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SCIENCE FOR SOCIETY Conservation and restoration of blue carbon ecosystems, such as mangrove for-
ests, represent a vital nature-based solution for climate change mitigation. Historically, mangroves have
experienced extensive deforestation due to human activities, particularly aquaculture. Deforested areas
now offer opportunities for achieving mangrove restoration targets, as they may still possess suitable envi-
ronmental conditions for mangrove growth. Evaluating the feasibility of mangrove restoration at a fine scale
allows for the identification of priority areas, thereby guiding on-the-ground restoration efforts. Our study in-
dicates that aquaculture ponds historically converted from mangroves remain largely suitable for mangrove
restoration and hold the potential for substantial blue carbon benefits. These findings can better formulate
cost-effective strategies for mangrove restoration, thereby mitigating climate change more efficiently.
SUMMARY
Mangrove forests show great potential for mitigating climate change due to their high carbon densities but
have faced extensive deforestation due to aquaculture. Aquaculture areas offer opportunities for mangrove
restoration, asmost still maintain suitable landscape-scale biophysical conditions. Despite this potential, the
scale and biophysical suitability of aquaculture areas for large-scale mangrove restoration, along with
associated carbon benefits and costs, remain poorly understood. We assess the restoration suitability of
mangroves deforested by aquaculture and identify patch-scale priority areas in China and southeast Asia.
Long-term satellite observations show that aquaculture expansion has caused the loss of 165,079 ha of man-
groves. Habitat suitability modeling estimates that 60%of these lost mangroves are biophysically feasible for
restoration and potentially removing 84 (75–96, 95% confidence interval) Mt CO2. Our findings provide
spatially explicit guidance for mangrove restoration planning and highlight the contribution that mangrove
restoration can make to nationally determined contributions for climate change mitigation.
INTRODUCTION

Coastal wetlands, located at the land-sea interface, are vital eco-

systems known for their rich biodiversity, high productivity, and

the provision of a variety of ecosystem services.1,2 Mangroves,

in particular, are recognized as a promising natural climate solu-

tion (NCS) to offset greenhouse gas emissions and mitigate

climate change.3 Nevertheless, human activities in coastal re-

gions have substantially reduced the global extent of man-

groves, impacting their important ecological functions.4,5 This

widespread loss contributes to the annual release of 0.08–0.32
All rights are reserved, including those
petagram (Pg) CO2, accounting for �2%–6% of the total CO2

emissions from global deforestation.6,7 Given their high carbon

storage density over long timescales, the conservation and

restoration of mangroves are an important NCS to draw down

atmospheric carbon emissions for many countries.8

Through several international conservation strategies and pol-

icies, global mangrove restoration initiatives are collectively

working to finance $4 billion USD to secure the future of over

15 million ha of mangroves globally by 2030.9 Over the past

40 years, approximately 200,000 ha of mangroves have been

planted, although the survival rates of planted mangroves are
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Figure 1. Spatial distribution of mangroves

converted to aquaculture ponds in China

and southeast Asia between 1996 and 2020

(A) Areas of mangrove loss due to aquaculture

expansion between 1996 and 2020. The circle sizes

represent the extent of lost mangrove areas. The

colored lines depict the latitudinal trends of

mangrove loss in different time periods (1996–2000,

2000–2010, and 2010–2020).

(B) The spatial distribution of lost mangrove areas

for three periods (1996–2000, 2000–2010, and

2010–2020).

ll
Article
generally low.10 For instance, Indonesia has planted around 24

million seedlings in 60 mangrove restoration projects, but

many of these initiatives have failed.11,12 Low survival rates are

primarily due to afforestation and restoration efforts being con-

ducted in areas biophysically unsuitable for mangrove

growth.13,14 Recent studies indicate that successful mangrove

restoration yields greater carbon benefits compared to affores-

tation,15 suggesting that management initiatives should prioritize

restoration—for example, planting in historically existing

mangrove areas. Consequently, stakeholders have advocated

for a shift in mangrove restoration targets from simply expanding

planted areas to improving the success of large-scale restora-

tion by identifying feasible biophysical locations for

restoration.12,16

The expansion of aquaculture ponds has been the primary

anthropogenic factor causing mangrove loss over the past few

decades,17 especially in China and southeast Asia18,19 (including

Brunei, Cambodia, Indonesia, Myanmar, Malaysia, the

Philippines, Singapore, Thailand, Timor-Leste, and Vietnam).

The development of aquaculture ponds has led to widespread

mangrove deforestation, yet these areas often still possessmac-

roclimatic, environmental, and hydrodynamic conditions favor-

able for mangrove growth,20 and thus provide potential priority

settings for mangrove restoration.21 Prior research has assessed

suitable areas for mangrove restoration globally,10 or for a spe-

cific country,12 although they primarily offer a broad perspective

on which broad landscapes deserve more attention for

mangrove restoration, lacking detailed patch-scale information

that focuses specifically on the restoration of aquaculture ponds,

the main driver of mangrove loss. As a result, spatially explicit

quantitative estimates of the carbon and economic benefits

associated with mangrove restoration are highly anticipated.

