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ABSTRACT
Mangrove forests mainly grow in tropical and subtropical regions, including

Southeast Asia, coastal Africa, Latin America, and parts of Australia, which
provide critical ecosystem services, including coastal protection from storms,
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shoreline stabilization, and carbon sequestration. This study determined the
locations of mangrove cover, then estimated the biomass and carbon stocks of
mangrove forests in Nghe An by integrating multi-source satellite imageries and
field measurements. Sentinel-2A and PlanetScope multispectral images were
used in combination with field inventory to characterize mangrove structures
and their extent. The findings revealed that the total of AGB and BGB of
mangrove forest was estimated at 109,824 tons and 31,849 tons, while the total
of AGC and BGC of mangrove forests was calculated at 51,617 tons and 14,967
tons in 2025 by Sentinel-2, respectively. The total of ACS across the surveyed
area sums up to 51,998 tons in 2025. The study highlights the need for nature-
based solutions to mitigate climate change, including Carbon Payment for
Forest Environmental Services (C-PFES), Reducing Emissions from Deforestation
and Forest Degradation (REDD+). Besides fighting back climate changes, these
approaches can also create financial incentives for local stakeholders to
maintain and restore mangrove forests. Furthermore, it is essential to
strengthen existing policies as well as revise policy frameworks that recognize
the ecological and economic values of mangrove in Nghe An province.

TOM TAT

Rirng ngdp mdn phén b6 chu yéu & cdc ving nhiét ddi va cdn nhiét ddi, bao
gdm Dbéng Nam A, ven bién Chéu Phi, My Latinh va mét sé viing cua Uc, chiing
cung cép cdc djch vu hé sinh thdi quan trong, bao gébm bdo vé bd bién khdi
bdo, én dinh bo bién va hdp thu carbon. Nghién cttu nay dugc thuc hién dé
xdc dinh phén bé rirng ngdp mdn, sau dé wdc tinh sinh khéi va triv lwong
carbon cua rirng ngdp mdn tai tinh Nghé An bdng cdch tich hop dnh vé tinh
da ngudn va sé liéu do dac thue dia. Anh da phé Sentinel-2A va PlanetScope
duwoc st dung két hop vdi di¥ liéu thuc dia d€ mé ta cdu tric rivng ngép mdn
va pham vi phén b6 cla chung. Két qué cho thdy téng gid tri AGB va BGB cua
rirng ngép mdn wdc tinh I6n lwot Id 109.824 tén va 31.849 tén, trong khi téng
tri lwong AGC va BGC cua rirng ngdp mdn tir Sentinel-2 tinh todn lan luot la
51.617 tdn va 14.967 tén vdo ndm 2025. Téng lwong tich iy qud trinh c6 lap
CO2 (ACS) trén toan khu virc wdc tinh la 51.998 tdn ndm 2025. Nghién ctru
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nhdn manh nhu céu vé cdc gidi phdp dwa vao thién nhién dé giam thiéu bién
db6i khi héu, bao gébm chi tr carbon cho dich vu méi trird'ng rirng (C-PFES),
gidm phdt thai tir mét rirng va suy thodi rirng (REDD+). Bén canh viéc ting phé
vdi bién déi khi héu, cdc gidi phdp ndy cé thé tao ra déng Iwc tai chinh cho cdc
bén lién quan tai dia phurong trong viéc duy tri va phuc héi rivng ngép mdn.
Ngodi ra, viéc cling c6 cdc chinh sdch hién tai ciing nhw siva déi cdc khubn khé
chinh sdch céng nh@n cdc gid tri sinh thdi va kinh té cda rirng ngdp mdn tai
tinh Nghé An la rét cén thiét.

