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Sustainably developing global blue carbon
for climate change mitigation and economic
benefits through international cooperation

Cuicui Feng 1,2,3,7, Guanqiong Ye 1,2,3,4,7 , Jiangning Zeng3, Jian Zeng5,
Qutu Jiang 6, Liuyue He1,2, Yaowen Zhang1 & Zhenci Xu 6

Blue carbon is the carbon storage in vegetated coastal ecosystems such as
mangroves, salt marshes, and seagrass. It is gaining global attention as its role
in climate change mitigation and local welfare growth. However, a global
assessment on the long-term spatiotemporal sustainable development status
of blue carbon has not been conducted, and the relations among blue carbon
ecosystems, driving forces for climate change mitigation, and socioeconomic
interventions for development capacity on a global scale are still unclear. Here,
we constructed a blue carbon development index (BCDI), comprising three
subsystems: driving force, resource endowment, and development capacity,
to assess the sustainable development level of 136 coastal countries’ blue
carbon over 24 consecutive years and explore the relationship among sub-
systems. We further propose a cooperation model to explore the feasibility of
global blue carbon cooperation and quantify benefit allocation to specific
countries. The results showed an upward trend in BCDI scores with variations
in regional performance over the past two decades, and we found a positive
correlation between development capacity and blue carbon resource
endowment. Based on the scenario simulations of global cooperation, we
found that coastal countries could improve the global average BCDI score, add
2.96 Mt of annual carbon sequestration, and generate $136.34 million in 2030
under Global Deep Cooperation scenario compared with the Business-As-
Usual scenario.

Mangrove, salt marsh, and seagrass, called Blue Carbon Ecosystems,
have more efficient carbon storage compared to terrestrial forests1–3.
Blue carbon ecosystems cover 0.2% of the oceanwhile composing 50%
of the carbon burial of themarine sediments4. Blue carbon ecosystems
have gained increasing attention worldwide as indispensable nature-
based solutions for climate changemitigation. The Intergovernmental
Oceanographic Commission of the United Nations Educational, Sci-
entific, and Cultural Organization (IOC-UNESCO), the International

Union for Conservation of Nature (IUCN), and Conservation Interna-
tional (CI) jointly established the Blue Carbon Initiative (BCI)5,6. And
then, the 2013 Supplement to the 2006 IPCC Guidelines for National
Greenhouse Gas Inventory: Wetlands7 was published, and blue carbon
was officially adopted as a climate change solution gradually8. The
global carbon stock of coastal wetlandswas estimated at 10447–25066
Mt in 20179. In addition to carbon burial and storage, blue carbon
ecosystems can also provide various ecological services, such as
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pollution purification, coastal disaster mitigation, and important nur-
sery habitat provision10–13.

Current studies primarily focus on blue carbon sinks and storage,
and some researches have explored the socioeconomics and govern-
ance of blue carbon, such as management and strategies to minimize
losses14–17, and the assessment of blue carbon wealth through carbon
social cost18. However, the status of the sustainable development level
of blue carbon is still unknown. Moreover, the relations among blue
carbon ecosystems, driving forces for climate change mitigation, and
socioeconomic interventions for development capacity on a global
scale remain unclear. Such information is urgently required for pro-
moting the global conservation and restoration of blue carbon eco-
systems and the sustainable development of coastal zones.

Here we analyze the long-term blue carbon sustainable develop-
ment level of global coastal countries and adopt a global cooperation
model to collectively cope with global climate change challenges and
enhance the synergies between blue carbon and society. This study
aims to establish a blue carbon development index (BCDI) that inte-
grates three subsystems (driving force, resource endowment, and
development capacity, Fig. 1) to assess the long-term sustainable
development level of blue carbon in 136 coastal countries and explore
interrelationships between subsystems. The sustainable development
level of BCDI refers to the performance on conservation and restora-
tion of blue carbon ecosystems, and the capacity and ability of
socioeconomic interventions to develop blue carbon under global
climate change and human impacts. Furthermore, a cooperation
model was adopted to investigate the feasibility of global cooperation
to increase carbon sequestration and the economic benefits of blue
carbon. The results provide a sketch of the spatial and temporal sus-
tainable development of blue carbon and a strategy to achieve eco-
logical and economic benefits through cooperation, guiding future
policy-making and international cooperation.