Here, we (1) map the spatial distribution of mangrove defores-

tation driven by aquaculture expansion and quantify the associ-

ated carbon emissions, and (2) identify priority areas within

aquaculture ponds for potential mangrove restoration, factoring
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in restoration costs and carbon benefits.

We first mapped mangrove loss attributed

to aquaculture by cross-referencing

mangrove and aquaculture cover data in

China and southeast Asia, where >32%

of the global mangrove extent is located22

and has experienced substantial aquacul-

ture expansion since the 1970s.23 We

then applied a habitat suitability model to
determine aquaculture ponds that should be prioritized for

mangrove restoration, considering eight biophysical factors

related to mangrove establishment and growth attributes, such

as climate, marine environment, and human disturbance. We

further estimated carbon losses from mangrove deforestation

due to aquaculture and assessed the potential carbon and eco-

nomic benefits of mangrove restoration in these priority areas.

Our findings indicate that aquaculture ponds contributed to

approximately 25% of mangrove deforestation in China and

southeast Asia since 1996, with >60% of these ponds retaining

favorable conditions for restoration, potentially offsetting 3% of

carbon emissions from deforestation in these regions. Our study

highlights the cost-effectiveness and carbon advantages of

restoring mangrove forests within their historical ranges, offering

actionable insights for policymakers and stakeholders to support

forest restoration and carbon mitigation objectives.

RESULTS AND DISCUSSION

Aquaculture-induced mangrove loss, 1996–2020
Using object-oriented image classification techniques, we map-

ped mangrove patches deforested due to aquaculture expan-

sion and detected widespread mangrove deforestation across

China and southeast Asia from 1996 to 2020 (Figure 1). The

mangrove area decreased by 165,079.38 ha, which corresponds

to a 25% reduction of the mangrove area in China and southeast

Asia since 1996. Indonesia experienced the largest aquaculture-

induced mangrove losses—118,781.13 ha—accounting for

72.0% of total mangrove losses caused by aquaculture ponds

in the study region (Figures 2, S1, and S2), followed by Vietnam

and the Philippines, with 19,392.50 ha (11.7% of total) and

9,670.36 ha (5.9%of total), respectively. Compared to a previous

study,19 our results identified more deforested mangrove areas

due to aquaculture, particularly in Indonesia and Vietnam

(Table S1). This discrepancy is primarily due to differences in

methodology and data sources used for mapping aquaculture



Figure 2. Area of mangroves converted to

aquaculture ponds in 1996–2020, by country

(A) The total area of mangroves converted to

aquaculture ponds at different periods provided by

countries. Datasets in Singapore and Timor-Leste

are not shown in the bar chart due to no detected

mangrove patches converted to aquaculture ponds

in these two countries over the period of this study.

(B) Cumulative aquaculture-induced mangrove loss

areas between 1996 and 2020 illustrated with

spatial distribution maps.
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ponds and mangrove deforestation. In 2016, Richards and Fri-

ess19 adapted a global deforestation model not specifically de-

signed for mangrove forests and excluded deforested mangrove

patches smaller than 0.5 ha (i.e., 5–6 Landsat pixels), which likely

led to an underestimation of mangrove loss caused by the devel-

opment of small aquaculture ponds. In contrast, our estimate is

based on a mangrove-specific change map combined with an

advanced aquaculture pond data product, allowing us to more

accurately detect mangrove deforestation due to aquaculture.

The rate of mangrove loss due to aquaculture ponds declined

in most countries between 2010 and 2020. The highest loss

occurred between 2000 and 2010, primarily in Indonesia and

Vietnam. In contrast, the Philippines and Thailand showed a

continuous downward trend in mangrove loss (Figure 2A) across

the 1996–2020 period. The declining rate of mangrove loss illus-

trates the effectiveness of existing conservation efforts in pre-

venting further mangrove deforestation in China and southeast

Asia,24,25 alongside changes in industrial approaches to aqua-

culture, which has shifted from area expansion to increasing pro-

ductivity.26 Our spatially explicit results are consistent with the

observed changes in the aquaculture industry in southeast

Asia, where government policies have curbed deforestation for

pond construction driven by economic demand, leading to a

gradual slowdown in expansion. With economic development

policies, coastal aquaculture ponds evolved into an export-ori-

ented commercial mode,26 leading to rapid expansion and

increased density of agricultural activities.27 This trend was

particularly evident in Indonesia until the designation of man-

groves as protected forests under Law 5/1990 and Presidential

Decree 32/1990,12,28 coupled with the impact of the economic

crisis, which led to a decline in the rate of mangrove loss.