1. INTRODUCTION

Mangrove forests are uniquely adapted
intertidal ecosystems that provide a suite of
vital ecological functions. They buffer
coastlines against waves and storm surges,
reduce erosion, and support high biodiversity,
including fish and bird species [1, 2].
Importantly, mangrove forests are among the
most carbon-rich forests on a per-area basis,
storing large amounts of carbon in their
biomass and soils [3, 4]. By sequestering
carbon, they significantly contribute to climate
change mitigation, and their removal can
release significant greenhouse gases into the
atmosphere [5]. Vietnam is the country with
the 6% largest mangrove forest area in
Southeast Asia, and the 22" in the world [6].
With a coastline of 3,260 km, the mangrove
ecosystem is important for ecology and
livelihoods, playing a crucial role in
environmental protection [7]. Although
mangroves bring many benefits, this ecosystem
is being significantly degraded. The total area of
mangrove forests in Vietham was more than
400,000 ha before the Vietnam War (Maurand,
1943) and is estimated to have decreased by
62% (155,000 ha) by 2021 [8]. The causes of
mangrove loss are blamed for impacts of
climate change, such asanincrease in sea levels
and the change in rainfall patterns; human
activities like urban development, aquaculture,
mining, overexploitation of timber, fish,
crustaceans, and shellfish; and coastal
infrastructure development, conversion to
agricultural and other types of aquaculture,
and harvesting of timber that is to be utilized in
construction and charcoal manufacturing
[9,10]. Vietnam is remarkable in the Mekong
Delta with mangrove extent of 81,979.21 ha
and the Central region (2,293.44 ha) for

mangrove resources [8]. The government’s
reforestation programs have partially reversed
past losses, but challenges remain. In Nghe An
province (Central Vietnam), mangroves have
been recognised both ecologically and socio-
economically , yet data on their extent and
carbon stocks remains limited. Accurate
estimation of mangrove covers and carbon
stocks in Nghe An has been constrained by the
lack of integrated field surveys and high-
resolution mapping [11, 12]. This research
addresses that gap by integrating field surveys
and high-resolution mapping to provide
comprehensive data on mangrove distribution,
biomass, and carbon in Nghe An province.
Remote sensing technologies have been
known as powerful tools for monitoring
mangrove ecosystems over large areas.
Spectroscopy in remote sensing is a significant
contribution as it enables one to differentiate
and identify the various aspects of matter on
the ground. This is the most outstanding
benefit. It may determine what objects are
based on the reflectance or emission spectrum
of the objects. The multispectral images
provide various spectral bands or portions of
the electromagnetic spectrum. Multispectral
satellites like Sentinel-2A (operational since
2015) and PlanetScope (launched in 2016) offer
fine spatial resolutions (10 m for Sentinel-2,
3 m for PlanetScope) and frequent revisit times
[13, 14]. The strength of this method is the
spectroscopy, since various surface materials
such as vegetation, soil, and water reflect and
absorb energy differently across the
electromagnetic spectrum, resulting in distinct
spectral signatures [15]. Vegetation indices
(VIs), including the Normalized Difference
Vegetation Index (NDVI), are mathematical
combinations of these spectral bands, designed
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to emphasize the spectral signature of healthy
vegetation, which reflects strongly in near-
infrared (NIR) and absorbs red light [16, 17]. VIs
are widely used as proxies for biophysical
variables such as canopy density, vegetation
health, and biomass due to their ability to
quantify these spectral characteristics and
provide robust ecosystem analysis [18, 19]. This
study examined the mangrove forest
ecosystem in the coastal area of Nghe An
province with three primary dimensions.
Firstly, the study determined the spatial
distribution of mangrove forests by using
Sentinel-2A and PlanetScope data. Secondly,
the key mangrove structures, their species
composition were investigated in the field.
Thirdly, the study estimated the mangrove
biomass and carbon stock accumulated in the
mangrove forest through field measurement,
and used remote sensing data. Based on a
detailed examination, the study is expected to
give a high-quality scientific foundation to
developing and implementing effective and
sustainable blue carbon conservation policies
in the study area, with a contribution to
resource management and climate change
adaptation.

