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Accumulated carbon storage is a crucial indicator for assessing the health of mangrove ecosystems
and can suitably reflect the changes in the carbon sequestration capacity of mangrove forests over
time. Unlike carbon stock for a specific year, accumulated carbon storage measures the capacity for
continuous carbon sequestration in mangroves; however, spatially explicit datasets and maps on
mangrove accumulated carbon storage are yet lacking on a global scale. This study pioneered the
development of a global gridded dataset of mangrove accumulated carbon storage (2000-2020) at a
1km resolution, by utilizing the most recent high-precision mangrove distribution data from the Global
Mangrove Watch. This dataset captures the spatiotemporal heterogeneity of mangrove accumulated
carbon storage and pinpoints hotspots of accumulated carbon stock changes at both global and
regional levels. The outcomes can help identify areas requiring protection and restoration efforts, as
well as prioritize policy interventions, thereby promoting the sustainable management of mangrove
ecosystems worldwide.

Background & Summary

Mangrove ecosystems constitute one of the most significant carbon reservoirs in the world!?. Despite occupying
only 0.36% of the global forest area®, mangroves own a prominent carbon sequestration capacity per unit area,
nearly four times larger than that of terrestrial forest ecosystems*. Furthermore, as a vital component of blue
carbon ecosystems, mangroves contribute 10% to 15% of coastal marine carbon stocks®. However, intensified
anthropogenic activities, such as aquaculture and agricultural farming, resulted in substantial losses of man-
groves worldwide and hence significantly affected mangrove carbon storage*® Research has shown that every
1% reduction in global mangrove forests will result in a loss of 199.6 billion tons of carbon, thus jeopardizing the
efforts of climate change mitigation*. Given the crucial role of mangrove forests in coping with climate change,
some countries, such as Indonesia, the Philippines, and Senegal, have explicitly incorporated the protection
and restoration of mangrove ecosystems into their Nationally Determined Contributions (NDCs) as part of
their commitments under the Paris Agreement”®. However, a number of countries are yet to include man-
groves in their NDCs, highlighting the need for further integration of mangrove protection in climate action
plans”®. Quantifying and protecting mangrove carbon stocks of world regions, which serves as a critical indica-
tor for assessing the health of mangrove ecosystems, has gained momentum in global climate negotiations®'2.
Particularly, the accurate accounting of mangrove carbon stock is a prerequisite for formulating effective con-
servation and restoration solutions'>'.

Since mangrove forests are mostly distributed in tropical and subtropical regions, previous research on man-
grove carbon stocks was mainly conducted at the national or regional scales®!®. Donato et al.> quantified the
carbon stock of the Indo-Pacific mangrove ecosystem by measuring biomass and soil carbon across 25 mangrove
forests in 30 districts of the Indo-Pacific region, using field measurements as the key approach. However, as
acknowledged in their research, the lack of global mangrove distribution data has posed severe challenges for
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accurate assessment at the global scale, and mangroves along the major ocean coasts of 118 countries were over-
looked in that study?. To fill the gap, Atwood ef al.® adopted a different approach by overlaying NDVI data onto
marine ecoregions to determine global mangrove distribution and by compiling soil carbon data from 1,230
mangrove sampling sites across 48 countries from existing studies. Nevertheless, as pointed out by Atwood et al.%,
data inconsistencies from disparate datasets and methods may lead to variations in data quality across countries,
resulting in high uncertainties at the macro scale. To minimize the uncertainty, they rated the quality of the
datasets from each country in the process of producing this comprehensive global map of mangrove soil carbon.

Recent progress in satellite-based remote sensing techniques has facilitated the availability of high-resolution
long-term global datasets on mangrove distribution'®-", which provides essential data products for investi-
gating mangrove carbon stocks such as soil carbon and above-ground biomass!®'%. These studies generally
use regional extrapolation methods to create relevant maps by combining field-measured sample data with
machine learning tools to extend estimates across entire regions. For instance, Sanderman et al.!! incorporated
a wide range of covariates into an Organic Carbon Density (OCD) model, generating a high-resolution global
dataset for mangrove soil carbon density in 2000. Similarly, Simard et al.' integrated factors such as cyclones,
rainfall, and canopy height to release a high-precision dataset of global mangrove above-ground biomass for
the year 2000. These two datasets are widely utilized due to their high spatial resolution and accuracy. Rather
than focusing on specific sub-pools of carbon pools, Hamilton ef al.?! estimated global mangrove carbon stock
losses caused by the changes in mangrove areas from 2000 to 2012, by using the high-precision global man-
grove distribution data and following the IPCC inventory method?"?%. A similar attempt was also undertaken
by Richards et al.*, which estimated the net change in global mangrove carbon stocks resulting from land cover
changes between 1996 and 2016, by analyzing mangrove deforestation and afforestation as well as the propor-
tional changes in carbon stocks during periods of loss and gain. However, as noted in that work, their study
focused on quantifying changes in net carbon stocks rather than carbon sequestration capacity®. Measuring net
carbon stocks alone can not directly reflect the trend of loss of carbon sequestration capacity caused by changes
in mangrove areas. In contrast, estimating accumulated carbon storage may provide a new and supplementary
perspective on ecosystem health over time and ecological services such as carbon sequestration. This is critical
for informing mangrove conservation strategies at global and regional scales and advancing ecosystem restora-
tion initiatives.

In this study, we pioneered the estimation of global mangrove accumulated carbon storage from 2000 to
2020 at a 1 km resolution. By following the IPCC Carbon Pooling Guidelines?, a spatially explicit dataset was
developed to assess the impact of mangrove extent changes on carbon sequestration capacity. By examining the
spatiotemporal changes in accumulated carbon storage, this work may have essential implications for identifying
vulnerable areas where protection efforts are needed and for assessing the effectiveness of global policy interven-
tions on mangrove restoration.

Methods

o Overall framework. In this study, we used ‘baseline total carbon stock’ to represent the carbon stock in the
baseline year (2000) and used ‘accumulated carbon storage’ to describe the accumulated changes in total
carbon storage from the baseline year to the target year due to biomass increments. Figure 1 shows the overall
framework of calculating the global mangrove accumulated carbon storage from 2000 to 2020. Firstly, the
spatial distribution®, above-ground biomass density?, and soil carbon density data of mangroves in the base
year were utilized to calculate the baseline total carbon stock of global mangroves in 2000 using the IPCC
inventory method?>?. Secondly, the increment of global mangrove biomass from 2000 to 2020 was calculated.
Lastly, the historical accumulated carbon storage of global mangroves for the period 2000-2020 was obtained
based on the baseline total carbon stock and biomass increments?. The data used in this study are presented
in Table 1.