Biophysically feasible areas for mangrove restoration
We evaluated the suitability of restoration for each aquaculture

pond patch converted from mangroves before 2020, using the

habitat assessment model MaxEnt, considering eight important

biophysical factors affecting mangrove survival and growth. We

normalized the suitability results and divided them into five cat-

egories based on suitability scores, with higher scores indicating

higher priority for restoration. We found that approximately

76,399 ha (�60%) of aquaculture ponds demonstrated high pri-

ority for mangrove restoration (Figures 3 and S3), contributing to
O

approximately 12% of global highly restor-

able mangrove targets in terms of area.29

The regions with the highest biophysical

feasibility for restoration were concen-
trated along the east coast of Samarinda (117.48�E, 0.59�S)
and Tarakan (117.75�E, 3.76�N) in Indonesia, as well as in

Ngoc Hien (105.01�E, 8.69�N) in southern Vietnam. Notably,

Indonesia stands out as the country with the greatest potential

for mangrove restoration, comprising 86% of the identified bio-

physically feasible areas within the study region (Figures S4

and S5). Our results align with assessments from the Global

Mangrove Alliance and recent studies,12 underscoring the sub-

stantial opportunities for future restoration arising from the his-

torical rates of mangrove loss in Indonesia due to aquaculture.

We then categorized aquaculture-induced mangrove losses

into three distinct time periods (1996–2000, 2000–2010, and

2010–2020) and calculated the average restoration feasibility of

each period. It was observed that the deforested mangrove

patches from 2000 to 2010 exhibited the highest biophysical

feasibility for restoration, probably due to the relatively lower

magnitude of mangrove fragmentation during this specific

period compared to other periods (Figure S6; Table S2).

To establish clear environmental benchmarks for the con-

struction of mangrove restoration projects, we further extracted

the range of eight biophysical indicators for the identified high-

priority mangrove restoration areas (Table S3). We found that

areas characterized by continuous mangrove patches (6.6–

79.3 patch per hectare, 95% confidence interval [CI]), high tidal

ranges (1.4–3.2 m), and low rates of sea-level rise (1.2–

5.1 mm/year) are particularly suitable for mangrove restoration

(Table S4). Regions characterized by continuous mangrove

patches represent low fragmentation, thus holding more core

habitats to resist external disturbances.30 Ecosystems with

less fragmentation could create a more favorable habitat for

the survival of mangrove seedlings, leading to exceptional resto-

ration outcomes and improved efficiency.31 Various benthic or-

ganisms within the mangrove ecosystem contribute to the

decomposition of organic matter in the soil,32 providing compre-

hensive nutrition for the growth of mangrove seedlings,33 and

thereby enhancing the efficiency of restoration. Successful

mangrove restoration also relies on favorable hydrological con-

ditions, including adequate periods free from tidal inundation,

sufficient freshwater supply, and moderate wave action.34–36

Mangrove seedlings are highly sensitive to the depth and dura-

tion of tidal inundation. Prolonged periods of flooding can hinder

and impede the growth and survival of mangroves.37,38
ne Earth 8, 101149, January 17, 2025 3



Figure 3. Distribution of biophysical feasibility of mangrove restoration across China and southeast Asia

(A) The nine colors show biophysical feasibility of the restorable area within 0.25� cells. The raster grid maps for the bivariate variables are presented from average

restoration score and highly restorable areas perspectives. Biophysical feasibility of the restorable area was given in nine colors according to the ranking of

feasibility values and highly restorable areas. Areas in red represent the location with highest feasibility, and brilliant blue represents the most area of highly

restorable.

(B–E) The map also shows the locations of the highly restorable field sites.

(F) Estimated CO2 sequestration from mangrove restoration in relation to the 2019 AFOLU greenhouse gas emissions (note log scale). The CO2 sequestration

potential of restorable mangroves (including biophysically feasible restoration of occupied mangroves in study region over the next 40 years) gained from above-

ground biomass, below-ground biomass, and soil organic carbon to 1-m depths. Datasets in Singapore and Timor-Leste are not shown in the bar chart due to no

detected area of biophysical feasibility of mangrove restoration in these two countries. BRN, Brunei; CHN, China; IDN, Indonesia; KHM, Cambodia; MMR,

Myanmar; MYS, Malaysia; PHL, Philippines; THA, Thailand; VNM, Vietnam.
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Moreover, mangroves in environments with high tidal ranges

have greater elevation capital than those in lower tidal ranges,

so they are considered less vulnerable to sea-level rise.39 Addi-

tionally, salinity (Table S4) is an important additional environ-

mental factor for successful mangrove restoration.

Carbon benefits of mangrove restoration
Mangrove deforestation releases substantial amounts of carbon

into the atmosphere, but restoration efforts can help draw down

atmospheric carbon. Based on changes in mangrove area and

spatial carbon data (see experimental procedures for details),

we estimate that the expansion of aquaculture ponds in China

and southeast Asia from 1996 to 2020 has resulted in the loss

of 20 (11–29, 95% CI) Mt of biomass carbon and 32 (20–45) Mt

of soil organic carbon (SOC; to a depth of 1 m). Combined, these

losses account for a total carbon emission of 192 (114–270, 95%

CI) Mt CO2 (Table S5), equivalent to 0.5% of the greenhouse gas

emissions from agriculture, forestry, and other land use (AFOLU)

sectors in the region during the same period.40 These carbon los-

ses equate to an economic value loss of approximately $1,881

(427–2,560, standard errors) million USD, based on the social

cost of carbon.41 Indonesia, having experienced the highest

amount of mangrove loss and possessing mangroves with high

carbon density, alone accounts for $1,650 (382–2,218, standard

errors) million USD of this total loss.