The application of remote sensing and field
methods to estimate mangrove biomass had
both benefits and difficulties. Field-based
method represents one of the most basic and
reliable methods to estimate biomass and
carbon stock representative of mangrove
forests. The parameters including a diameter at
breast height (DBH), tree height, tree density,
and species composition can be measured
directly to give highly reliable values in biomass
and carbon quantities, in addition to
constituting a baseline data to calibrate and
validate the remote sensing or modeling
outputs [20, 21]. Besides, field surveys are used
to identify small modifications to the structure
of the forest as well as significant long-term
carbon monitoring programs, especially REDD+
[22]. But various challenges also extend to this
approach due to muddy substrates, tidal

fluctuations, and complex aerial root systems.
Additionally, field surveys are labour-intensive,
time and cost-consuming, and can only be
carried about in sample plots, where
inaccuracy could arise during generalisation to
the forests as a whole [23].

However, remote sensing is increasingly
considered an important tool in estimating
biomass and carbon stocks of mangrove forests
due to its ability to cover large areas and
provide multi-temporal data with high
accuracy. With muddy terrain and tides making
field surveys difficult, remote sensing helps
save a lot of time, manpower, and costs, while
reducing risks when working in harsh
environments [24]. In addition, remote sensing
data allows monitoring forest changes over
time, serving resource management, assessing
deforestation or forest regeneration, and
supporting the correction of field data, thereby
improving the reliability of research results
[25]. Integrating remote sensing with GIS
systems also helps to build maps of mangrove
distribution and carbon stocks, providing
necessary information for forest restoration
programs and greenhouse gas emission
reduction policy planning. Thus, in order to
enhance efficiency, this study tends to
incorporate new methods of fieldwork with
remote sensing analysis and biomass
simulation in order to have a high level of
accuracy as well as efficient resource
utilization.

2. STUDY SITE AND METHODOLOGY
2.1. Study site

Nghe An province has a natural area of
16,490.25 km? (Fig. 1). It occupies a central
position in the North Central Region of
Vietnam, borders the sea to the east and Thanh
Hoa province to the south, sharing a boundary
with Ha Tinh province to the North and a 468
km land border with the Lao People's
Democratic Republic to the West. Nghe An
consists of 17 districts, 21 administrative units
at district level (01 city, 03 towns, and 17
districts), and a total of 480 administrative units
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at the commune level [26]. The population of
Nghe An Province was 3,441,971 people in
2023, with a population density of 207 people
per km? [27]. Nghe An province is situated in
the central part of Vietnam’s North Central
region and occupies a strategic position along
the east-west transport corridor, including
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seaports, airports, railways, and road networks,
facilitating access to neighboring provinces and
countries like Laos. Rich in natural resources,
such as forests, marine ecosystems, and
minerals, Nghe An also benefits from diverse
topography that supports robust agricultural
development.
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Fig. 1. Geographical location of Nghe An Province, Vietham

Nghe An province is located within the
tropical monsoon climate zone with hot and
dry summer and cold and humid winters. The
average annual temperature ranges between
23°C and 24°C. The highest temperature can
reach 42-43°C and the lowest temperature
may fall to nearly 0°C. Nghe An is divided into 6
sub-Eco geomorphology [28] with three
distinct ecological regions: mountainous,
midland, and coastal plain.

2.2. Study methods

Mangrove cover mapping

The study combined remote sensing analysis
with field measurements. High-resolution
optical imagery and ground-truth data were
processed. Sentinel-2A  and PlanetScope
images were acquired for the study period. All
imageries were required to be processed using
ArcGIS, including atmospheric correction,
radiometric calibration, geometric correction,
and cloud/shadow masking. Terrain effects
were addressed by using a digital elevation
model (DEM).

Table 1. Remote sensing data used in this study

ID Image codes Date of Spa_tlal Sensors
capture Resolution (m)

1 20250422_035039_80 2511 3B_AnalyticMS 22/04/2025 3 PlanetScope’
2 20250422 _035042_05_2511_3B_AnalyticMS 22/04/2025 3 PlanetScope’
3 20250422 _035044_31 2511 3B_AnalyticMS 22/04/2025 3 PlanetScope®
4 20250422_035046_56_2511 3B_AnalyticMS 22/04/2025 3 PlanetScope’
5 20250422 _035048_81_2511 3B_AnalyticMS 22/04/2025 3 PlanetScope®
6 20250422_035908_42_2531_3B_AnalyticMS 22/04/2025 3 PlanetScope’
7 20250422 035910 81 2531 3B_AnalyticMS 22/04/2025 3 PlanetScope’
8 20250422 _035915_58 2531 3B_AnalyticMS 22/04/2025 3 PlanetScope®
9 20250422 _035917_97 2531 _3B_AnalyticMS 22/04/2025 3 PlanetScope’
10 S2A_MSIL1C_20250112T033111_NO511_R018 12/01/2025 10 Sentinel-2A2