Results
Score rising over the past two decades
The BCDI score increased from 20.26 in 1996 to 32.55 in 2019, a growth
of 60.69% (Fig. 2). The driving force subsystem score rose by 23.86%
over a 24-year period, indicating a stronger force to stimulate the

mitigation of climate change and sustainable development of blue
carbon, which is primarily associated with the optimization of energy
structure and the reduction in carbon emission intensity. And the
development capacity score demonstrated a significant advance from
8.59 to 27.36 as a result of overall improvements in ocean governance,
economic strength, technology, and marine protection. While the
resource endowment exhibited a slow decline, with the score dropping
from 23.23 to 22.57, this was mostly due to a reduction in the distribu-
tion area and a decline in ecosystem health. The global mangrove area
decreasedby 87,695.07ha19 and the ecosystemhealth score decreased20

between 2011 and 2013. Of the included countries, only 23.53% main-
tained or amplified their resource endowment scores from 1996 to
2019. Interestingly, we discovered that the subsystem scores displayed
differences, while the overall BCDI rose steadily.We also drewbox plots
(Supplementary information Fig. S1) for the indicator data to analyze
the original data distribution and found that the data ofmost indicators
in the development capacity and resource endowment subsystems
were significantly polarized, leading to low values in most countries.

Over the two decades, significant progress has been made in BCDI
scores of many countries (Fig. 2). Most countries in the Americas, Asia,
and Europe showed a noticeable improvement in BCDI scores, while
African countries showed a slight enhancement. The United States
occupies the topposition amongall the countries in 2019,mainly due to
a fairly high score in the development capacity subsystem. In addition,
countries such as United Kingdom, Australia, Germany, Finland, Neth-
erland, France, Spain, Denmark, Sweden, Canada, and Japan also have
relatively high BCDI scores. The large advance in BCDI scores for
countries between 1996 and 2019 (Fig. 2(c)) was predominantly due to
better performances in their development capacity and driving force
subsystems. However, the increase of BCDI scores in China is mainly
attributed to the rapid growth in the development capacity subsystem
(Supplementary information Fig. S2). Furthermore, there are some
countries with persistently low BCDI scores in our analysis, such as
Angola, Haiti, Libya, Bosnia and Herzegovina, Somalia, Algeria, Bahrain
and several others. Most of these countries belong to the regions of
Africa and Asia. They exhibit lower scores across all three subsystems,
with insufficient ocean protection and management, limited blue car-
bon ecosystems, and serious challenges with climate change.

BCDI

Population

Carbon emission

Climate change security

Driving Force

Governance

Financial instruments

Oceanic technology

Marine protection management

Development 
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Fig. 1 | The blue carbon development index (BCDI) framework comprises three
subsystems: driving force, resource endowment, and development capacity.
Driving force subsystemdescribes drivers consisting of natural and anthropogenic
elements that have positive or negative impacts82,83 on climate change mitigation,
including carbon emissions, population, and climate change security; Resource
endowment describes the ecological and environmental status of blue carbon

ecosystems, covering the distribution of ecosystems (mangroves, salt marshes,
and seagrass beds), ecosystem health, and carbon sequestration; Development
capacity represents the capacity of socioeconomic interventions such as govern-
ance, financial instruments, oceanic technology, and marine protection manage-
ment to support blue carbon development.
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Variations between regions
Regions around the world exhibit variations in the scores of BCDI and
subsystems (Fig. 3). Europe and North America (ENA) and Oceania
scored higher in BCDI thanother regions,while the otherfive generally

scored lower than the worldwide average. There were significant dif-
ferences in BCDI grades among regions (Kruskal–Wallis test, P < 0.001;
Fig. 3). Eastern and South–Eastern Asia (ESA) scored far below the
score of Oceania prior to 2012, after which they had noticeably
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Fig. 2 | Blue carbondevelopment index score from1996 to 2019. aGlobal scores
of BCDI and three subsystems. Higher scores indicate better performance towards
BCDI and subsystems. b BCDI scores of countries in 1996, 2004, 2012, and 2019.