« Baseline total carbon stock and changes in global mangrove area between 2000 and 2020. This study
employs the 2000 mangrove distribution data from the United States Geological Survey (USGS) as the base-
line?*. As clarified by Giri et al.'?, while the classification errors of the USGS dataset have not been explicitly
documented, the use of consistent methodologies and advanced mapping techniques allows the detection
of mangrove patches as small as 0.08 ha, which is especially suitable for estimating mangrove carbon stocks.
Furthermore, the above-ground biomass (AGB) and soil organic carbon (SOC) data used in this study are also
based on the 2000 mangrove distribution data provided by the USGS'®!""®, In addition, the Global Mangrove
Watch (GMW) dataset?’, which provides mangrove distribution data for 1996, 2007-2010, and 2015-2020
with an accuracy of 87.4%, explicitly utilizes the USGS data as a reference for training and validation'®"?. Since
the Global Mangrove Watch (GMW) dataset does not include data for the baseline year 2000'¢, we therefore
used the mangrove distribution data from the USGS for the year 2000 instead to calculate the baseline total
carbon stock?*. These two datasets have the same LUCC definition for mangroves, thus avoiding potential
misalignment of mangrove distribution under different datasets. The global mangrove carbon stock in 2000
as the baseline year was calculated by dividing the mangrove carbon pool into four sub-pools: above-ground
biomass, below-ground biomass, soil carbon, and dead organic matter carbon pools, as presented in Eq. (1):

Carbon stock = A x (AGB; + BGB,; + DEAD, + SOC,) (1)
where Carbon stock represents the global mangrove baseline total carbon stock (Mg); A refers to the mangrove area

(ha); AGB, is the above-ground biomass density (Mg/ha); BGB, is the below-ground biomass density (Mg/ha);
DEAD, is the dead organic matter density (Mg/ha), and SOC, represents the soil carbon density (Mg/ha).
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Data Year Resolution Source

2000, 1996 USGS
M depril g g . 30m, https://databasin.org/datasets/d214245ab4554bclale7e7d9b45b9329/

angrove distribution 2007-2010, 100m GMW

2015-2020 https://zenodo.org/record/6894273# .Y 5mFI1FBxdh
Global ab0V§ -ground 2000 30m https://data.globalforestwatch.org/datasets/gfw::aboveground-live-woody-biomass-density/about
mangrove biomass
((:}alfg)oarllmangrove soil 2000 30m https://dataverse.harvard.edu/dataset.xhtml?persistentld=doi:10.7910/DVN/OCYUIT

S o NOAA GPCC
Annual precipitation 1891-2022 0.25 https://www.psl.noaa.gov/data/gridded/data.gpcc.html
5 NCAS CRU TS

Annual mean temperature | 1901-2020 05 https://catalogue.ceda.ac.uk/uuid/10d3e3640f004c578403419aac167d82/
Dem 2008 1km NOAA GLOBE Topography

https://www.ngdc.noaa.gov/mgg/topo/DATATILES/elev

Koppen climate

classification 1986-2010 10km http://hanschen.org/koppen

Table 1. Data sources and descriptions.

Mangrove distribution maps for other years were obtained from the GMW dataset”. To obtain the land use
change of mangroves from 2000 to 2020, we referred to the study by Harris et al.*® and classified land use change
into four types: (1) Only loss; (2) Only gain; (3) Both gain and loss; (4) No change during 2000-2020. According
to Harris et al.?%, ‘Loss includes all observable disturbances (natural and anthropogenic) in the imagery; ‘Gain’
refers to the transition from non-forest areas to mangrove forests; ‘Both gain and loss’ includes plots where both
gain and loss occur simultaneously due to forest management or other forms of disturbance and regrowth.

Due to the lack of mangrove land use data for 2001-2006 and 2011-2014%, we divided the mangrove land
use change from 2000 to 2020, as shown in Fig. 2, into four phases based on existing data availability: Phase I
(2000-2007), Phase IT (2007-2010), Phase III (2010-2015), and Phase IV (2015-2020).

Phase 1 (2000-2007, 7 years). Due to the lack of mangrove distribution data during 2001-2006, we used
the median year and assumed that ‘Only loss’ and ‘Only gain’ occurred in 2004. According to Alongi et al.?,
mangrove forests exhibit a high carbon accumulation rate during the early growth stage. However, this rate can
be influenced by environmental conditions such as salinity, tides, and sediment supply, as well as anthropogenic
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Fig. 2 Classification of global mangrove carbon accumulation based on land use change from 2000 to 2020. E
represents the change in mangrove spatial distribution between years. For example, ‘E0007 refers to mangrove
distribution data for 2007 minus that for 2000. When overlaying distribution data for two years, three possible
outcomes will emerge: 0g’ (1), oI’ (—1), and nolg’ (0). Specifically, og’ represents areas with mangrove gain
(coded as 1); ol’ indicates areas of only loss (coded as —1); nolg’ indicates areas with no mangrove change
(coded as 0). Besides, when distribution data for consecutive years are overlaid, ‘Ig’ indicates areas with both
gains and losses, with a code range of (—1,0,1).

activities such as logging and pollution*®, which may significantly affect early-stage carbon accumulation.
Therefore, we only calculated the carbon accumulation rate for ‘Only loss’ after its loss, resulting in an accumu-
lation period of 2.5 years for ‘Only loss’ in Phase I. The ‘Both gain and loss” scenario could not be considered in
this phase (Table 2).

Phase I1 (2007-2010, 3 years). Using the mangrove distribution data for this period, we identified the
specific years of ‘Only gain’ and ‘Only loss’ by code and included the ‘Both gain and loss” scenario. In Phase II,
the carbon accumulation year for ‘Only gain’ mangrove is calculated as 2010 minus the year of gain’ (2010 - gain
year), and the carbon accumulation year for ‘Only loss’ is calculated as ‘the year of loss minus 2007 minus 1° (loss
year - 2007 - 1). Details of the ‘Both gain and loss” scenario are provided in Table 3.

