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Mangrove ecosystems play a crucial role in maintaining the balance of
coastal ecosystems and mitigating climate change due to their ability to
absorb and store carbon. This study aims to estimate carbon stocks
across different mangrove density levels on Bangko-bangkoang Island,
Pangkep Regency, South Sulawesi Province. The methods employed
include Sentinel-2 imagery analysis using the Google Earth Engine
platform to identify vegetation density based on the Normalized
Difference Vegetation Index (NDVI) and estimate carbon stocks using an
allometric model and field data. The Sentinel-2 image analysis revealed
that the mangrove vegetation cover on Bangko-bangkoang Island spans
16.04 ha. NDVI results show that mangroves in the low-density class
cover 8.97 ha (56%), the medium-density class covers 3.71 ha (23%),
and the high-density class covers 3.34 ha (21%). Field surveys confirmed
the presence of three mangrove species on the island: Rhizophora
mucronata, Rhizophora stylosa, and Sonneratia alba. Regression
analysis conducted to assess the relationship between NDVI values and
carbon stocks revealed the best model as an exponential function with
the equation y = 0.0043e(11.726x), yielding a coefficient of
determination (Rz) of 0.683. The average carbon stock for the low-density
class is 22.35 tons C/ha, for medium density is 67.1 tons C/ha, and for
high density is 111.85 tons C/ha. These findings emphasize the
important role of mangroves in climate change mitigation and provide
scientific evidence for mangrove conservation efforts, particularly in
enhancing vegetation density to optimize carbon storage.

Keywords: Carbon, cloud-based, vegetation Index, remote sensing,
sentinel-2

1. Introduction

habitats for coastal fauna and boosting the economy

Mangroves are tropical coastal ecosystems that play
a very important role in climate change mitigation,
particularly as carbon sinks and reservoirs
(Mutahharah et al., 2024). One of their main
functions is to provide protection from tropical
storms. Mangroves not only protect coastlines from
abrasion, waves, and storms, but also support
various ecological functions such as providing
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of local communities. In addition, mangrove forests
also play a role in carbon sequestration and storage,
which contributes to reducing the increase in carbon
emissions in the atmosphere. Based on research (Z.A
et al., 2024). The tropical coastal ecosystems that
can absorb the most carbon dioxide (CO2) are
mangrove forests. Mangrove forests have the
capacity to store up to four times as much carbon as
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other tropical forests (Basyuni et al.,, 2023).
However, development pressures, land conversion
for agriculture and aquaculture, and environmentally
unfriendly extraction have caused a fall in the area
and quality of mangroves. Conservation efforts, such
as mangrove ecosystem rehabilitation and mangrove
area protection in South Sulawesi, demonstrate the
importance of accurate spatial data as a basis for
planning and monitoring mangrove management
policies (Zeng et al., 2021). Given the global
ecological importance of mangroves, accurate and
site-specific assessments—particularly in regions
experiencing ecological pressure—are increasingly
needed to support effective conservation and
management. Although the role of mangroves in
climate change mitigation, particularly in carbon
storage, has been extensively studied, there remains
a lack of quantitative data on the distribution and
carbon stock of mangroves, particularly in large and
remote coastal areas. Previous studies have
primarily relied on conventional field surveys, which
are time-consuming and costly. However, with recent
technological advancements, remote sensing
techniques using Google Earth Engine (GEE) have
shown potential to address these limitations (De
Clerck et al., 2024), o address these limitations, this
study integrates GEE with allometric modeling to
produce accurate, efficient, and large-scale carbon
stock estimates.

Pangkep Regency is one of the regencies in South
Sulawesi, most of which is covered by sea. One of
the mangrove ecosystems in Pangkep Regency is
located on Bangko-bangkoang Island. This area is

known for its relatively intact mangrove ecosystem,
which has high ecological value, especially as a blue
carbon sink. The uniqueness of this island lies in the
dominance of naturally regenerated mangroves.
However, its current condition is under threat due to
the expansion of fish. ponds, which will gradually
reduce the ecosystem's function. Therefore, a
scientific, technology-based approach is required to
map and monitor mangrove density and carbon
stocks on Bangko-bangkoang Island, ensuring that
management interventions are based on accurate
spatial information.

The approach used combines two methods, namely
remote sensing technology based on Google Earth
Engine (GEE) and Allometric Modeling (Pham et al.,
2019). GEE is a cloud-based computing platform
specifically designed for large-scale remote sensing
data processing and analysis (Puspitasari et al.,
2024). In addition, GEE's data processing capabilities
are very efficient in terms of time and cost
management compared to conventional field survey
methods (Fadillah et al., 2023). Therefore, this
research is important to obtain data on the
distribution of mangrove density on a large scale and
to improve the accuracy of carbon biomass
calculations.