Blank base map from publicly available Database of Global Administrative Areas
(https://gadm.org/). c Countries with highest scores in 2019 and countries made
the most progress from 1996 to 2019.
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Fig. 3 | Variations between regions. a Boxplot of BCDI scores and Kruskal--Wallis
test of different regions in 2019. There were significant differences among regions
(Kruskal–Wallis test, P-value <0.001). The boxplot displays themedian value at the
centre, while the lower and upper bounds represent the first and third quartiles.
The upper and lower whiskers extend from the bounds to the largest or lowest
value, but no further than 1.5 times the IQR (the distance between the first and third
quartiles). Sample sizes for each region: R1 (n = 6), R2 (n = 13), R3 (n = 30), R4

(n = 31), R5 (n = 15), R6 (n = 12), and R7 (n = 29). b BCDI and subsystems scores of
different regions from 1996 to 2019. R1-Central and Southern Asia, R2-Eastern and
South–Eastern Asia, R3-Europe and Northern America, R4-Latin America and the
Caribbean, R5-Northern Africa and Western Asia, R6-Oceania, R7-Sub-Saharan
Africa, R8-Global average. The division of regions is based on the UN’s regional
groupings (https://unstats.un.org/sdgs/indicators/regional-groups).
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increased andmoved closer to it. It is assumed that the trigger for this
phenomenon was the improvement in the development capacity
subsystem. Central and Southern Asia (CSA) and Eastern and
South–Eastern Asia (ESA) possessed excellent resource foundations of
blue carbon. Although CSA appeared rich in resources endowment of
blue carbon, the driving force and development capacity subsystems
were inadequately developed. The ESA also performed relatively
poorly in the driving force subsystem. In addition, with even perfor-
mances in all three subsystems, the Oceania region was the most
balanced of all regions. ENA displayed the highest scores in the
development capacity, stemming from complete management
mechanisms and adequate capital guarantees. For Latin America and
the Caribbean (LAC) and Sub-Saharan countries, development capa-
city showed to be the limit to BCDI performance, and it is necessary to
improve social interventions to support blue carbon.

Relations between development capacity and resource
endowment
Our study reveals a statistically significant positive correlation
between development capacity and resource endowment in 136
countries (P <0.001. Supplementary information Fig. S3), indicating
that countries with better marine management and protection
achieved higher resource endowments in blue carbon ecosystems.
Countries with higher development capacity scores indicate that these
countries have better environmental management, higher marine
funding, and more cutting-edge science and technology for the pro-
tection and restoration of blue carbon ecosystems. Recent research
has reported that the increasing conservation efforts have led to a
reduction in anthropogenic loss of mangroves21, and that economic
growth has shifted from negatively affecting mangroves to promoting
mangrove expansion over the past decade22. Currently, global policy

support, management, and conservation practices on the oceans have
been increasing, which can have positive influences on blue carbon
ecosystems23,24.

Global cooperation enhances carbon sequestration and eco-
nomic benefits
Weset up three scenarios to reveal the effects of global cooperation on
carbon sequestration and BCDI scores in 2030: Business-As-Usual
(BAU), Global Cooperation (GC), and Global Deep Cooperation (GDC).
In the cooperation scenarios, countries with higher development
capacity scores could assist those with lower scores to manage and
restore blue carbon ecosystems, leading to an increase in annual car-
bon sequestration. The results showed that under the GC scenario, the
world could potentially increase carbon sequestration by 1.39Mt from
2019 levels (Fig. 4), which is a 29.56% improvement compared to the
BAU scenario (1.07Mt). The GDC scenario demonstrated even greater
potential for annual carbon sequestration growth at 2.96Mt, an
improvement of 177.12% compared to BAU scenario. Moreover, we
found that $136.34 million in economic benefits could be generated
globally under the GDC scenario.

Cooperation can enable developing and developed countries to
achieve win-win results. Developed countries can expand the scale of
emissions reduction and further take on the responsibilities of climate
change mitigation, while developing countries have chances to pro-
mote the resource endowment of blue carbon and improve ocean
management and marine technology. According to our results, BCDI
scores of developing countries could increaseby 17.50%and 125.28% in
the GC and GDC scenarios, respectively.

The increases in carbon sequestration under cooperation sce-
narios mainly originate in developing countries. Saudi Arabia, Guinea,
Yemen, Australia, Nigeria, Papua New Guinea, and the Philippines
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Fig. 4 | Analysis of carbon sequestration increase and BCDI under cooperation
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tion increase allocation and BCDI score of global, developed, and developing
countries.
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could increase the most carbon sequestration under BAU and GC
scenarios. Notably, the United States, Indonesia, and Malaysia could
substantially enhance their carbon sequestration in the GDC scenario
(Fig. 4). In the BAU and GC scenarios, the blue carbon sequestration in
Indonesia andMalaysia suffers severe losses but is greatly enhanced in
the GDC scenario. The United States, on the other hand, has a high
development capacity score and is able to provide support to other
countries, increasing 146.37 kt of blue carbon sequestration in GDC
scenario compared to GC scenario. Although developed countries
show less increase in the quantity of carbon sequestration than
developing countries, their benefits from cooperation are consider-
able. Under the GDC scenario, developed countries could obtainmore
blue carbon through their advantages in development capacity, which
increases by 23.60% relative to the GC scenario.