Phase I11(2010-2015, 5 years).  Similar to Phase [, due to the lack of mangrove distribution data from 2011
to 2014, we chose the median year and assumed that ‘Only loss’ and ‘Only gain’ occurred in 2013. Therefore, in
Phase III, the carbon accumulation period of the ‘Only gain’ region is 2 years, and that for the ‘Only loss’ region
is 1 year (Table 4).
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Phase I Type Code Growth Period (yr) | Accumulation Period (yr)
nolg 0 7 7

2000-2007 og 1 3.5 35
ol -1 35 2.5

Table 2. 2000-2007: The growth period of mangroves. Note: nolg’=No change, 0g’ = Only gain, o’=Only loss.

Phase IT Type Code Growth Period (yr) | Accumulation Period (yr)
nolg 0 3 3
og 1 1,2 1,2
2007-2010 [ o 21 1.2 1
1 Gains and losses may occur in any of these years and in any order. However, if the year
& of loss follows a year with no change, it is not included in the growth period.

Table 3. 2007-2010: The growth period of mangroves. Note: nolg’=No change, 0g’= Only gain, 0/’=Only

loss, ‘Ig’=Both gain and loss.

Phase I11 Type Code Growth Period (yr) | Accumulation Period (yr)
nolg 0 5 5

2010-2015 og 1 2 2
ol -1 2 1

Table 4. 2010-2015: The growth period of mangroves. Note: nolg’=No change, 0g’= Only gain, 0’=Only loss.

Phase IV Type Code Growth Period (yr) | Accumulation Period (yr)
nolg 0 5 5
og 1 1,2,3,4 1,2,3,4
2015-2020 | o] -1 1,2,3,4 1,2,3
Ig Gains and losses may occur in any of these‘ years ar‘1d in any _order. However, if the
year of loss follows a year with no change, it is not included in the growth period.

Table 5. 2015-2020: The growth period of mangroves. Note: nolg’=No change, 0og’= Only gain, o’=Only
loss, ‘Ig’=Both gain and loss.

Phase IV (2015-2020, 5 years).

Details of the ‘Both gain and loss’ scenario (Table 5).

Similar to Phase II, we identified specific years for ‘Only gain’ and ‘Only
loss’ from successive mangrove distribution data and included the ‘Both gain and loss’ scenario. In Phase IV, the
carbon accumulation year for mangroves classified as ‘Only gain’ is 2020 minus the year of gain’ (2020 - gain year),
while the carbon accumulation year for ‘Only loss’ is ‘the year of loss minus 2015 minus 1’ (loss year - 2015 - 1).

Below-ground biomass and dead organic matter carbon density in mangroves. In this study, regarding
the carbon density of below-ground biomass in the baseline period, it was generated by using the ratio of
below-ground to above-ground biomass in the IPCC report and by overlaying above-ground biomass den-
sity data on the Kdppen climate zone data'®?>%. Since most mangroves were distributed along the coastline,
the original Koppen climate data could not fully cover the distribution range of mangroves. Therefore, we
interpolated the original Képpen climate data to make it fit with the mangrove range®. Then, the obtained
data were clipped, masked and extracted to generate the climate data that are consistent with the distribution
range of mangroves in 2000%*. Subsequently, the data of below-ground biomass density in 2000 were obtained
through geospatial overlay analysis (Table 6)?2. The annual mangrove distribution data classified by climate
zone and above-ground biomass increment data were overlaid on the baseline carbon density data, and the
accumulated below-ground biomass of mangroves was afterwards calculated. Additionally, this approach was
also used for the base period and accumulated carbon density of dead organic matter. We adopted the ratio
of dead organic matter to above-ground biomass, as outlined in Table 7 from the United Nations Framework
Convention on Climate Change (UNFCCC)?!, and combined global elevation, rainfall, and temperature zone
data to obtain the dead organic matter data®->*.

Loss and gain of carbon storage in mangroves. In the mangrove ecosystem, soil carbon accounts for the
majority of the total carbon stock. However, soil carbon is relatively stable and does not undergo signifi-
cant changes over short periods’. As stated in the Tier 1 method of the IPCC guidelines?, forest soil carbon
stocks are assumed to remain unchanged with management. Moreover, as proposed in the IPCC guidelines®,
when Tier 2 or 3 activity data are used, it is unnecessary to take into account carbon stock changes for mineral
soils (i.e., the change in soil organic carbon stocks is assumed to be zero). Therefore, this study utilizes the
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Domain Region R, (Mg/ha) | 95% CI Range n
Tropical wet 0.49 0.47,0.51 | 0.04-1.1 18
Tropical
Tropical dry | 0.29 0.28,0.30 | 0.09-0.79 |9
Subtropical | All 0.96 091, 1.0 0.22-0.27 |18

Table 6. The ratio of below-ground biomass to above-ground biomass in mangroves?. Note: This table is
adapted from ‘Chapter 4, Volume 4 of the 2013 IPCC guidelines for national greenhouse gas inventories:

Wetlands.
Domain Elevation (m) | Precipitation (mm/yr) R, (Mg/ha)
Tropical <2000 <1000 0.06
Tropical <2000 1000-1600 0.02
Tropical <2000 >1600 0.07
Tropical >2000 All 0.08
Others All All 0.12

Table 7. The ratio of dead organic matter to above-ground biomass in mangroves®!. Note: This table is adapted
from ‘Tables 6, 7 of Chapter 8 of Estimation of carbon stocks and changes in carbon stocks in dead wood and
litter for A/R CDM project activities” as presented in the UNFCCC.

Domain Region Above-ground biomass (Mg/ha/yr) | 95% CI Range |n
Tropical wet | 9.9 9.4,10.4 0.1-27.4 | 23
Tropical
Tropical dry | 3.3 3.1,35 0.1-75 |6
Subtropical | All 18.1 17.1,19.1 |5.3-29.1 |4

Table 8. The average annual increment of above-ground biomass in mangroves®>. Note: This table is adapted
from ‘Chapter 4, Volume 4 of the 2013 IPCC guidelines for national greenhouse gas invent inventories:
Wetlands.