2. Method

1) Research Location

This study conducted in Bangko-bangkoang Island,
Mattiro Uleng Village, Pangkajene Islands Regency,
South Sulawesi (Figure 1).
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Figure 1. Map of Study Area

2) Tool and Materials

The tools used in this study were a GPS (Global
Positioning System) receiver to locate ground check
points in the field. Tally sheets and writing
instruments were used to record the results of the
activities. A measuring tape/phiband was used to
measure tree diameters in the field. A roll meter was
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used to measure plot distances. Rope was used to
mark the boundaries of each plot. The materials used
in this research were data in the form of Sentine-2
Level 2A images with a spatial resolution of 10
meters, downloaded from the website
https://earthengine.google.com/. Land cover data
by ministry of forestry.
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3) Research Procedure

e Image Pre-processing

Image pre-processing is performed to improve image
quality by reducing the effects of atmospheric
disturbances and consists of image cropping, cloud
filtering, and image correction. Image cropping is
intended to focus image processing on the area to be
processed and reduce the image size so that image
processing is more efficient. Cloud filtering is
performed to find images with the lowest cloud cover
within a specified time period in order to minimize
clouds covering the study area.

e NDVI Analysis

At this stage, the Normalized Difference Vegetation
Index (NDVI) algorithm is applied to produce a visual
display of the mangrove area. The NDVI results will
be used to classify the mangrove area. The
classification of the mangrove area is adjusted to the
spectral characteristics of the red band (visible red)
absorbed by leaf chlorophyll and the near-infra-red
band (NIR) that reflects the leaf tissue structure
(Larekeng et al., 2024). The combination of these
two bands produces a vegetation density index
value. In this study, mangrove density classification
was determined based on the NDVI algorithm
(Semedi et al., 2023). The formula applied is as
follows:

__ NIR-Red
NDVI = NIR+Red (1)
Explanation:
NIR = spectral reflectance value of the NIR band
R = spectral reflectance value of the red band

Futhermore, to determine the mangrove area, we
refered to the land cover data provided by ministry
of forestry year of 2024.

Field data collection was conducted using purposive
sampling, considering accessibility and the
mangrove area. According to the Geospatial

Information Agency (Badan Infomasi Geospasial,
2014) the number of sample plots required for the
proportional mangrove area is a minimum of 20
sample plots.

This method was used by researchers to achieve
specific research objectives and was based on certain
considerations, namely density class levels. The
selection of field plot sampling points was conducted
using purposive sampling, based on mangrove
density levels measured using NDVI. The sample plot
size was in accordance with Indonesian National
Standard Number 7724/2019, based on
measurements and calculations of terrestrial carbon
stocks, with a size of 20 x 20 meters (m) in a square
shape. To identify mangrove species and calculate
carbon stocks, an allometric equation was used to
estimate biomass.

To determine the mangrove density value, the
calculation results from NDVI were used. Then, the
NDVI class values were reclassified into 5 classes.
The evaluation table of mangrove density levels
based on NDVI values is presented in Table 1.

Table 1. NDVI classification for vegetation density
No. NDVI

Classification

1 0.21 -0.42 Low Density
2 0.42 - 0.63 Medium Density
3 0.63 - 1.00 High Density

Source: Larekeng et al, 2024

4) Data Analysis

e Above-ground biomass (AGB) calculation
Above-ground biomass (AGB) calculations Biomass
values are calculated using an allometric model
approach to obtain the mangrove AGB carbon stock
value, as shown in the following table of equations:

Table 2. Allometric equations for several types of mangrove stands

Dominant species

Allometric Equation

Source

Rhizophora mucronata B = 0.128(DBH)2-60 (Komiyama et al., 2005)
Sonneratia alba B = 0.251*0.6(DBH)2-46 (Kusmana et al., 2018)
Rhizophora Stylosa B = 0.1579*DBH~2:5%3 (Analuddin et al., 2020)

Thus, B refers to biomass (kg) and DBH (cm). Carbon
stock values are calculated using biomass values in
accordance with SNI No. 7724 of 2019 concerning
land-based carbon stock measurement and
calculation by using equation below :
C =B Xx % Corganic (2)

C is the carbon content of biomass (kg), BoV is the
total biomass (kg), and % organic C is the
percentage value of carbon stocks, which is 0.47
(Badan Standardisasi Nasional, 2011)

e Carbon Stock Calculation

Carbon stock calculations are made based on a
statistical regression model. The relationship
between aboveground carbon stocks and NDVI
values is analyzed using a mathematical equation

with regression model (Jin et al.,, 2020). The
regression model used in this study:
Linear Y=a+ bX (3)
Eksponesial Y = aebx (4)
Logaritmik Y=a+bInX (5)
Article Vol 12 No.2
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Polinominal Y = b0 + b1X+ b2X2+ b3X3+....bnXn
(6)
Y is carbon stocks (tons C/ha), X is the Vegetation

Index value, and a and b are coefficient values.