Discussion
This study illustrated the spatial and temporal development status of
blue carbon on global and national scales and explored the relations
between socioeconomic factors and blue carbon by establishing the
blue carbondevelopment index (BCDI).Our analysis showed anoverall
increase in BCDI, with variations in performance by different regions,
and that the related socioeconomic interventions for development
capacity have a significantly positive correlation with the resource
endowment of blue carbon ecosystems. Thus, the proposed global
cooperation model in this study could provide a feasible way to
enhance the local ocean management and promote the conservation
and restoration of blue carbon ecosystems.

We observed an upward trend in BCDI, driven by the combined
effects of three subsystems, with development capacity exerting the
most significant influence. The increasing score of development capa-
city indicates a positive shift towards better policy making and con-
servationmanagement that contributes to the sustainabledevelopment
of blue carbon. The increase in score of development capacity outpaces
the decrease in score of resource endowment of the blue carbon eco-
systems, resulting in an overall upward trend for BCDI. The resource
endowment displayed a decreasing trend, primarily due to human
activities and extreme weather events, leading to a shrinkage in the
spatial distribution of coastal blue carbon ecosystems21,25,26 and a dete-
rioration in ecosystem health27,28. Factors such as, aquaculture, agri-
culture, human settlement, and reclamation have contributed to the
reduction of blue carbon ecosystems in some developing countries,
especially the agricultural countries in Southeastern Asia29,30. However,
ocean management and protection have the potential to positively
enhance the resource endowment of blue carbon ecosystems and have
already struggled to combat the deterioration of blue carbon ecosys-
tems. In fact, owing to the increased awareness, improved conservation,
and enhanced restoration efforts, the current downward trend of blue
carbon ecosystems has already slowed down21,22. If conservation efforts
for blue carbon ecosystems are adopted and strengthened consistently,
it is possible to stabilize and even reverse decreasing trends in resource
endowment, leading to future potential recovery23,31. For instance,
China successfully reversed the trend of mangrove forest loss through
mangrove restoration and protection after suffering significant losses
as a result of marine industry development in the last century32.

We also found variations in the blue carbon sustainable develop-
ment level across regions, which could be mitigated by feasible inter-
national cooperation. For example, Asia is a regionwith strong resource
endowments33,34 but with greater carbon reduction pressures and less
development capacity. Weak economies, inadequate coverage of mar-
ine protected areas, and deficiencies in marine policy andmanagement
are major disadvantages for countries in Asia in improving the sus-
tainable development level of blue carbon. Blue carbon ecosystems are
currently facing serious damage and loss in some agricultural countries
in Asia29,35. Latin America and the Caribbean (LAC) and Sub-Saharan
Africa also have both relatively low levels of development capacity.

Countries in Asia, LAC, and Sub-Saharan Africa can actively participate
in blue carbon projects to enhance their development capacity through
cooperation with developed countries. They can also add their nation-
ally determined contributions (NDCs) and promote economic progress
through blue carbon trading8,36. Countries in Europe and Northern
America (ENA) and Oceania could help other countries through coop-
eration. At the same time, these countries providing assistance can
expand their international influence and gain additional blue carbon
benefits, thus achieving a win-win situation for both parties. A total of
$136.34millionof blue carboneconomicbenefits are generatedglobally
in the GDC scenario, while the corresponding cost is $82.79 million
(Supplementary information Fig. S4). As an emerging field, there are
some ongoing blue carbon cooperation programs, such as the Blue
Carbon Initiative established by Conservation International (CI) and the
International Union for Conservation of Nature (IUCN), the Interna-
tional Blue Carbon Partnership37 launched by Australia, and China has
also released its blue carbon cooperationprogramwith Southeast Asian
countries. These experiences can lay a foundation for extending blue
carbon cooperation to a global scale to promote better blue carbon
sustainable development.