2000 soil carbon data provided by Sanderman et al.!! as the baseline and does not calculate changes in soil
carbon values. Instead, we focused on spatial pattern changes resulting from variations in mangrove extent.
Consequently, this study will concentrate on the changes in carbon storage resulting from variations in bio-
mass (above-ground biomass, below-ground biomass, and dead organic matter). Based on the mangrove
land use changes, we obtained the duration of mangrove carbon accumulation in each historical patch and
calculated the corresponding mangrove accumulated carbon storage. Meanwhile, the IPCC report provides
data on the average annual increment in above-ground biomass of mangroves (Table 8)?2. Following Eq. 2, the
total growth of global mangrove biomass during 2000-2020 can be obtained as:

Gtotal(i) = Z[Gw X (1 + R1 + Rz)] (2)

where G,y represents the total growth of above-ground biomass, below-ground biomass (Mg), and dead
organic matter (Mg/ha); i represent the specific year of mangrove biomass accumulation (yr); G,, is the aver-
age annual increment of above-ground biomass (Mg/ha/yr); R, is the ratio of below-ground to above-ground
biomass; and R, is the ratio of dead organic matter to above-ground biomass.

« Global distribution of mangrove accumulated carbon storage from 2000 to 2020. By combining the global
mangrove baseline total carbon stock with the mangrove biomass increment within the period, the accumu-
lated carbon storage from 2000 to 2020 can be calculated following Eq. 3. To obtain accurate geospatial data of
accumulated carbon storage for specific years, we used the mangrove distribution data of the corresponding
years to mask and crop the calculated accumulated carbon storage?’.

Carbon stoage = Carbon stockyygy + |> (A X Gy X CF)
i

(2000+4) 3)
where Carbon storage ;) represents the global accumulated carbon storage of mangroves for the year 2000+i
(Mg); i represents the time period of mangrove biomass accumulation (yr); Carbon stock,y, is the global man-
grove baseline total carbon stock (Mg); A denotes the mangrove area (ha); G,,,;) indicates the total growth of
above-ground biomass, below-ground biomass, and dead organic matter during the time period (Mg/ha); CF is
the carbon fraction of dry matter (tonne of carbon/tonne of dry matter) (CF refers to the value for mangroves in
the IPCC report®?, CF=0.45).

The accumulated global mangrove carbon storage dynamics and contributions of different countries during
2000-2020 are shown in Fig. 3. The global total mangrove carbon stock in 2000 was approximately 8051 Mt,
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with the top 11 countries accounting for 68.7% of this gross carbon stock. Of these countries, Indonesia occu-
pied a quarter of the total, while Australia and Brazil ranked second and third, with a share of 6.48% and 6.47%,
respectively. From 2000 to 2020, the global accumulated mangrove carbon storage showed an increasing trend,
reaching an amount of 9330 - 10766 Mt. In particular, the accumulated carbon storage of India’s mangroves has
increased nearly four times since 2000 and surpassed Venezuela in the amount. Meanwhile, Mexico’s mangrove
carbon stock in 2000 accounted for about 3.9% of the global total, while by 2020 this share had nearly doubled
to 7%. Similar to Mexico, countries such as Nigeria and Bangladesh have witnessed an increase in their contri-
bution to accumulated carbon storage, with Nigeria’s contribution rising from 5.9% to 7.5% and Bangladesh’s
contribution from 2.3% to 4%. In addition, some countries with comparatively fewer mangrove resources, such
as China and Colombia, have also demonstrated a gradual increase in their contributions to the global total. As
shown in Fig. 3(b,d), the percentage of all these countries altogether (classified as ‘Others’) has increased from
31.3% to 31.9%. This indicates that mangrove ecosystems worldwide have been given varying degrees of atten-
tion. Countries with substantial carbon stocks (e.g., Myanmar, Bangladesh), as well as those that have smaller
mangrove extents (e.g., Colombia and Mozambique) have increasingly prioritized the conservation and restora-
tion of mangrove ecosystems*>*. Overall, during the period 2000-2020, the contribution of mangrove carbon
stocks to the global total generally increased for most countries, while the global mangrove accumulated carbon
storage also showed significant spatial heterogeneity.

In terms of climate zones, tropical mangroves dominated the global accumulated carbon storage, account-
ing for 85% of the total (Table 9). Mangroves in the tropical wet climate zone exhibited relatively stable carbon
density values, ranging from 679 Mg/ha to 706 Mg/ha, while those in the tropical dry climate zone had lower
carbon density. In contrast, mangroves in the subtropical climate zone experienced a substantial increase in
carbon density, reaching 960 Mg/ha by 2020, demonstrating a significant enhancement in carbon accumulation
capacity, which is consistent with earlier studies®*”. As shown in Fig. 3(e), the composition of mangrove carbon
pools across countries indicates that Indonesia, located in the tropical zone, shows an absolute advantage in both
above-ground and below-ground biomass, with above-ground biomass being the most abundant. Soil carbon
typically serves as the biggest contributor; however, it is not the only determinant of the total carbon stock. For
example, although Cuba in the subtropical zone has higher soil carbon content than Papua New Guinea in the
tropical zone, its above-ground and below-ground biomass is comparatively lower, resulting in a less prominent
total carbon stock. The amount of soil carbon in mangroves remains much more stable than their biomass,
which is attributed to the distinctive ecological conditions!*. Overall, different carbon accumulation rates across
climate zones and the relative contributions of each component within the mangrove carbon pool are both cru-
cial factors influencing carbon storage capacity and baseline total carbon stock.

Data Records

This dataset captures global mangrove accumulated carbon storage at a 1 km resolution from 2000 to 2020 and
is publicly available in single-band GeoTIFF format with World Mercator projection (https://doi.org/10.6084/
m9.figshare.27759558)%. In this study, the data follow standardized naming convention: ‘input_name_yr.tif’,
‘process_name_yr.tif, and ‘out-put_name_yr.tif. Regarding these file names, ‘input’ refers to the prepared input
data; ‘process’ represents intermediary data generated during calculations; ‘output’ means the results of this
study; ‘Name’ indicates the data type, and ‘yr’ specifies the year of the data. For instance, ‘input_agb_2000.tif’
corresponds to the 1 km resolution global above-ground biomass data for mangroves in the year 2000 from
Simard et al.'% ‘process_G_0007.tif” represents the total cumulative biomass of global mangroves from 2000 to
2007 at a 1km resolution; ‘output_carbon_0020.tif” represents the output of this study in terms of the 2000-2020
global mangrove accumulated carbon storage at a 1 km resolution.