3. Result and Discussion

1) Vegetation Composition of Mangrove
Species on Bangko-bangkoang Island

The interpretation of Sentinel-2A imagery recorded

on August 8, 2025 shows that the mangrove

coverage area on Bangko-bangkoang Island,
Pangkep Regency, reaches 16.04 ha. The
visualization of the 2024 mangrove stand

interpretation results is presented in Figure 3. In
addition, field observations were also conducted to
ensure the accuracy of the NDVI analysis results for
various types of mangroves at the research site.
Based on the results of field observations at the
observation site, it was found that mangroves
generally have a high density. Three mangrove
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species were identified, namely Rhizophora
mucronata (1077), Rhizophora stylosa (338), and
Sonneratia alba (48). Rhizophora mucronata is the
most dominant and most abundant species in various
observation plots. Research (Faizal et al., 2023)
shows that Rhizophora mucronata can grow and
adapt well to deep, thick, muddy substrates because
it has anchor-like prop roots that can firmly anchor
themselves into the ground. Rhizophora mucronata,
or often called red mangrove, has cool adaptations
to survive in challenging coastal environments. With
its distinctive prop roots, this tree can stand firmly in
muddy substrates that are often flooded by high
tides. These roots also help improve soil structure
and prevent erosion (Karthi et al., 2020).

Research by (Kadir et al., 2025) on the structure and
composition of mangroves in Bonto Bahari and
Ampekalle shows that Rhizophora mucronata, which
is dominant on Bangko-bangkoang Island, is more
effective at storing carbon than other mangrove
species that are more affected by human activity.
These results are in line with findings on Bangko-
bangkoang Island, where Rhizophora mucronata
shows very high carbon potential compared to
Sonneratia alba and Rhizophora stylosa, which are
more sensitive to environmental changes. Currently,
the condition of the mangrove ecosystem on Bangko-
bangkoang Island is deteriorating due to the
exploitation of mangrove wood for fuel and
construction, and marine debris also poses a
significant threat to the sustainability of mangrove

forests on the island. These activities have caused a
decline in more sensitive mangrove species, such as
Sonneratia alba and Rhizophora stylosa. According
to (Arfan et al., 2024), although Bangko-bangkoang
Island has great potential to be managed as an
ecotourism area, human activities such as land use
for aquaculture and the harvesting of mangrove
wood for local needs threaten the sustainability of
this ecosystem. The decline in mangrove quality, due
to overexploitation and land conversion, causes
habitat damage that disrupts the mangroves' ability
to store carbon and provide other ecosystem
services.

2) Mangrove Density Classification Based on
Normalized Difference Vegetation Index
Based on the analysis of Sentinel-2 NDVI imagery on
Bangko-bangkoang Island in Pangkep Regency, the
value range is -0.19 to 0.87. This NDVI value range
indicates that the more negative the pixel value, the
lower the vegetation density in the area. Specifically,
NDVI utilizes a combination of spectral reflectance in
the red and near-infrared (NIR) band. The difference
between the reflectance of these two channels is
sensitive to the presence and condition of
vegetation, making NDVI effective in distinguishing
areas with different vegetation densities. Mangrove
forests with high vegetation density, such as those
found on Bangko-bangkoang Island, will appear
darker green on the NDVI and indicating good
conditions, the NDVI results can be seen in Figure 3.
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Figure 2. Mangrove Density Map
According to research (Basheer et al.,, 2019) in and condition. Mangroves have the highest

identifying mangrove species, NIR spectral data is
highly sensitive to water content and vegetation leaf
structure. The denser the vegetation, the More light
is reflected in the NIR spectrum, making NDVI a
more effective tool for detecting vegetation density
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reflectance in the NIR spectral region, followed by
the BLUE and RED spectral, while the GREEN and
SWIR spectra do not show significant reflection. The
distribution of mangrove density is presented in
Table 3.
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Table 3. Mangrove Density Distribution

Density Area (Ha) Percentage (%)
Low Density 8,97 56
Medium Density 3,71 23
High Density 3,34 21