Considering that the cost of mangrove restoration may vary

between countries,42,43 we determined the restoration cost
4 One Earth 8, 101149, January 17, 2025
based on the historical literature (see experimental procedures

for details), revealing an approximate cost of $6,063 ($2,163–

$9,963) USD ha�1 (mean, 95% CI), with a median value of

$1,359 USD ha�1 and a range of minimum to maximum values

from 155 to $76,062 USD ha�1. By referencing the blue carbon

price traded through the global carbon exchange Climate Impact

X (CIX) and the carbon finance business Respira,44 the restora-

tion of identified priority areas may cost $463 (95% CI 165–

761) million USD in total, but could result in carbon credit bene-

fits worth $638 (95% CI 567–725) million USD over the next 40

years, with 84 (75–96) Mt CO2 in total (Figure 3F). Among these

countries, Indonesia receives the highest carbon benefits from

mangroves, removing approximately 69 (61–79) Mt CO2

(Figures 3F and S5). We compared our result (Table S6) with

the carbon benefits of mangrove restoration reported by previ-

ous studies. The estimation of the sum of restorable carbon by

Worthington et al.10 is approximately seven times greater than

our results, primarily due to their assessment of a restoration

area four times larger than ours. Our study focuses specifically

on restoration targets limited to mangrove areas lost due to

aquaculture expansion. Additionally, we took into account the

non-linear growth of carbon accumulation in the early stages

of mangrove growth, along with factors such as allochthonous

carbon removal (as required by leading carbon credit verification

methodologies), all contributing to our lower sum of carbon re-

storables compared to Worthington et al.10 Our calculated

average density of total carbon for restorable areas in each
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country is lower than that from Worthington et al. by approxi-

mately 82 Mg C/ha. In terms of average carbon density, the dif-

ference is minimal, with the exception of the Philippines. The

variation with the Philippines is mainly attributable to a large

contribution from biomass carbon. Our sum of restorable carbon

in Indonesia is three times greater than that estimated by Sas-

mito et al.12 due to the fact that they estimated carbon seques-

tration for the years 2021–2025, while we estimated it for a period

of 40 years. Additionally, they excluded dead wood and soil car-

bon stocks in their assessment of carbon storage. Our longer

evaluation period and inclusion of amore comprehensive carbon

storage inventory results in a larger sum of carbon restorable

compared to their estimation. Practically speaking, the contribu-

tions ofmangrove restoration projects to human society are even

higher than the assessed carbon market value due to other

ecosystem services such as fisheries production and coastal

protection.45 Implementing biophysically feasible restoration in

aquaculture areas would result in extra 32 (28–36) Mt CO2

removal than afforesting in areas where mangroves have not

grown, which is equal to $239 (95% CI 212–272) million USD.15

Numerous countries within the study region have proactively

embraced national climate policies in alignment with the climate

change mitigation objectives outlined in their nationally deter-

mined contributions (NDCs) to the Paris Agreement. The identi-

fied opportunities for mangrove restoration could make a mean-

ingful contribution to the NDCs of certain countries. Based on the

datasets from the Net Zero Tracker, Climate Action Tracker pub-

lic policy database, and carbon emissions data from the World

Bank, we compiled the climate change efforts of these countries

(Figure S7). In general, the implementation of feasible mangrove

restoration in China and southeast Asia can annually offset

approximately 0.2% of 2019 AFOLU greenhouse gas emissions

(Figure 3F). This is equivalent to the CO2 emissions of approxi-

mately 18 (16–21) million people in Asia for the year 2022, aiding

emission reduction efforts and contributing to climate improve-

ment (Sustainable Development Goal 13).

Given the potential carbon benefits of mangroves, several

countries in the region are advancing plans for mangrove conser-

vation and restoration. The Indonesian government has explicitly

incorporated mangrove restoration as a component of its latest

submitted NDC, aiming to greatly contribute to the country’s

self-determined initiatives. Specifically, the government of

Indonesia has set an ambitious target of 600,000 ha of mangrove

restoration by 2024.46 Implementing blue carbon strategies can

address climate change through nature-based solutions and pro-

mote economic synergy between various sectors on land and in

the ocean.8 Net-zero emissions are a common but differentiated

responsibility for national governments. Governments should

encourage businesses and organizations, together with individ-

uals, to increase financing for mangrove restoration projects in

the study region,47 to achieve the goal of securing the future of

over 15 million ha of mangroves globally by 2030, underpinned

by $4,000 million USD of sustainable finance.