Technical Validation

« A quantitative comparison of mangrove carbon storage at the global scale. Since this study mainly relied
on geospatial overlay analysis, we initially validated our results by comparing the results with those of Donato
et al.?, which evaluated mangrove carbon storage in tropical regions using field measurements. Their study
found that mangroves in the tropics were among the most carbon-intensive forest types, with an average
carbon storage of approximately 1023 Mg/ha. In comparison, our study indicated that the global average
carbon stock in mangroves was 1297 Mg/ha, which is of an approximate magnitude. This has demonstrated
the robustness of the results obtained in this work. Meanwhile, it is worth noting that the average mangrove
carbon storage in the year 2000 in our work is higher than that reported by Donato et al.%. This could be attrib-
uted to that their study only considered mangrove carbon storage in tropical regions like India and the Pacific,
without accounting for those in other areas and thus underestimating the global total. To further validate our
results, we compared them with those reported by Richards et al.?, which utilized biomass data from Simard
et al.'’ and soil carbon data from Sanderman et al.''. In the study by Richards et al.?%, the net change in global
mangrove carbon storage during 1996-2016 was calculated using 1996 as the baseline year, which showed
that the global mangrove carbon stock in 1996 was 8,627 Mt. Our study showed that the global mangrove
carbon stock was 8,768 Mt (range: 8,050-9,486 Mt) in 2000, which aligns closely with the results obtained in
Richards et al’s study?. Overall, these quantitative comparisons of global total or average mangrove carbon
stock can validate the accuracy and robustness of our study’s results.

Meanwhile, apart from the validation in terms of global total and average values, we further assessed the
accuracy of national contributions to global mangrove carbon storage as compared to existing studies.
Since this study adopted Harris et al’s definition® of forest carbon accumulation and aligned with their
spatial-temporal scales, we conducted a comparative analysis of the results obtained in these two studies. By
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Fig. 3 Distribution maps of total mangrove accumulated carbon storage from 2000 to 2020. (a) Distribution of
mangrove baseline carbon storage in 2000, with countries colored by climatic zones. (b) The global proportion
of mangrove carbon stock in each country in 2000. (¢) Distribution of mangrove accumulated carbon

storage from 2000 to 2020, with countries colored by climatic zones. (d) The global proportion of mangrove
accumulated carbon storage in each country between 2000 and 2020. (e) Proportion of mangrove baseline
carbon storage in each sub-pool in 2000, including above-ground biomass, below-ground biomass, dead
organic matter, and soil carbon.

2000 2020
Climate zone Area (ha) Mean (Mg/ha) | Sum (Mt) | Area (ha) Mean (Mg/ha) | Sum (Mt)
Tropical wet 1.0 x 10° 679 6791 9.9 x 107 706 6989
Tropical dry 1.7 x 107 365 626 1.5 x 107 467 700
Subtropical 2.0 x 107 318 634 1.7 x 107 960 1641

Table 9. Mangrove extent, average carbon stock per hectare, and accumulated carbon storage across different
climatic zones.

further processing the results by Harris et al.?8, we estimated the proportion of carbon removal by man-
groves in each country relative to global carbon removals and compared it with our results on the global
proportion of mangrove accumulated carbon storage by country. As illustrated in Table 10, countries with
wide mangrove extents exhibit a similar proportion in both carbon storage and carbon removal. However,
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Country Nancy et al. (2020) (%) | This study (%)
Indonesia 19.7 20.8
Nigeria 9.8 7.5
Mexico 6.1 7.0
Brazil 7.5 6.8
Australia 2.8 5.7
Malaysia 2.9 4.2
Bangladesh 6.8 4.0
Myanmar 2.3 3.9
Papua New Guinea 35 3.4
India 32 2.8
Cuba 2.6 2.2
Total 67.2 68.3

Table 10. Comparative analysis of global proportional contributions by country.

there is a relatively notable difference in the proportions among the following four countries, namely Aus-
tralia, Malaysia, Bangladesh, and Myanmar. This difference can be attributed to the fact that our study did
not distinguish forest age in the process of calculating biomass increment. Instead, we used the average an-
nual biomass increment data provided by the IPCC*. Specifically, Tier 1 of the IPCC calculation guidelines
does not consider the effect of forest age on biomass increment, whereas Tier 2 and Tier 3 take forest age
into account but only categorize tree age based on a 20-year baseline: 20 years or less, 21-40 years, 41-100
years, 100-200 years, and greater than 200 years. Since the specific age of mangrove forests was not consid-
ered in our calculations, the same biomass increment data was used for all carbon-accumulating mangroves,
regardless of whether they were young or mature forests. Therefore, our study may have overestimated

the carbon sequestration capacity of early successional mangroves to a certain extent, leading to higher
estimates of carbon storage in some regions. This explains the differences between our results and those of
Harris et al.?8, particularly in the abovementioned four countries that experienced significant changes in
mangrove extent between 2000 and 2020, such as Australia.

« Spatial heterogeneity of mangrove accumulated carbon storage hotspots from 2000 to 2020 at urban
scale. We conducted a hotspot analysis to reveal the spatial change patterns of global mangrove accumulated
carbon storage from 2000 to 2020 at the urban scale. In this context, the hotspot is defined as an area where
the carbon density of the region and its surrounding neighbourhood is significantly enhanced, meaning that
the mangrove accumulated carbon storage in these areas is significantly higher than the global average of
the same year. Conversely, areas exhibiting low carbon density are identified as coldspots, indicating much
smaller accumulated carbon storage in those regions. As shown in Fig. 4, “99%’ hotspot and ‘99%’ coldspot
in the legends indicate the confidence level of statistical significance. Specifically, ‘99%’ hotspots represent
areas where relatively high carbon storage values are significantly clustered, highlighting regions with notable
carbon sequestration potential. Conversely, ‘99%’ coldspots represent areas where relatively low carbon stor-
age values are spatially aggregated®. The 2000 global mangrove carbon stock revealed a polarization trend
between coldspots and hotspots. Most cities in Indonesia and Nigeria and a few cities in Brazil were identified
as ‘99%’ hotspots, while carbon stock in the remaining cities exhibited coldspot characteristics. In general,
regions identified as coldspots at the urban scale also appear as coldspots at the raster scale. However, Aus-
tralia presented a distinct pattern. At the regional scale, all areas of Australia were coldspots, indicating that
their carbon density was significantly lower than the global average. In contrast, at the raster scale, the north-
ern region of Australia emerged as a hotspot, with carbon density significantly higher than the global average.
This phenomenon highlights the pronounced spatial heterogeneity of mangrove carbon stock in Australia. In
the northern regions, such as Queensland and the Northern Territory, mangroves are relatively concentrated
and benefit from favourable ecological conditions, resulting in higher carbon density. In contrast, mangroves
in other areas are more sparsely distributed, leading to lower carbon stocks.