Promoting the overall sustainable development level of blue car-
bon could also bring co-benefits that contribute to the social well-
being and livelihoods of local coastal communities. Blue carbon eco-
systems play a critical role in shielding coastal regions from floods38

and tropical storms39, as well as supporting long-term gains of
fisheries40. Besides, blue carbon ecosystems could also provide
recreational opportunities such as fishing, swimming, sun-bathing,
boating, bird-watching, and diving, enhancing the overall local well-
being41,42. Protecting and restoring blue carbon ecosystems could
enhance local resilience in coping with climate change and align with
multiple Sustainable Development Goals (SDGs) of the United
Nations31. The local government can take proactive steps such as
implementing protection and restoration measures, encouraging
international blue carbon trading, and building mechanisms for com-
munication on management and technology with international orga-
nizations and other nations. International organizations should
improve the global cooperation platform and provide targeted finan-
cial and technical support to local governments in need. It is also
essential to raise awareness among community residents through
cooperation and encourage them to reduce damage to blue carbon by
controlling agriculture, fishing, and other activities43.

It’s also important to extend and adapt BCDI system to local scales
in the future once local-scale data becomes available, paving the way
for local government and the community to implement more efficient
socioeconomic interventions for improving the sustainable develop-
ment level of blue carbon both at the local and national level. By
incorporating the local-scale data, researchers may be able to identify
the reasons causing strong or weak performance on BCDI more pre-
cisely, so as to facilitate local management practices44,45 and promote
the blue carbon cooperation more effectively. To implement BCDI
framework at local levels in future research, adjustments to the current
BCDI indicator system can be necessary. Firstly, we should downscale
the indicators and incorporate more specific indicators that could be
monitored at the local level, e.g., local blue carbon projects, local
financial capacity, and local blue carbon vegetation species. Secondly,
it is crucial to take into account the social impact and response of
indigenous residents and communities on blue carbon management,
such as the impacts on their livelihoods, their awareness of blue car-
bon, and their participation in policymaking.

Currently, management and social aspects are becoming impor-
tant themes in blue carbon science12, and blue carbon initiatives at the
national and local scales have been proposed46,47. To facilitate the
management of blue carbon, clear andmeasurable objectives must be
defined at national and local scales. An effective management frame-
work should take into account regional livelihoods and integrates the

Article https://doi.org/10.1038/s41467-023-41870-x

Nature Communications |         (2023) 14:6144 5



dimensions of governance, finance, and technology48. In addition, a
clear benefit-sharing mechanism is needed to ensure equitable dis-
tribution of blue carbon benefits, and ecosystem services should be
integrated as well46.

We acknowledge thepresenceof uncertainty in our indicators and
model settings due to the use of various types of global datasets from
different sources and literature. We employed proximity interpolation
methods to fill in incomplete data from some regions. This can be
improved by dataset accuracy increases. Moreover, while we focus on
the carbon sink function of blue carbon ecosystems, we need to pay
attention to their additional ecosystemservices46. However, ecosystem
services were not considered in the indicators of this study due to the
lack of data at the national level across the globe, and future work
could include additional ecosystem services, such as stormprotection,
habitat provision, and pollution uptake, in the indicator system once
the national data becomes available. We must also note that blue
carbon is not the only nature-based solution; there are also other
solutions such as forests, peatlands, and grassland49,50, and achieving
the Paris Agreement goals requires natural-based solutions and a
combination of other approaches: energy structure optimization51, the
establishment of carbon trading markets52, and the expansion of car-
bon capture and storage53.

Methods
Index system
Based on existing global datasets on the distribution of mangroves,
salt marshes, and seagrasses, we identified 136 countries with blue
carbon ecosystem distributions. We then constructed an indicator
system and evaluated the sustainable development level of blue car-
bon in global countries. We established the BCDI indicator system
framework based on three subsystems (Fig. 1): driving force, resource
endowment, anddevelopment capacity. The indicator system includes
18 indicators (Supplementary information Table S1).

Comprehensive assessment
The comprehensive scores of each country and region were acquired
using a weighted calculation of each indicator. We employed the
principal component analysis (PCA) method54 to determine the
weights of indicators (Supplementary information Table S1).
The principal component analysis (PCA) is a classic multivariate sta-
tistical method for dimensionality reduction of unsupervised, high-
dimensional data while maintaining as much of the original informa-
tion as possible54,55. PCA can be implemented by diagonalizing the
weighted covariance matrix, where we can obtain the associated
weights for each indicator. The weights obtained through principal
component analysis (PCA) are based on the objective variation char-
acteristics of the data56. The weights obtained through PCA specify the
uniqueness of subsystems and reduce collinearity, which determines
that one subsystem cannot be easily substituted by another.