Total 16,04 100

Mangrove forests with multiple strata, such as
Rhizophora mucronata, which has a greater height
and trunk diameter, will produce a brighter and
denser NDVI. According to (Mappiasse et al., 2022),
NDVI images of such areas will appear dark green,
indicating healthy forest conditions. Forests with
more complex tree strata, including large trees,
shrubs, and undergrowth, typically show higher
NDVI values. The color sharpness in NDVI images not
only reflects tree density but also indicates higher
vegetation diversity (Faizal et al., 2023). Mangrove
forests with greater species diversity and layered
tree strata, such as Rhizophora mucronata, tend to
appear greener and denser. Similar research by
(Arfan et al., 2024) also suggests that mangrove
species diversity can influence NDVI values. For
example, Rhizophora mucronata, which is dominant
in the region, generally yields higher NDVI values
compared to other species such as Sonneratia alba.
Table 3 shows the distribution of mangrove density
in Pulau Bangko-bangkoang, Pangkep Regency,
based on NDVI image analysis. Of the total 16.04 ha,

the area is divided into three density classes: low,
moderate, and high. The low density class covers
8.97 ha or 56% of the total area, indicating that most
of the mangrove area has low density. The moderate
density class accounts for 3.71 ha or 23%, showing
that a significant portion of the mangrove area has
moderate density. Meanwhile, the high density class
spans 3.34 ha or 21%, indicating that areas with
very dense mangrove vegetation are limited in this
region.

These results show that most of the area on Bangko-
bangkoang Island has low to moderate mangrove
density, with only a few areas having high density.
This may be influenced by environmental factors
such as salinity, water depth, and other physical
conditions that affect mangrove growth (Chowdhury
et al.,, 2023). This study also emphasizes the
importance of the role of high-density mangroves in
storing more carbon, because the denser the
mangrove vegetation, the greater the carbon storage
capacity of the ecosystem (Kang et al., 2024).

3) Above ground biomass (AGB)

Biomass calculations using allometric equations were
then used to determine the carbon stock in each
observation plot. In assessing carbon stocks, it was
assumed that 47% of the total biomass consisted of
carbon. Carbon stocks are usually measured in tons
of carbon per hectare (ton C/ha).

Table 4. Average DBH, Average Height, Biomass, and Carbon per Species

Species Average DBH Average Height Biomass Carbon
P (cm) (m) (tons/ha) (tons/ha)
Rhizopora 8.74 3.97 51.20 24.06
mucronata
Rhizopora stylosa 6.77 2.83 25.30 11.89
Sonneratia Alba 7.30 2.91 10.14 4.77

Table 4 presents data on above-ground biomass
(AGB) and carbon stocks of three different mangrove
species, namely Rhizophora mucronata, Rhizophora
stylosa, and Sonneratia alba, observed based on the
parameters of diameter at breast height (DBH), tree
height, biomass, and carbon stocks. Rhizophora
mucronata has an average DBH of 8.74 cm and an
average height of 3.97 meters, with a biomass of
51.20 tons/ha and carbon stocks reaching 24.06
tons/ha. Rhizophora stylosa, despite having a
smaller DBH (6.77 cm) and lower height (2.83
meters), showed higher biomass of 25.30 tons/ha
and carbon stocks of11.89 tons/ha. Meanwhile,
Sonneratia alba had an average DBH of 7.30 cm and
a height of 2.91 meters, but its biomass and carbon
stock were much lower, at 10.14 tons/ha and 4.77
tons/ha, respectively.

Research on structural variables of mangrove stands
such as basal area, diameter at breast height (DBH),
and average height affects above-ground biomass
and carbon storage potential in mangrove stands
(Aye et al., 2023). In other words, the larger the size
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and height of mangrove trees, the higher the
biomass and capacity to store carbon (Ulgodry et al.,
2025)

4) Carbon Stock Estimation Model

The carbon stock estimation model was generated by
analyzing NDVI value and carbon stock data from
field survey through a regression model analysis was
conducted using Microsoft Excel. This model was
developed using a regression model between
variable X (vegetation index value) and variable Y
(carbon value). The regression analysis results
presented in Figure 3 show an exponential
relationship between the Normalized Difference
Vegetation Index (NDVI) value and biomass. The
regression model obtained is y = 0.0043e(!!726%)
with R2 = 0.683. This R2 value indicates that NDVI is
able to explain of the variation in biomass, with the
remainder being influenced by other factors such as
vegetation type, stand age, canopy density, and local
environmental conditions.
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Figure 3. Mangrove Density Map

This relationship indicates a positive correlation
between the level of vegetation greenness captured
by satellite imagery and biomass accumulation in the
field. The index results used have their own
characteristics. The pixel values generated from the
processing of the index transformation will be
tested in the field to obtain the correlation value
(r). The stronger the relationship, the closer the
value (r) will be to 1. In addition, based on the
graph, there is a positive correlation between NDVI
values and mangrove carbon stocks stored in tons of

carbon per hectare (ton C/ha). Meanwhile, research
explains that NDVI is influenced by canopy cover. The
higher the canopy cover, the higher the NDVI value
or the more positive the correlation. (Hendrawan et
al., 2018) emphasizes that although NDVI can be
used to measure the percentage of mangrove canopy
cover, its use to measure mangrove tree density has
limitations. This is due to the sensitivity of NDVI to
factors such as soil moisture and other types of
vegetation that can affect the results of mangrove
tree density measurements.