It should be noted that while our results provide spatially

explicit high-priority areas for guiding mangrove restoration

based on landscape scale biophysical parameters, the imple-

mentation of restoration on the ground will be determined by a

range of socioeconomic factors such as land tenure arrange-

ments, the willingness of pond owners to restore, the opportunity
costs of restored land, as well as local-scale biophysical condi-

tions such as tidal inundation and microtopography.36,48,49

These socioeconomic and biophysical factors vary greatly over

small scales, so they cannot bemapped at the continental scale.

Future research could focus on identifying abandoned aquacul-

ture ponds to cut down restoration costs, as well as utilizing

more detailed data to better characterize local factors. These

considerations can further optimize the identification of the

most biophysically feasible areas for mangrove restoration in

terms of success rate and cost-effectiveness. Additionally,

considering other greenhouse gas emissions such as methane

emissions frommangroves and CO2 release from CaCO3 forma-

tion could improve the carbon accounting of mangrove defores-

tation and restoration.

In summary, through the development of aquaculture-

mangrove change maps and consideration of biophysical fac-

tors (e.g., tidal range, sea surface temperature), this study iden-

tified spatial-explicit opportunities for mangrove restoration to

guide decision-makers to achieve national-level climate mitiga-

tion goals in China and southeast Asia. Restoring mangroves in

these identified locations can provide important blue carbon

benefits, equivalent to offsetting 3% of China and southeast

Asia’s carbon emissions caused by deforestation,40 empha-

sizing the great potential of mangrove blue carbon restoration

as an important NCS. Biophysically feasible restoration of man-

groves also results in a net benefit of $175 (95% CI �194 to 560)

million USD. The spatial feasibility map can demonstrate govern-

ment opportunities for strategic action to support and advance

successful blue carbon projects. Restoring, conserving, and

managing mangroves in places with suitable environmental con-

ditions represent a cost-effective option to improve the capacity

of capturing and storing carbon contributing to global goals.

EXPERIMENTAL PROCEDURES

Study region

Southeast Asia is recognized a global hotspot for mangrove distribution, hold-

ing nearly one-third of the world’s mangrove forests, with diverse tree species

and substantial carbon storage.50,51 However, the region has also experienced

extensive mangrove losses.4,52 In addition to southeast Asia, China has suf-

fered considerable mangrove loss in recent decades, largely attributed to

coastal aquaculture development.53 Consequently, we included China in our

analysis to ensure comprehensive coverage of mangroves and coastal aqua-

culture ponds. To achieve this, our analysis was confined to Landsat scenes

that intersected with the 30-km buffer of the coastline (the mean scene size

is �170 3 183 km).54 Considering both mangroves and coastal aquaculture

ponds are distributed in flat and open tidal flats, we retained areas of coastal

plains with an elevation <10 m54 as potential areas for mapping coastal land-

based aquaculture ponds in China and southeast Asia using the SRTM V3

DEM dataset.55

Mapping coastal aquaculture ponds

We analyzed 80,694 archived images from Landsat 5, 7, and 8 with Google

Earth Engine to create a distribution map of aquaculture ponds in China

and southeast Asia. The Landsat data from three periods (1999–2001,

2009–2011, and 2019–2021) underwent pre-processing to ensure accurate

surface reflectance measurements. Pixels with cloud cover and shadows

were excluded from the image stack using the CFmask algorithm to main-

tain data integrity.56,57 For classification, we developed a tailored training

and validation dataset for the study region (Note S1), comprising 6,714

accurately labeled locations of coastal aquaculture ponds and non-aqua-

culture ponds (e.g., salt pans, offshore waters, rivers, lakes, irrigation

channels).
One Earth 8, 101149, January 17, 2025 5
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We first extracted water bodies within the coastal buffer zone and excluded

the interference of temporarily inundated areas. We then applied object-ori-

ented K-nearest neighbor (KNN) classification to the long-term inundated

areas to obtain an accurate map of coastal aquaculture ponds. Specifically,

we used the widely applied modified normalized difference water index to

extract water bodies. The Otsu thresholding58 method provided automated ef-

ficiency for this extraction process. The water body pixel results derived from a

single snapshot included both long-term inundated aquaculture ponds and

temporarily inundated areas such as salt pans. To eliminate the interference

of temporarily inundated waters, we created a water inundation frequency

feature based on long-term satellite imagery.59 By analyzing two training data-

sets, we determined that the inundation frequency threshold for identifying

aquaculture ponds was >25% (Figure S8). After multi-level rule filtering, the re-

maining water bodies were identified as long-term inundated areas. Neverthe-

less, it is important to note that natural water bodies (e.g., rivers, lakes) may still

exist within the long-term inundation area results. The most significant spatial

difference between aquaculture ponds and natural water bodies is their shape,

as ponds typically exhibit regular shapes like rectangles or squares. Therefore,

we employed an object-oriented classification method with multi-scale seg-

mentation to effectively differentiate aquaculture ponds and natural water

bodies.18 We established spectral, geometric, texture, and water inundation

frequency features for the subsequent classification process (Table S7).