Subsystem scores were obtained as follows:

Ik =
1
wk

Xn
j = 1

wj*yi, j ð1Þ

where Ik is the scoreof subsystems, k represent driving force, resource
endowment, and development capacity,wj is the weight of indicators,
yi, j is standardized value. The weight wj for each indicator was
obtained by normalizing the PCA weight matrix across all indicators
from three subsystems simultaneously57–59. wk is the weight of a sub-
system, which is the sum of wj for all indicators in the subsystem.

The calculation of BCDI score is as follows:

IBC =
Xn
j = 1

wk*Ik ð2Þ

where IBC represents the BCDI score,wk is the weight of different
subsystems. Ik and IBC range from0 to 1, with a higher value indicating
better performance. The average grade of all nations is regarded as the
global score for each year.

To obtain comparable indicators, the index data were standar-
dized to ensure that the index value is between 0 and 100. The stan-
dardization of the positive and negative indicators was moderately
different. This data standardization across all years and regions per-
mits a comprehensive evaluation of the changes in indicators over
time and space60. For positive indicators:

yi, j =
xi:j � xj,lower

xj,upper � xj,lower
× 100 ð3Þ

For negative indicators:

yi, j =
xj,upper � xi:j

xj,upper � xj,lower
× 100 ð4Þ

where xi, j represents the j th indicator value during the i th year, yi, j is
the standardized value, xj,upper is the upper bound of the j th indicator,
and xj,lower is the lower bound of the j th indicator. As for the upper
bound and lower bound, we set the data points at the top 2.5th per-
centile and the bottom 2.5th percentile of all countries and years. By
selecting the upper and lower bounds of a range of values, this strategy
can avoid the influence of outliers that may distort the results and
analysis. The bound selection measure has been widely employed for
ranking indicator performances in articles and reports, such as
research articles61,62, the SDGs Report63, and the handbook of Organi-
zation for Economic Co-operation and Development56.

Linear mixed models
We utilized the linear mixed model to investigate the relationship
between the blue carbon ecosystem area and the three subsystems to
roughly predict future area changes. We compared the AIC of several
models and selected the model whose independent variable was the
development capability score (See supplementary information for
details).

Rate=β0 +β1lnx1 + 1jnationð Þ ð5Þ

Rate refers to the growth rate of the blue carbon area over the
next 4 years. x1 is the development capacity score, β0 is the intercept
parameter, and β1 is the fixed effect parameter. Considering each
country may vary greatly, countries are selected as random effect
variables. Then we could estimate the carbon sequestrations:

Carbonj =Area
ð1 +Ratej�4Þ*CRate ð6Þ

where Carbonj refers to the carbon sequestration in year j, and Area
refers to the blue carbon ecosystem area of base year, Rate indicates
the growth rate of the blue carbon area over the previous 4 years (from
linear mixed models), CRate represents the average rate of carbon
sequestration of different countries (from indicator Y5).

To explore the effects of the model, we performed some ver-
ifications. Comparing the observed and simulated values, we found
both sets of values were distributed near the line, with a slope of 1.
Moreover, the residual picture showed that the residual distribution
was near zero with no pattern, indicating no correlation with the
residual and the value of the independent variable. A Q-Q plot also
verified the normal distribution of the residuals, with most residuals
clustered on straight lines (see supplementary information for details).
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Cooperation modeling and scenario setting
To study future changes in the global BCDI and the feasibility of the
global cooperation, we set up three scenarios for analysis: the business
as usual (BAU) scenario, global cooperation (GC) scenario, and global
deep cooperation (GDC) scenario. The BAU scenario applies Holt’s
linear trend model to fit and predict the scores for each subsystem in
>100 countries.

The GC and GDC scenarios were based on the BAU scenario,
assuming that global blue carbon countries unite in cooperation.
Countries with higher performance in the Development Capacity
subsystem of this cooperation model could help countries with
lower scores. We established a basic cooperation model, allocating
the collaborative benefits of carbon sequestration at a country-
specific scale according to three methods: the Equal surplus divi-
sion value method, the Equal allocation of non-separable costs
method, and the separable cost remaining benefit method, and
chose the most proper method. In cooperation, the benefits to each
member are greater than they would receive if they developed
individually. To quantitatively set up cooperation scenarios, we
employed and optimized a methodology proposed by Zhao et al.64,
which assigned different technology levels to members of coop-
eration. Continued quantile points of indicators were selected as
the states that can be achieved with different cooperation inten-
sities. Subsequently, building on the idea of maximizing global
welfare in a cooperative game of the Integrated Assessment
Model65, we conducted a cost-benefit analysis to identify scenarios
with locally optimal solutions. Following the cost-benefit analysis
and scenario selection, we proceeded with a detailed analysis of the
chosen scenarios.

