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Highlights

« Aquaculture expansion in China and southeast Asia has caused
substantial mangrove loss

« Approximately 60% of aquaculture ponds are suitable for mangrove
restoration

« Indonesia is identified as a top priority for mangrove restoration
efforts

« Priority restoration can remove 84 (75-96, 95% CI) Mt CO,

Science for society

Conservation and restoration of blue carbon ecosystems, such as mangrove
forests, 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
environmental 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 indicates
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, as most 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 165,079ha of mangroves. 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 CO,. 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.

Graphical abstract

Recommended articles

Decadal trends in mangrove and pond

aquaculture cover on Hainan (China) sinc...

Estuarine, Coastal and Shelf Science, Volume 233, 202...

Lucia S. Herbeck, ..., Tim C. Jennerjahn

Underestimating global land greening:
Future vegetation changes and their...

One Earth, Volume 8, Issue 2, 2025, Article 101176
Yuanfang Chai, ..., Chris Huntingford

Power dynamics shape sustainability
transitions in a modeled food system

One Earth, Volume 8, Issue 1, 2025, Article 101158
Tim G. Williams, ..., Peter H. Verburg

Show 3 more articles v

Article Metrics

Citations

Citation Indexes

Captures

15

Mendeley Readers

Mentions

News Mentions

() FEEDBACK

©PLUMX View details 2



@ Get citation

@ Get citation

@ Get citation

el

e 100-) 0 300 600km
». 4 N—

Download: Download high-res image (171KB)

Download: Download full-size image

Introduction

Coastal wetlands, located at the land-sea interface, are vital ecosystems known for their
rich biodiversity, high productivity, and the provision of a variety of ecosystem
services."> Mangroves, in particular, are recognized as a promising natural climate
solution (NCS) to offset greenhouse gas emissions and mitigate climate change.?
Nevertheless, human activities in coastal regions have substantially reduced the global
extent of mangroves, impacting their important ecological functions.*> This widespread
loss contributes to the annual release of 0.08-0.32 petagram (Pg) CO,, accounting for
~2%-6% of the total CO, emissions from global deforestation.5’ 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 policies, 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.° Over the past 40years,
approximately 200,000ha of mangroves have been planted, although the survival rates of
planted mangroves are generally low.' For instance, Indonesia has planted around 24
million seedlings in 60 mangrove restoration projects, but many of these initiatives have
failed.""12 Low survival rates are primarily due to afforestation and restoration efforts
being conducted in areas biophysically unsuitable for mangrove growth.!3!4 Recent
studies indicate that successful mangrove restoration yields greater carbon benefits
compared to afforestation,’® 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 restoration by
identifying feasible biophysical locations for restoration.!216

The expansion of aquaculture ponds has been the primary anthropogenic factor causing
mangrove loss over the past few decades,!” especially in China and southeast Asia!81°
(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 possess macroclimatic,
environmental, and hydrodynamic conditions favorable for mangrove growth,2 and thus
provide potential priority settings for mangrove restoration.2! Prior research has assessed
suitable areas for mangrove restoration globally,? or for a specific country,'2 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
aresult, 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 deforestation driven by
aquaculture expansion and quantify the associated carbon emissions, and (2) identify
priority areas within aquaculture ponds for potential mangrove restoration, factoring 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 located?? and has
experienced substantial aquaculture 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 economic benefits of mangrove
restoration in these priority areas. Our findings indicate that aquaculture ponds
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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.

Access through your organization
Check access to the full text by signing in through your organization.

i Access through your organization

Section snippets

Aquaculture-induced mangrove loss, 1996-2020

Using object-oriented image classification techniques, we mapped mangrove patches
deforested due to aquaculture expansion and detected widespread mangrove
deforestation across China and southeast Asia from 1996 to 2020 (Figure1). 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 ...

Study region

Southeast Asia is recognized a global hotspot for mangrove distribution, holding nearly
one-third of the world’s mangrove forests, with diverse tree species and substantial
carbon storage.’%>! However, the region has also experienced extensive mangrove
losses.*52 In addition to southeast Asia, China has suffered considerable mangrove loss in
recent decades, largely attributed to coastal aquaculture development.>> Consequently,
we included China in our analysis to ensure comprehensive coverage ...

Lead contact

Further information and requests for datasets should be directed to the lead contact, Yi Li
(yili@xmu.edu.cn 7). ...

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 atGoogle 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 ...
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