Through feature space optimization, we targeted the best set of features to

effectively differentiate aquaculture and non-aquaculture ponds in long-term

inundated water bodies. Finally, the accurate extraction of coastal aquaculture

ponds was achieved using the KNN classification method based on a random

70% of the sample points from the dataset based on the distribution in study

region.

Through validation using 6,714 samples, we found that our aquaculture

pond data achieves an overall accuracy exceeding 90%, with producer’s ac-

curacy and user’s accuracy at 97%and 86%, respectively (Table S8; Note S1).

In 2020, the aquaculture ponds map had a high overall accuracy of 92.7% and

an F1 score of 0.94. Compared to previous aquaculture pond mapping

studies, our data product effectively excludes water bodies having

similar characteristics with aquaculture ponds, such as salt ponds and rice

paddies, by combining water frequency thresholds and spectral signature

(Figures S8–S11; Note S2).

Determining mangrove loss areas caused by aquaculture ponds

To determine areas where mangroves have been occupied by aquaculture

ponds in China and southeast Asia since 1996, we conducted an overlay anal-

ysis of early-periodmangrove datasets with later-period aquaculture pond da-

tasets. The primary mangrove datasets used in this study were sourced from

Global Mangrove Watch (GMW),60 supplemented by additional datasets61,62

to rectify any inaccuracies within the GMW datasets. To minimize errors, we

proportionally removed mangrove pixels with low NDVI (normalized difference

vegetation index) rankings based on the reported errors rates in these datasets

and removed a corresponding proportion of high-ranked NDVI pixels from the

aquaculture pond results based on the validation accuracy. This was done to

mitigate the mixing of image pixels and reduce the impact of the interference

caused by the surrounding mangroves’ growth around aquaculture ponds.

The GMWmangrove dataset served as the primary source, bolstered by error

removal and effective supplementation from other datasets.61,62 Subse-

quently, we removed the mangrove data from the aquaculture pond data to

ensure their independence. After separately processing the datasets to ac-

count for errors in both mangroves and aquaculture ponds as mentioned

above, we spatially overlaid the two datasets to identify areas where land

use-type transitions occurred. The mangrove datasets representing areas

occupied by aquaculture ponds were collected for three periods: 1996–

2000, 2000–2010, and 2010–2020. Due to the limited presence of aquaculture

ponds and mangroves detected in both Singapore and Timor-Leste and the

absence of spatially overlapping areas, no instances of mangrove occupied

by aquaculture ponds during the time period coverage of the GMW dataset

were detected in these two countries.

Calculating biophysical feasibility for restoration areas

Historical mangrove areas provide favorable settings for mangrove restoration

due to suitable environmental factors.61 As a major driving factor of mangrove
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loss in China and southeast Asia, the aquaculture ponds gained from historic

mangrove patches offer a potential opportunity for mangrove restoration. The

estimation period was between 1996 and 2020, during which we identified

areas that were originally mangroves but had been converted to aquaculture

ponds. These areas remained aquaculture ponds up until 2020. Adequate tidal

range, hydrological conditions, and the rate of sea-level rise have been iden-

tified as crucial factors for mangrove growth.34,63,64 Additionally, environments

characterized by high biodiversity, low salinity, humid climate, andminimal hu-

man disturbance are beneficial for mangrove rehabilitation.43,65–67 Therefore,

we included eight ecological and socio-environmental indicators in habitat

suitability assessment, including mangrove patch density (the number of

mangrove patches per hectare), rate of sea-level rise, tidal range, sea surface

salinity,68 precipitation, sea surface temperature, air temperature, and human

disturbance (detailed parameters and acquisition methods are provided in

Table S4). In regions where coastal data were incomplete, we employed

spatially focused statistical methods to supplement the data.

To conduct the species suitability assessment, we developed a training da-

taset representing the distribution in study region, consisting of 452 accurately

located samples of aquaculture ponds that have successfully been restored to

mangroves and samples of land that have remained mangrove habitat. Using

the MaxEnt model based on the maximum entropy theory,69 we identified po-

tential habitats suitable for mangrove restoration. MaxEnt is a statistical meth-

odology employed to infer the relationship between species records within

specific locations and the corresponding environmental and/or spatial attri-

butes of those sites.70 The approach has the advantage of being more robust

and high performing than other species niche models. We used environmental

variables to identify key factors limiting mangrove growth and distribution by

finding the closest geographic uniform and the least constrained species dis-

tribution.69,71 To ensure the independence of environmental variables, only

those variable pairs with Pearson correlation coefficients lower than 0.8

were used in the MaxEnt model (Table S4). Ultimately, we normalized the

values of suitable habitats to obtain a mangrove survival suitability score

map with spatial locations. Based on a prioritization scale ranging from 0 to

1, the restorable regions were divided into five equal levels on average, with

higher scores indicating higher restoration priority. We defined the two high-

est-level regions as biophysically feasible areas suitable for mangrove

restoration.

