salinity (SAL),
pH, oxidation–reduction potential (ORP, mV), and soil total phosphorus
(SP, g kg−1) were extracted from articles (Supplementary Data 7-8). The
SALwas reported inone of threeways: porewater salinity (PSU), soil salinity
(g kg−1), and electrical conductivity (S m−1), whereas SWC was reported in
two ways: gravimetric (g %) and volumetric fractions (m3 %). Articles
reporting longitude and latitude but not MAT or MSR were obtained from
the WorldClim database (https://www.worldclim.org/).

Data analyses
To evaluate the recovery of ecosystem C and N in each case, the natural log
of the response ratio (lnRR) was calculated as

lnRR ¼ lnðXe=XcÞ ð2Þ
where Xe and Xc are the values of the variables of interest at each pair of
restored and reference sites, respectively. For the variables with negative
values (e.g. ORP), the values were normalized to [0, 1] with min-max
normalizationmethod. A groupedmeta-analysis was conducted to evaluate

Fig. 7 | Workflow to implement land-sea coordination projects for recovering ecosystem C and N sinks in coastal wetlands.
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the C and N recovery for each restoration type. This method provides the
weighted response ratio (RR++) for each restoration type based on the
sample size and the standard deviation of each restoration case classified
under this type. Due to the interchangeable use of standard deviation and
standard error in the collected database, we employed an alternative
weighting method only requiring sample size to calculate RR++, following
Adams et al. (1997)71. A rank correlation testwas employed to test the effects
of publication bias of the meta-analysis (Table S1).

The bootstrapping method with 9999 iterations was used to calculate
the 95% confidence intervals (95% CI) of RR++. If the 95% CI did not
overlap with zero, the variable in question was considered significantly
different from the natural level (p < 0.05). A randomization test was used to
evaluate the heterogeneity of the variable among restoration types using the
between-group variability (QB) and p-value. The percentage of a variable in
restored wetlands relative to the natural level was calculated
as eRRþþ × 100%.

One-way analysis of variance (ANOVA) was conducted to test the
differences in ecosystem C and N stocks among restoration types. The
normality assumption was tested using the Shapiro-Wilk test. Levene’s test
was used to assess the homogeneity of variance. For datawith homogeneous
variance, the least significant difference test was used for multiple com-
parisons; for data with nonhomogeneous variance, Tamhane’s T2 test
was applied. Linear regression and non-linear regression analysis based
on logarithmic functions were performed to examine the relationships
between the C and N variables and environmental factors. Finally,
a structural equationmodel (SEM)was used to assess the direct and indirect
effects of factors on C and N variables across all restoration cases.
Factors with relatively fewer missing data, which can be effectively
processed by the full information maximum likelihood procedure, were
included in the model, such as MAT, MTR, SAL, SWC, BD, Mud, pH, and
YAR. In the regression analysis and SEM, if more than one soil C indicator
was reported in an article, only one indicatorwas selected to represent soil C
(“lnRR of soil C”), following the sequence of SOC, SOCD, SC, and SCD.
Similarly, for each article, only oneN indicatorwas selected to represent soil
N (“lnRR of soil N”), following the sequence of SN and SND, and only one
biomass indicator was selected to represent biomass C (“lnRR of plant
biomass C”), following the sequence of total biomass carbon, AGBC,
and BGBC.

Grouped meta-analysis was performed using MetaWin, version 3.0
(Sinauer Associates). Regression analysis and ANOVA were conducted
using SPSS Statistics for Windows, version 20.0 (IBM). SEM and the data
gap-filling process were carried out using SPSS Amos, version 26.0 (IBM).
Mean values are reported as mean ± standard error in this paper.

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

Data availability
The data that support this study and detailed descriptions72 can be accessed
at https://doi.org/10.5281/zenodo.17364227.
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