While carbon storage accumulated until 2010, most cities that were previously hotspots still maintained
their hotspot status, particularly in India and Nigeria. Some cities that were initially identified as coldspots,
such as those in Mexico, transitioned to hotspots. Besides, certain cities in Brazil and northern Australia
also transitioned to hotspot regions. At the raster scale, the Republic of the Congo, the Democratic Republic
of the Congo, and the Republic of Angola remained hotspots, even with a significant reduction in hotspot
ranges. This indicates that while the reduction in mangrove extent has an impact on carbon storage, carbon
density is also a critical driver of accumulated carbon storage. By 2015, hotspots expanded further while
coldspots gradually decreased globally. However, contrary to the global trend, hotspots in the Republic of
the Congo, the Democratic Republic of the Congo, and the Republic of Angola continued to shrink, with
some areas transitioning from hotspots in 2010 to coldspots in 2015 (Fig. 4). This phenomenon is closely
linked to the reduction in hotspot ranges observed at the raster scale in 2010, which reflects the time lag
between changes in mangrove extent and their impact on accumulated carbon storage. In other words,
when the extent of mangroves decreases, the accumulated carbon storage will not decline immediately but
gradually show a downward trend over time. By 2020, the global hotspots of accumulated carbon storage
have further expanded, particularly in some regions of Asia and South Africa. The intensity of hotspots has
gradually increased in some cities that were previously hotspots, including the northern region of Australia
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Fig. 4 Spatial distribution of mangrove accumulated carbon storage from 2000 to 2020. The figure shows the
distribution of hotspots of accumulated carbon storage per hectare of mangrove forests averaged at the district
level, while the inset shows the distribution of hotspots at the raster level. Note: The adoption of the ‘Fixed
Distance Band’ spatial relationship model ensured that the analysis is focused exclusively on coastal regions
where mangroves exist.

and Brazil and some cities in Mozambique. Compared to the significant polarization of hotspots and
coldspots in 2000, the expansion of hotspot ranges and the enhancement of hotspot levels reflect an overall
rising trend of global accumulated carbon storage and the improvement in carbon

sequestration capacity.

« Spatial distributions of annual carbon increment and local mangrove accumulated carbon storage from
2000 to 2020. As mentioned above, global mangrove accumulated carbon storage has increased overall dur-
ing the past 20 years, with the mean annual carbon accumulation being particularly prominent in Mexico,
Brazil, Nigeria, and Indonesia (as shown in Fig. 5). However, in some countries, accumulated carbon storage
has declined, with annual carbon increments turning negative. Indonesia, which holds the largest mangrove
carbon stock and accounts for approximately a quarter of the global total**#!, ranks third in mean annual car-
bon increment. It is worth noting that Indonesia has implemented a number of mangrove restoration projects
since 2007 to rehabilitate mangroves degraded by aquaculture and illegal deforestation*>*. Despite these
efforts, the extent of Indonesia’s mangroves continued to decline. Calculating the carbon stock for a single
year can not directly reflect the loss of carbon stock caused by the decrease in mangrove extent. By estimating
the mangrove accumulated carbon storage, we can directly observe that the anticipated effect of Indonesia’s
measures for mangrove protection and restoration has not been well achieved.

As for Brazil, which took a leading role in terms of average annual carbon increment, it held 6.5% of the
global baseline mangrove total carbon stock and ranked in the third place. By 2020, this share increased
slightly to 6.8% (Fig. 3). Since 2010, Brazil has promoted a series of conservation programs such as the
Brazilian Blue Initiative, aiming to facilitate the preservation of coastal ecosystems such as mangroves in

SCIENTIFIC DATA | (2025) 12:552 | https://doi.org/10.1038/s41597-025-04881-5 10


https://doi.org/10.1038/s41597-025-04881-5

www.nature.com/scientificdata/

North America

Legend
Annual carbon increment
Mt/yr

[ na

[ ]11--03
[ ]-03-01
i 0.1-03
B 03-09
I 0o-25

North America ¢ ), o
' 2000—2010

‘North’America ; 0 po

North America

NiGERIA

2010—2015
LI, S 2015—2020
0 6,000 12,000 Km 0 280 560
I — | —
Antarctica Antarctica Antarctica
Legend
Mg/ha
B 065240 sa1-780 [N 1121 - 1420
[ J2a-380 [ 781900 [ 1421 - 1820 0 2 180 Km
1

[ Jast-se0 [ oar-1120 [ 1821 - 2000

Fig.5 (a) Average annual carbon increment in mangrove forests from 2000 to 2020; (b) Local map of countries
with abundant mangrove accumulated carbon storage: cases of Mexico, Brazil, Nigeria, and Indonesia.

the context of global climate change*. Correspondingly, Brazil's accumulated carbon storage also showed

a significant growth trend, indicating that community-level initiatives in Brazil to protect and restore
mangrove ecosystems have been highly effective. In Nigeria, the annual carbon increment in mangroves
ranked second only to that in Brazil, with a notable increasing trend in accumulated carbon storage. Nigeria
was one of the few countries where the area of mangroves increased rather than decreased between 2000
and 2010'°. This can be attributed to the fact that Nigeria has been implementing mangrove restoration
projects and community management strategies since 1999, prioritizing the establishment of conservation
zones™®. Similarly, Mexico also demonstrated notable progress in mangrove conservation and restoration®.
Mexico ranked second only to Indonesia in terms of average annual carbon increment, and its accumulated
carbon storage exhibited the most prominent growth trend. This is mainly because the extent of Mexico’s
mangroves increased considerably between 2000 and 2020, attributed to the series of policy measures
implemented by Mexico towards mangrove protection and restoration*. By revealing the trend of changes
in accumulated carbon storage, this dataset helps us better capture the effectiveness of various conservation
measures in restoring mangrove ecosystems and provides a theoretical basis for the formulation of relevant
policies in the future.