Table 5. Carbon stock Values in Bangko-bangkoang Island Mangrove Forest

. Minimum carbon
Mangrove density

Maximum carbon
Average carbon stock

stock stock
level (tons C/ha) (tons C/ha) (tons C/ha)

Low 0 44,7 22,35
Medium 44,7 89,5 67,1
High 89,5 134,2 111,85
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Figure 4. Carbon Stock Map
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The table provides data on the relationship between
mangrove density levels and carbon stock, showing
the minimum, maximum, and average carbon stock
(in tons of carbon per hectare) for each density
category. For low-density mangroves, the minimum
carbon stock is 44.7 tons C/ha, while the maximum
is 22.35 tons C/ha, and the average carbon stock is
recorded as 0 tons C/ha. This suggests that areas
with low mangrove density have a relatively low or
negligible carbon storage capacity. In contrast,
medium-density mangroves show a minimum carbon
stock of 89.5 tons C/ha, a maximum of 67.1 tons
C/ha, and an average of 44.7 tons C/ha, indicating a
moderate carbon storage potential. For high-density
mangroves, the minimum carbon stock is 134.2 tons
C/ha, the maximum is 111.85 tons C/ha, and the
average is 89.5 tons C/ha, reflecting the highest
capacity for carbon storage. Overall, this table
illustrates how higher mangrove density correlates
with greater carbon storage, highlighting the
importance of dense mangrove ecosystems in carbon
sequestration.

The research results show that carbon calculations
using an allometric model are aimed at field
measurement analysis (species-based). Meanwhile,
NDVI is used as a variable in the model to estimate
carbon stocks across the entire study area. There is
no direct correlation between mangrove species and
NDVI, but the average carbon stock values are linked
with NDVI to conduct analysis/estimation of regional
carbon stocks through remote sensing.

Comparison with previous studies conducted by
(Khan et al., 2020) shows a similar approach in using
NDVI for vegetation density estimation; however,
they used a different allometric model or more
limited field data. Their study confirmed that NDVI
can be used as a variable to predict carbon stocks in
mangrove ecosystems, although it focused more on
broader areas without considering species variability.
Otherwise, this study integrate carbon calculations
based on specific mangrove species, offering a
deeper insight into the contribution of each species
to the overall carbon stock.

Meanwhile, (Fahlevi & Darmawan, 2020 ) utilized
field data and low-resolution remote sensing data,
whereas this study takes advantage of Sentinel-2
imagery with higher resolution, enabling more
accurate analysis of mangrove density and regional
carbon estimation. This research contributes to the
development of more integrated methods between
species-based field data and remote sensing,
enabling more comprehensive mangrove carbon
stock analysis. Consequently, the results of this
study expand existing methodologies and provide a
more holistic view of carbon distribution in mangrove
ecosystems, supporting mangrove ecosystem
management and climate change mitigation. The
findings from this research can be used as a
foundation for policy decision-making, as well as for
long-term monitoring of the role of mangrove
ecosystems in carbon sequestration.

4. Conclusion
This study shows that mangrove forests on Bangko-
bangkoang Island have significant potential for
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carbon storage, which depends on the density of
mangrove vegetation. Through the use of Google
Earth Engine (GEE)-based remote sensing
technology and allometric models, this study
successfully estimated carbon stocks in various
classes of mangrove density, from very low to very
high. The results of the analysis show that the higher
the mangrove density, the greater the capacity of the
ecosystem to store carbon. At a very low density
level, carbon stocks were recorded at around 13.43
tons C/ha, while at high densities, carbon stocks
could reach 120.8 tons C/ha. The use of the
Normalized Difference Vegetation Index (NDVI)
algorithm in this study proved to be effective for
mapping the distribution of mangrove density and
accurately estimating carbon stocks on a large scale.
The regression model built showed a significant
positive relationship between NDVI values and
carbon stocks, with an R2 of 0.68, indicating that
NDVI was able to explain most of the variation in
carbon stocks.
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