We documented the time of land use conversion in these regions and, after

obtaining the results for restoration feasibility, conducted statistical analyses

on different time periods and their respective areas. Additionally, statistical

analysis was performed on the value ranges of eight environmental factors

in the top two biophysically feasible groups, excluding outliers. This value

range was defined as the suitable environmental parameters for mangrove

growth.

Estimating costs and benefits of mangrove loss and restoration

Mangrove carbon stock consists of above-ground biomass (AGB), below-

ground biomass (BGB), and SOC.72,73 AGBwas calculated for eachmangrove

patch according to an empirical model proposed by previous research74,75:

AGBi = ð � 4:6173 jlatj+ 239:9Þ3Areai 3 0:0001; (Equation 1)

where |lat| is the absolute latitude and Areai is the area of mangrove patchi in

square meters.

BGB was computed from allometric methods based on the ratio of

mangrove AGB at the patch scale. Considering spatial variations between

regions, we used the mid-value of 0.5 from the AGB to BGB ratio range of

0.39–0.61 provided by existing studies for our estimations.76–79We then chose

a conversion factor of 0.451,40,80 within the range of 0.45–0.50,6,72 to estimate

mangrove carbon storage fromwhole-tree mangrove biomass, as recommen-

ded by the Intergovernmental Panel on Climate Change (IPCC) guidelines. The

calculation of total soil carbon stocks to 1-m depths is based on the average

carbon density50,81 within a 1� grid and the area of mangroves before

deforestation.

AGB, BGB, and SOC constitute the carbon emissions resulting from

mangrove loss, calculated as follows:

CO2 emissions = ½b1 � ðAGB+BGBÞ+ b2 � SOC�3 3:67 ; (Equation 2)
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where b1 and b2 are the emission factors for biomass and SOC due to

mangrove deforestation, determined to be 83% (95% CI 46%–120%) and

52% (95% CI 32%–72%),82,83 respectively, based on existing studies. The

calculated carbon emissions were then converted to CO2 emissions by multi-

plying by a coefficient of 3.67,84 which is the molecular weight ratio of CO2 to

carbon.

The carbon benefits of mangrove restoration are also calculated from both

biomass and SOC, typically stabilizing about 40 years, according to a recent

study.85 Biomass calculations follow the method outlined in Equation 1, but

the carbon stock in restored mangrove biomass culminated at 72% to that

of intact stands.86 The SOC gain depends on the number of years and the

annual carbon burial rate, which is set as 2.60 (95% CI 2.08–3.12) Mg C

ha�1 year�1 based on the average values compiled from Breithaupt and Stein-

muller87 for China and southeast Asia. This value is higher than the global

average mangrove carbon burial rate provided by the Verified Carbon Stan-

dard VM0033 Methodology for Tidal Wetland and Seagrass Restoration

(1.46 mg C ha�1 year�1) and the IPCC (1.62 mg C ha�1 year�1) but is consid-

ered reasonable given that mangroves in southeast Asia have higher-than-

average carbon density, canopy height, and biomass.88 Considering that the

soil carbon burial rate is lower during the initial 5 years of mangrove canopy

development (when the canopy cover is less than 50%),85 we performed a

non-linear interpolation to estimate the annual carbon burial rate for the first

5 years86 (Equation 3). Additionally, we excluded the average proportions of al-

lochthonous carbon from SOC calculations, which constitutes approximately

24%–55% of SOC in Vietnam,89 3%–73% in China,90 and 13%–47% in

Indonesia.91 For countries where allochthonous carbon data are not available,

we used values from nearby countries with available data.

Ratet = 1:62 � lnðyeartÞ; (Equation 3)

SOCSUM = ð1 � %CallochÞ
( X5

year = 1

Ratet � Area � yeart
!

+ ðRatesoc35 � Area � 35Þ
)
;

(Equation 4)

CSUM = SOCSUM +Cbiomass ; (Equation 5)

whereRatet is the soil carbon accumulation rate for the year t in the first 5 years,

RateSOC35 is the soil carbon accumulation rates from 5 to 40 years, SOCSUM is

the total of soil carbon accumulation for 40 years,%Calloch is the proportion of

allochthonous carbon, CSUM is the cumulative total carbon benefit, and

Cbiomass is the biomass carbon.