Spatially explicit comparison of mangrove carbon storage at the gridded level. We further compared the
results with previous studies at a global gridded level to enhance the reliability of our findings on the spa-
tial-temporal evolution in mangrove carbon storage. At the global level, our results were compared with those
of Spawn et al.*’, which examined the global above-ground and below-ground biomass carbon density in
2010. To ensure the consistency of the carbon pools being compared, we overlaid the global mangrove soil
carbon data provided by Sanderman et al.'! onto the 2010 global above-ground and below-ground biomass
carbon density data from Spawn et al.*’, and then compared the obtained values with the accumulated carbon
storage from our study for the period 2000-2010. Four regions with relatively rich mangrove resources were
selected for comparison: Papua New Guinea, Indonesia, the coastal area between India and Bangladesh, and
Guinea-Bissau. Figure 6 illustrates that the results by Spawn et al.*” and those of our study show similar spatial
distribution patterns across these areas. In the case of Indonesia, our study showed a more concentrated dis-
tribution of mangrove carbon storage, particularly in the western coastal areas of Sumatra and Kalimantan, as
indicated in darker colors. This indicated that the mangroves in these areas had a high carbon sequestration
capacity. Although these two studies demonstrated similar spatial distribution characteristics, areas with high
carbon density were less apparent in Spawn et al’s study®’. This was because our study focused on the global
mangrove accumulated carbon storage from 2000 to 2010, whereas Spawn ef al.” examined the carbon stock
only for the year 2010.

Furthermore, the accumulated carbon storage from 2000 to 2016 in our study was compared with the global
carbon stock data released by Walker et al.*8. The regions selected for this comparison are the same as those
adopted in the comparison with the study by Spawn et al.*”. As shown in Fig. 7, the datasets released by
Walker et al.*® and our study have a high degree of similarity in spatial distribution. Specifically, mangrove
carbon storage in Indonesia was primarily concentrated in western Sumatra and Kalimantan, with signif-
icant storage also observed in parts of Papua New Guinea’s mangrove regions. However, in the analysis by
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Fig. 6 Spatial distribution of mangrove carbon storage from our study and that of Spawn et al. (2020) in
selected regions in 2010.

Walker et al.*8, these regions appeared in lighter shades, indicating a lower carbon density compared with
our calculated values. Furthermore, the spatial patterns of the two studies in the coastal areas between India
and Bangladesh exhibited bigger differences. This is because their study focused on global land carbon stor-
age, emphasizing inland regions rather than coastal areas where mangroves are predominantly distributed.
As a result, the carbon density patterns in coastal regions, such as the western coastal areas of India and the
coastal areas of Bangladesh, were less pronounced in their analysis*. In our study, the darker colors in the
western coastal areas of India and the coastal areas of Bangladesh indicated higher carbon densities, particu-
larly in southern Bangladesh. In contrast, the study by Walker et al.*® showed lighter colors in the eastern
coastal areas of India and Bangladesh, suggesting a more homogeneous distribution pattern and relatively
lower carbon density. This comparison shows that both accumulated carbon storage and single-year carbon
stock share similar spatial distribution patterns. However, compared to single-year carbon stock, accumulat-
ed carbon storage is more strongly affected by temporal changes. Therefore, this highlights the importance
of calculating accumulated carbon storage, which could provide a more comprehensive view of the dynamic
evolution of mangroves carbon sequestration capacity.

To further validate the results of our study in spatially explicit distribution for specific regions, we fur-

ther compared Mexico's mangrove accumulated carbon storage from 2000 to 2007 in our study with the
results from Vézquez-Lule ef al.**. Due to Mexico’s long and narrow coastline, the mangrove distribution is
relatively scattered. Therefore, we selected four areas with the highest density of mangroves in Mexico for
comparison. Figure 8 shows that while both studies revealed similar spatial distribution patterns, this study
demonstrated a more concentrated distribution of mangrove carbon storage, with higher carbon density
along the eastern coast of Mexico but lower density and more dispersed mangroves in the northern and
western regions. Vazquez-Lule et al’s study* also exhibited a similar pattern, with higher carbon density
concentrated in the eastern coastal zone and lower density with more dispersed mangroves in the southern
coastal zone of Mexico. Furthermore, carbon stocks reported in Vézquez-Lule ef al’s study*’ were more uni-
formly distributed across the regions, which is due to that their study focused solely on the carbon stock of
persistent mangrove forests in Mexico’s coastal zones. Their mangrove distribution data were obtained from
the monthly average Normalized Difference Vegetation Index (NDVI) from MOD13A3*, which differs
from the mangrove distribution data used in our study. These differences may have caused variations in the
spatial distribution of mangrove carbon density. Overall, the strong consistency in spatial patterns between
the studies confirms the robustness of the results for specific regions to a great extent.

Uncertainty and sensitivity analysis. An uncertainty analysis in this study is conducted to evaluate the poten-
tial errors and their impact on the estimated results of global mangrove accumulated carbon storage from
2000 to 2020. The USGS dataset, which was developed using advanced digital image classification techniques
and validated with ground-based observation data as well as existing GIS datasets, serves as the reference
dataset for analyzing the uncertainty of the results®*. The uncertainties in our dataset primarily stem from the
quality of input data and the calculating process of the results. The main sources of input data uncertainties
are described below. Although the Global Mangrove Watch (GMW) dataset serves as an essential resource for
tracking mangrove distribution changes from 2000 to 20207, it is prone to overestimation or underestimation
of mangrove extents at national to local scales, as highlighted by Bunting et al.'®. Similarly, the soil organic
carbon (SOC) data are affected by inconsistencies in measurement methods, errors in bulk density estimation,
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Fig. 7 Spatial distribution of mangrove carbon storage from our study and that of Walker et al. (2022) in
selected regions in 2016.
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Fig. 8 Spatial distribution of mangrove carbon storage from our study and that of Vazquez-Lule et al. (2021) in
selected regions in 2007.

and spatial misplacement of plot locations!!. Additionally, the above-ground biomass (AGB) data are subject
to uncertainties due to reliance on site-specific allometric models, potential biases in SRTM-based height
estimation, and the exclusion of scrub forests in biomass calculations, as noted by Simard et al.!°.