Thttps://www.planet.com; *https://browser.dataspace.copernicus.eu/
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Vegetation indices

Multi-index approach was used to correctly

differentiate mangrove forests and other land
cover types. The reason behind the choice of
each index is the following:
The Normalized Difference Vegetation Index
(NDVI) was selected because it has been
established that it has good capability in
measuring the health and density of the
vegetation [29, 30]. It was also a significant
predictor variable in the biomass estimation
models used in this study [31].

Open water bodies were detected and
masked using the Normalized Difference Water
Index (NDWI) [30, 32]. This is important in
minimizing misclassification in coastal settings
where mangroves are in close contact with
water.

CMRI was chosen as it is a combination of
NDWI and NDVI, which are calculated by
subtracting NDWI and NDVI, respectively [33,
34]. CMRI was chosen due to its specific ability
to increase the spectral signature of the
mangrove canopies and reduce the
contribution of soil and water moisture in the
background, which enhances mapping
accuracy in a tidal environment [33, 34].

A thematic map of mangrove cover was
developed in detail using the thresholds
obtained using these indices. Quantitative
evaluation of the accuracy of this map was then
determined by comparing it to field verified
validation points by creating an error matrix to
determine overall accuracy and Kappa
coefficient using standard remote sensing
procedures [35, 36].

Table 2. Equations of vegetation indices used for mangrove cover mapping

ID Vegetation indices Equations References
BandNIR - BandRED
1  Normalized Difference Vegetation Index (NDVI) Bandy;r + Bandggp [29, 37]
Band — Band
2 Normalized Difference Water Index (NDWI) GREEN NIR [30, 32]
Bandgrgeny + Bandy;g
3 Combined Mangrove Recognition Index (CMRI) (NDVI-NDWI) [33, 34]

Where: Bandr is Near Infrared Band (Band 4); Bandgep is RED Band (Band 3); Bandgreen is GREEN Band (Band 2).

Field inventory of mangrove species and
key structures

To measure the structure of mangrove
forests, the study established from 3 to 5
circular plots depending on how long the width
of mangrove forests is on each transect. The
distance from the sea dike to the first plot was
set at 100 m. On each transect, circular plots
were set up, with a fixed radius of 5.64 m
(equivalent to 100 m?). Plots along the same
transect were spaced from 100 to 150 m apart,
depending on the total width of the forest
stand. This layout ensures representative
sampling across the land-sea gradient and
within each mangrove patch.

At each surveyed plot, species composition
and tree parameters, including diameter at the

breast height (DBH), total tree height, and
crown diameter were measured using standard
forestry tools. DBH was measured at 1.3m (D1.3)
of most mangrove species except for Aegicera
corniculatum due to its growth as multiple tiny
stems. The study opted for D3p instead of D13
for Rhizophora apiculate species because this
species develops prominent stilt roots that
interfere with the accuracy and consistency of
DBH measurements. Measuring at 30 cm above
the highest stilt root provides a more stable and
standardized reference point for biomass
estimation, ensuring that the diameter reflects
true stem growth rather than irregular root
structures [20]. GPS coordinates were used to
record each plot to match satellite imagery
with field data.
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Remote sensing-based biomass estimation:
This study used Sentinel-2 data for estimating
above-ground biomass (AGB) and below-
ground biomass (BGB) of mangrove forests for
Nghe An province.

Above-ground biomass (AGB): The NDVI
values ranged from -0.1 to 1.0 and were
classified into different classes [29, 37]. We
adopted a model developed by Hoa and Hien
(2021) [31] in Nghe An province, which offered
a high correlation coefficient (R*? = 0.98), p-
value < 0.0001.