Holt’s linear trendmodel: The exponential smoothingmethod can
predict future data changes by weighting past data. Holt’s linear trend
extends the simple exponential smoothing model to predict the data
containing the trend66, consisting of a prediction equation and two
smoothing equations:

lt =αxt + ð1� αÞðlt�1 + bt�1Þ ð7Þ

bt =βðlt � lt�1Þ+ ð1� βÞbt�1 ð8Þ

x̂t +h = lt +hbt ,h= 1,2,3 . . . ð9Þ

Where t is the current period, h is prediction step length. And xt refers
to observation value in period t, lt is the prediction value in period t, bt

is prediction trend. α refers to horizontal smoothing parameter, and β
is trend smoothing parameter.

The Separable Cost Remaining Benefit (SCRB) method67,68:

bi =mi +
riP
iϵU ri

v Uð Þ �
X
i2U

mi

" #
ð10Þ

mi = v Uð Þ � v U=i
� � ð11Þ

ri =mi � v figð Þ ð12Þ

The Equal surplus division value (ESD) method69,70:

bi = v figð Þ+ 1
n

v Uð Þ �
X
i2U

v fjgð Þ
" #

ð13Þ

The Equal allocation of non-separable costs (EANC) method70,71:

bi =mi +
1
n

v Uð Þ �
X
i2U

mi

" #
ð14Þ

where mi is the separable benefit, and ri is the remaining benefit of
member i. bi indicates the final benefit allocation, U means a coalition
with n member, v U=i

� �
is the benefit of coalition except i, and vðUÞ

represents the value of the grand coalition, v figð Þ is the value of
members in non-cooperation situations.

Economic benefits and cost calculation through cooperation
We applied the country-level social cost of carbon (CSCC) framework
from Bertram et al.18 and Ricke et al.72 to assess the economic benefits
and costs under cooperation scenarios. The benefits refer to the value
of redistributed carbon sequestration in cooperation scenarios com-
pared to the business-as-usual (BAU) scenario. The costs refer to the
expense of the increased carbon sequestration within country bound-
aries under the cooperation scenario compared to the BAU scenario.

benef it =CSCC*ðCarboncoopallocation � CarbonBAU Þ ð15Þ

cost =CSCC*ðCarboncoop � CarbonBAU Þ ð16Þ

where CSCC is the country-level social cost of carbon, and Carboncoop

represents the carbon sequestration of cooperation scenarios within
the boundary of a country, Carboncoop allocation is the redistributed
carbon sequestration of a country, and CarbonBAU is the carbon
sequestration under the BAU scenario.

Data sources
Data on carbon emissions were obtained from the Global Carbon
Atlas73, and the Statistical Review of World Energy provided informa-
tion on the percentage of clean energy74. We acquired the Climate
Change Risk data from Eckstein et al.75 and the population density,
GDP, and GDP per capita data from the World Bank. The Sci Index of
Environment Science was collected from SCImago76, and the Corrup-
tion Perceptions Index was obtained from Transparency
International77. We estimated the marine protected area (MPA) and
management effectiveness of MPA data from Protected Planet78.
Datasets from the literature were used to determine the areas of
mangroves19, saltmarshes34, and seagrass79. The ecosystemhealth data
were gathered from Halpern et al.20, and the average carbon seques-
tration rates in countries were calculated based on the blue carbon
ecosystemareas19,34,79 and carbon burial rate1,80. The status of accession
to commitment agreements was computed from the acquisition of the
Kyoto Protocol and Paris Agreement81. The construction status of the
carbon trading market was obtained from the International Carbon
Action Partnership (https://icapcarbonaction.com/en/ets). We used
data from nearby years to interpolate for any missing values.

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

Data availability
All the sources of data underlying the research are available in the
Supplementary Information. All other data are available from the
corresponding authors upon request.

Code availability
All computer code used in conducting the analyses summarized in this
paper is available from the corresponding author upon request.
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