To suitably evaluate these uncertainties, we adopted an uncertainty analysis framework proposed by the
IPCC’s Uncertainty of Annual Estimate®. The IPCC guidelines provide a framework for evaluating the uncer-
tainties associated with various factors or parameters, which allows us to quantify their potential influence on
our estimates and enhance the robustness of the analysis®. For datasets derived through additive and multi-
plicative processes, the error propagation equation allows for the calculation of total uncertainty by combining

uncorrelated uncertainties of factors or parameters.
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Input data Uncertainty Intermediate data | Uncertainty Outputdata | Uncertainty
Extent (GMW) 0.138 E0007 0.138 Carbon2000 0.2168

AGB 0.120 E0710 0.069 Carbon2007 0.2045

SOC 0.404 E1015 0.098 Carbon2010 0.1993

R, 0.043 E1520 0.056 Carbon2015 0.1911

G, 0.054 BGB 0.127 Carbon2020 0.1835

CF 0.047

Table 11. Uncertainty of each factor. Notes: R;: the ratio of below-ground to above-ground biomass; G,,:
average annual increment of above-ground biomass; CF: carbon fraction of dry matter; E represents the
mangrove distribution data of the subsequent year minus that of the previous year.
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Fig. 9 Uncertainty of mangrove accumulated carbon storage. The shaded area represents the 95% confidence
interval.

The total uncertainty can be determined using Eq. (4) when uncertain factors or parameters are combined
through multiplication:

Upi = JUE + U2 + ... + U2 @)

where U, (%) represents the total uncertainty of global mangrove accumulated carbon storage, which is based
upon the 95% confidence interval; U, (%) represents the uncertainty of the factor or parameter n.

When uncertain factors or parameters are combined through addition or subtraction, the total uncertainty
can be calculated using Eq. (5):

WU % 22 + (U, % ) + oo + (U, % x,)°
ey + x; + -0 4 X 5

Utoml =

where x,, represents the factor or parameter n.

These results provide quantitative estimates of the uncertainty and confirm the robustness of the study’s find-
ings. As shown in Table 11, soil carbon density (SOC) is the largest source of uncertainty, with an uncertainty
value of 0.404. In contrast, the ratio of below-ground to above-ground biomass (R;) and the carbon fraction of
dry matter (CF) exhibit lower uncertainties, which are respectively 0.043 and 0.047. Regarding the output data,
we presented the confidence intervals for the accumulated carbon storage (Mg/ha) of global mangroves from
2000 to 2020 (Fig. 9).

We also conducted a sensitivity analysis to evaluate the impact of key factors, including above-ground bio-
mass (AGB), below-ground biomass (BGB), dead organic matter (DEAD), and soil organic carbon (SOC), on
the baseline total carbon stock and accumulated carbon storage of global mangroves. The Sobol sensitivity indi-
ces were employed to quantify the direct and total contributions of these factors to the output variance, which
could provide insights into their roles and interactions within the model®"*2. As shown in Fig. 10, AGB emerges
as the most influential factor for both baseline and accumulated carbon storage. BGB and DEAD exhibit nearly
identical levels of influence, which is due to that both BGB and DEAD are calculated based on AGB. SOC also
exhibits a significant influence, while its impact on the accumulated carbon storage is slightly reduced compared
to the impact on the baseline carbon storage. This is attributed to our focus on carbon accumulation, which is
primarily driven by biomass increments. Overall, the high total-order indices indicate that the influence of all
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Fig. 10 (a) Sensitivity index of BCs (baseline total carbon stock). (b) 95% confidence intervals of BCs.
(c) Sensitivity index of ACs (accumulated carbon storage). (d) 95% confidence intervals of ACs.

factors plays a crucial role in driving the variance of mangrove carbon storage, which underlines the importance
of accounting for all key factors in carbon storage assessments.

In the future, we aim to further reduce the uncertainty and improve the accuracy of mangrove carbon stor-
age estimates. Our focus will be on gaining a deeper understanding and quantifying the interactions between
above-ground biomass and soil organic carbon, as addressing these interactions is essential for refining the
model and enhancing the reliability of global mangrove carbon storage estimates. Furthermore, to account
for the non-linear interaction among influencing factors, advanced processing methods such as Graph Neural
Networks (GNN) and Convolutional Neural Networks (CNN) could be applied to improve the accuracy of
mangrove carbon storage distribution mapping while reducing computational errors.

Usage Notes

This study developed a 1 km resolution dataset on a global scale that visually captures dynamic changes in man-
grove accumulated carbon storage from 2000 to 2020 and thoroughly analyzed its spatiotemporal heterogeneity.
Unlike carbon stock for a specific year, accumulated carbon storage measures the capability for continuous car-
bon sequestration in mangroves, which can well reflect the changes in mangroves’ carbon sequestration capacity
over time. This dataset provides spatially explicit scientific evidence for formulating mangrove protection and
restoration strategies, optimizing reserve layouts, and implementing restoration projects. The high-resolution
datasets and maps developed in this study also enable the systematic evaluation of conservation efforts and
support the identification of vulnerable areas, thereby promoting sustainable management and conservation of
mangrove ecosystems worldwide.

The comparative analyses conducted in this study have demonstrated the accuracy and robustness of
the results. However, there are several limitations that should be noted. First, the lack of data on the aver-
age annual carbon increment of mangroves by age may lead to an overestimation of carbon storage in cer-
tain regions. Second, some mangroves are distributed in marine areas due to their unique habitat conditions,
which may not be fully covered by standard global boundary maps. Third, data processing methods, such as
the nearest-neighbor approach for zoning statistics, may exclude some intersecting patches along bounda-
ries. To address this, a 15 km buffering zone was applied to extend the global boundary to help ensure a more
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comprehensive coverage. While this approach is suitable for calculating global accumulated carbon storage,
it might introduce slight variations in country-level results. Future studies should take these limitations into
account when utilizing the datasets developed in our work.

Code availability
To ensure full reproducibility and transparency of our research, we provided all the scripts used in our analysis.
Codes used for this study are publicly available on: https://doi.org/10.6084/m9.figshare.27759558.
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