AGB=-179.1 + 13243.6*NDVI (Mg/ha)

Below-ground biomass (BGB): To figure out
the BGB based on the AGB, the following
formula was used [38]:

BGB = AGB x 0.29 (Mg/ha)

Total biomass of mangrove forests: The
total of biomass of mangrove forests in Nghe
Anis a sum of AGB and BGB [39]:

Total biomass = AGB + BGB (Mg/ha)

Above-ground carbon stock (AGC): AGC was
calculated by using conversion factors that
involve the amount of carbon to the amount of
biomass [21]:

AGC = Total biomass x 0.47 (Mg/ha)

Accumulation of CO; sequestration (ACS):
To estimate the CO; absorption capacity of
mangrove forests, the formula below was used
[40, 41]:

ACS = AGC x 3.67
The AGB measurement for each mangrove
species in the field surveys followed a species-
specific allometric equation, as shown in Table 3.

Table 3. Mangrove species biomass estimation allometric equations

No Mangrove species AGB (kg) Key structures used  Sources
2.46
1 Sonneratia caseolaris AGB =0.251%p* DBH DBH [39]
(p= 0.34+0.054)
2 Aegicera corniculatum AGB = 3.1253* CD?*H (R*=0.99) CD,H [42]
- * % 2.46
3 Rhizophora stylosa AGB (0;511 Og 0;3 BH DBH [33]
AGB = 2.5904*CD?*H (R?=0.84)
<
4 Kandelia candle AGB = 0.251*p* DBH?* chaz' HH((DD1'3‘>5 SC’C“n)q) (33, 42]
(R?=0.98, p= 0.0776) T3
5 Avicennia marina 1.8247% CD *H (R2=0.97) CD, H [42]
0.251*p*(DBH)246
6 Bruguiera gymnorrhiza (p=0.741) DBH, H [43]

General equation:

AGB = 0-0464*(DBH2*H)0'94275* p

Mangrove mapping accuracy assessments

For accuracy assessment, 330 sample points
were collected, with 200 sample points for
mangrove forests, 80 points for non-mangrove
forests, and 50 points for water. Selection of
sampling points were performed through visual
interpretation of high-resolution imageries
(PlanetScope and Google Earth) in combination
with field survey. Overall accuracy (OA) and
kappa coefficient index were calculated as
formular from Congalton’s equation [31, 32]:
3. RESULTS AND DISCUSSION

Accuracy assessments
The results on Sentinel-2 imagery showed that

the mangrove mapping reached an accuracy of
93.0% with kappa coefficient of 0.88, indicating
substantial agreement between the classified
results and reference data. In comparison, the
PlanetScope-based analysis achieved overall
accuracy up to 97.0% and improved result of
kappa coefficient as 0.96, indicating a higher
truth in classification precision. The high
accuracy values and kappa coefficients for both
imagery sources showed the reliability of the
classification approach in effectively
distinguishing between mangrove forests, non-
mangrove forests, and water classes.
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Table 4. Accuracy of mangrove mapping by Sentinel-2A in Nghe An

Class
° Non- User’s Accuracy
2 M W Total
< angrove Mangrove ater ota (%)
LE Mangrove 190 10 0 200 95
o Non-Mangrove 0 74 6 80 93
E Water 0 7 43 50 86
b= Total 190 91 49 330
& Producer’s Accuracy 100 81 88 Overall accuracy 93%
(%) Kappa index = 0.88
Table 5. Accuracy of mangrove mapping by PlanetScope in Nghe An
Class
©
Q Non- User’s A
= Mangrove on Water Total sers occuracy
a Mangrove (%)
s Mangrove 200 0 0 200 100
°%’ Non-Mangrove 0 77 3 80 96
S Water 0 4 46 50 92
9 Total 200 81 49 330
f—.‘f Producer’s Accuracy 100 95 94 Overall ac.cu racy: 97.8%
(%) Kappa index = 0.96

Threshold of CMRI values for mangrove
cover mapping:

The study determined the threshold of CMRI
for mangrove is greater than 0.208; for non-
mangrove forest is between 0.001 and 0.208,
while the threshold for water is less than 0.001.
As for PlanetScope, the threshold of CMRI for
mangrove is greater than 0.935, while that of
non-mangrove forest is between 0.305 and
0.935, with the threshold for water is less than
0.305. In Nghe An province, remaining
mangrove areas are affected by the spread of

shrimp farming and changes in land use near
urban areas, all within the context of locally
specific coastal management practices.
Therefore, in order to generate detailed
biomass maps and assess the total carbon
storage potential of mangroves, it is crucial to
combine Sentinel-2A data with high-resolution
PlanetScope while utilizing vegetation indices
like NDVI, CMRI, and red-edge bands calibrated
with field-based allometric biomass
measurements.

Mangrove Cover derived by Sentinel-2A in 2025, Nghe An Province
1:400.000
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Fig. 2. Mangrove cover by Sentinel-2A in Nghe An Province

The total area of mangrove forests derived
from the PlanetScope is estimated at 354 ha.
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PlanetScope, estimated at 360 ha (Fig. 2). This
slight difference could be due to the lower
resolution of Sentinel-2A since it cannot
capture small and narrow patches of mangrove
areas where they distribute along coastlines or
riverside in Nghe An. It is more likely to miss
thin strips and isolated mangrove trees while
using Sentinel-2A. On the contrary, higher
resolution PlanetScope imagery can detect
boundaries more  precisely, especially
fragmented mangrove forests. Besides, there
may be misclassification of partial mangrove
pixels where they could be classified as non-
mangrove cover by mistake. Therefore, it is
suggested that Sentinel-2 require more robust
training datasets and post-processing to
achieve a similar level of accuracy with
PlanetScope.

Field inventory of mangrove species and
key structures:

Based on mangrove inventory, it is found
that mangrove forests are diverse in Nghe An
province, comprising various tree species. Dien
Chau district exhibits the highest species
richness, with five species recorded in Plot 3 of
Dien Bich commune. In Nghi Loc district, the
forest is primarily dominated by Kandelia
candel and Sonneratia caseolaris. In contrast,
Rhizophora apiculata and Bruguiera
gymnorhiza are the dominant species in Quynh
Luu district.

The mangrove plots in Quynh Luu district
exhibit the most favorable combination of tree

height, diameter at breast height (D13), and
crown diameter, particularly in Quynh Bang and
Quynh Nghia communes. In these locations,
the average tree height reaches up to 10.6 m,
and canopy diameters range from 3.4 to 4.71
m. These plots, primarily dominated by R.
apiculata and B. gymnorhiza, reflect well-
established mangrove stands with substantial
vertical development.

In Nghi Loc district, several plots (Plot 1, Plot 2,
and Plot 3) show a high number of individual
trees. Kandelia candel is the most common
species in this district. However, its average
height is relatively short: the overall tree height
in Nghi Loc is lower compared to the other
districts, ranging from 2.1 meters in Phuc Tho
commune to 5.9 meters in Nghi Thiet
commune. Despite the shorter stature, the
district exhibits considerable stem diameter
growth. These plots are occupied mainly by S.
caseolaris and K. candel, where S. caseolaris is
typically planted in systematic rows, while K.
candel is scattered more irregularly beneath
the canopy.

Biomass and carbon estimation of
mangrove based on field survey:

The results indicate that the AGB, AGC, and
ACS values vary among different districts (Table
6). Although the trees in Nghi Loc are generally
shorter, ranging from 2.1 m to 5.9 m, the high
carbon storage can be attributed to the high
stem density of Kandelia candel.