To comprehensively evaluate the status of mangrove forests, the costs

associated with mangrove restoration vs. the carbon benefits derived from it

are the crucial factors.43 We used the country-level social cost of carbon

(CSCC) to measure the expected economic loss from CO2 emissions.92–95

By combining socio-economic, climate, and impact data, we extracted the

CSCC for study region based on a specific case assessment. To estimate

the CSCC, we considered the socio-economic scenario (SSP2) and related

climate scenario (RCP6.0), with the central specification of the Burke-

Hsiang-Miguel damage function (short run, no income differentiation) and a

growth-adjusted discount rate (r = 2%, m = 1.5).41 In assessing the restoration

costs for mangrove restoration projects in study regions, we considered infla-

tion and extreme errors, referring to the method from Bayraktarov et al.42 and

Su et al.43 The costs of mangrove restoration projects in China and southeast

Asia encompass several key categories: capital costs (including planning, land

acquisition, financing, and purchasing), engineering costs (pit digging,

planting, and construction), operating costs (maintenance, monitoring, trans-

portation, and equipment repair and replacement), and in-kind costs (dona-

tions or volunteer labor). The values of mangrove restoration cost vary in every

country, depending on maintenance and labor costs, making it challenging to

determine a precise value. As such, we reported the restoration costs based

on the minimum, median, mean (95% CI), and maximum to provide a cost un-

certainty range. Furthermore, the opportunity cost of restoring aquaculture

ponds into mangroves, as well as the wider cumulative effects of mangrove

restoration actions, such as impacts on global aquatic product supply and

deforestation transfer to other continents, are not included in our accounting
due to the huge uncertainties. We look at overall carbon credit generation

but do not estimate long-term opportunity costs. Not incorporating these fac-

tors into our cost analysis could result in the actual costs being more than an

order of magnitude higher than the average value. Based on the blue carbon

prices traded through CIX and the carbon finance business Respira, it was

assumed that the implementation of mangrove restoration would generate a

revenue of $27.8 USD/tonne.96
RESOURCE AVAILABILITY

Lead contact

Further information and requests for datasets should be directed to the lead

contact, Yi Li (yili@xmu.edu.cn).
Materials availability

This study did not generate new unique materials.
Data and code availability

All data used in this study are publicly available online. The distribution of

biophysical feasibility of mangrove restoration data products are viewable

at Google Earth Engine (https://ee-zq970919.projects.earthengine.app/

view/mangrove-reforestation-priority, last access: November 21, 2024), and

are publicly available as of the date of publication at Zenodo (https://

zenodo.org/records/11206627, last access: November 21, 2024). The Landsat

30-m spectral reflectance data (Landsat 5 Surface Reflectance, Landsat 7

Surface Reflectance, and Landsat 8 Surface Reflectance) are available

at Google Earth Engine (https://developers.google.com/earthengine/

datasets/catalog/LANDSAT_LT05_C01_T1_SR, https://developers.google.

com/earthengine/datasets/catalog/LANDSAT_LE07_C01_T1_SR, and https://

developers.google.com/earthengine/datasets/catalog/LANDSAT_LC08_C01_

T1_SR, last access: November 21, 2024). Coastline data can be accessed at

OpenStreetMap (https://www.openstreetmap.org, last access: November

21, 2024). Digital elevation model data are provided by NASA JPL at a resolu-

tion of 1 arc-second and is available at Google Earth Engine (https://

developers.google.com/earth-engine/datasets/catalog/USGS_SRTMGL1_003,

last access: November 21, 2024). Mangrove forests cover data are provided

by Global Mangrove Watch at a resolution of 30 m and can be accessed on

Zenodo (https://zenodo.org/record/6894273, last access: November 21,

2024). Global mangrove forests distribution, v1 (2000) are provided by NASA

SEDAC at Google Earth Engine (https://developers.google.com/earth-engine/

datasets/catalog/LANDSAT_MANGROVE_FORESTS, last access: November

21, 2024). And other mangrove forests cover data (ESA WorldCover 10m

v100) are provided by ESA at Google Earth Engine (https://developers.

google.com/earth-engine/datasets/catalog/ESA_WorldCover_v100, last ac-

cess: November 21, 2024). Coastal aquaculture ponds cover data in this study

have been deposited at Zenodo (https://doi.org/10.5281/zenodo.8344132,

last access: November 21, 2024). Climate data used in this study are

from WorldClim (https://www.worldclim.org/data/index.html, last access:

November 21, 2024). Sea-level rise data are provided by National Oceanic

and Atmospheric Administrationare (https://tidesandcurrents.noaa.gov/

sltrends/mslGlobalTrendsTable.html, last access: November 21, 2024). Tidal

range data are provided by University of Hawaii Sea Level Center (https://

uhslc.soest.hawaii.edu/, last access: November 21, 2024). Sea surface tem-

perature data are provided by NASA (https://oceandata.sci.gsfc.nasa.gov/

cgi/getfile/AQUA_MODIS.20200101_20201231.L3m.YR.SST.sst.4km.nc, last

access: November 21, 2024). Sea surface salinity data were obtained

from the HYCOM consortium (https://developers.google.com/earth-engine/

datasets/catalog/HYCOM_sea_temp_salinity, last access: November

21, 2024). Night lights data were obtained from the Earth Observation

Group (https://eogdata.mines.edu/products/vnl/, last access: November 21,

2024). The global mangrove soil carbon for year 2020 version 4.0 database

are provided by Earth and Environmental Sciences (https://dataverse.

harvard.edu/dataset.xhtml?persistentId=doi:10.7910/DVN/OCYUIT, last ac-

cess: November 21, 2024), and the global mangrove soil carbon data set at

30 m resolution for year 2020 (0–100 cm) version v1.2 is available at Zenodo

(https://zenodo.org/records/7729492, last access: November 21, 2024).
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