Table 6. Summary of mangrove biomass and carbon stocks in Nghe An province

Study sites AGB (kg) AGC (kg) ACS (kg)
Dien Chau 13,814.4 6,492.8 23,828.4

Nghi Loc 17,933.7 7,956.4 30,934.0
Quynh Luu 13,448.4 6,320.7 23,196.8

Estimation of biomass and carbon stocks of
mangrove forests from Sentinel-2:

The AGB ranges from a minimum of 1.45
tons to a maximum of 5.75 tons, with an
average value of 3.1 tons. This variation
suggests a moderate to high biomass density,
with certain areas supporting particularly
mature or dense mangrove stands. A standard

deviation value of 0.965 tons shows typical
heterogeneity in  aboveground biomass
distribution  that characterizes  natural
ecosystems. Above-ground biomass
calculations in Nghe An province amount to
109,824 tons, which demonstrates mangroves'
essential role in carbon sequestration and
ecosystem productivity. The below-ground
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biomass also presents measurable variability.
The relatively low standard deviation of 0.28
tons implies a more uniform distribution of BGB
compared to AGB. The total of BGB is calculated
at 31,849 tons. The total of (AGB, BGB)
mangrove biomass is 141,673 tons in 2025.

The total carbon stocks of mangrove forests
are estimated at 66,586 tons in Nghe An by
2025, encompassing both above- and below-
ground components. The highest
concentrations of total mangrove carbon are
observed in Dien Kim and Dien Bich communes
(Dien Chau district). In contrast, the green and
yellow areas, which dominate parts of Quynh
Bang, Quynh Nghia, and scattered regions of
Nghi Loc, reflect lower carbon values. Total
carbon values vary between 0.9 and 3.5 tons
per site with a mean of 1.87 tons. The standard
deviation of 0.58 indicates noticeable variation
in carbon storage.

Estimation of accumulation of carbon
dioxide sequestration of mangrove forests:

The ACS values in the studied mangrove area
range from a minimum of 6.99 tons to a
maximum of 27.2 tons. On average, the ACS is
14.6 tons, with a standard deviation of 4.57
tons, indicating a moderate level of variability
around the mean. The total accumulated
carbon sequestration across the surveyed area
sums up to 519,938 tons. The mean and total
values provide a general overview of the
carbon storage potential of these mangroves.

Promoting mangrove carbon conservation
and blue carbon management

To advance  sustainable mangrove
management and carbon sequestration in
Nghe An province, it is imperative to set up the
establishment of a province-wide, satellite-
based monitoring system. By integrating
Sentinel-2 and PlanetScope imagery with
ground-based forest inventory data, this
system would enable timely detection of
degradation, accurate quantification of
biomass changes, and assessment of
management effectiveness. In parallel, the
province should pilot community-based
Payment for Ecosystem Services (PES) and
REDD+ initiatives aimed at incentivizing local

stewardship of high carbon-density mangrove
ecosystems. These mechanisms must be
underpinned by transparent benefit-sharing
arrangements, local capacity development, and
participatory monitoring frameworks.
Institutional frameworks should be reinforced
through the formal recognition of mangrove
carbon stocks within provincial climate
strategies and be incorporated into marine
protected area (MPA) networks. A strategic
focus should include: legal protection of mature
and diverse mangrove stands, the formation of
accountable community management bodies,
and partnerships with private-sector actors,
such as carbon credit buyers and eco-tourism
enterprises. Finally, restoration efforts should
prioritize primary, species-rich mangrove forests
over secondary or monospecific stands, by
employing adaptive, site-specific reforestation
designs to enhance ecological resilience and
long-term carbon storage.
4. CONCLUSION

The study investigated the structure as well
as estimation of biomass and carbon stocks of
mangrove forests in Nghe An province by using
multi-sources of remote sensing (Sentinel-2A
and high-resolution PlanetScope) and field
survey-based data. The findings show
significant variability in AGB and BGB across
different mangrove sites, highlighting the need
for appropriate management strategies that
consider local ecological conditions and species
diversity. To enhance conservation efforts and
ensure the sustainability of mangrove
ecosystems, it is important to establish a
province-wide, satellite-supported monitoring
system that provides regular updates on the
extent, structure, and carbon stocks of
mangroves. In addition, promoting community-
based conservation initiatives, such as C-PFES
and REDD+ implementation, can incentivize
local stakeholders to maintain and restore
carbon-dense mangrove populations. It is also
essential to strengthen formal policy
frameworks to emphasize the importance of
ecological and economic values of mangroves
in Nghe An’s climate action plans.
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