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Abstract: Mangrove ecosystems play an important role in maintaining the balance of 
coastal environments. But in recent decades, the existence of mangroves has decreased. 
In the coastal area of Banyuglugur, Situbondo, mangrove rehabilitation has been carried 
out since 2018, but its effectiveness in changes in canopy cover and carbon stocks has not 
been widely studied. This study aims to analyze the changes in canopy cover and 
mangrove forest carbon stock in 2018 and 2025 in Banyuglugur based on satellite image 
analysis, to examine the relationship between canopy cover area and the amount of 
mangrove carbon stock, and to compare the estimation results of aboveground carbon 
stock derived from satellite imagery with ground measurements. The research used 
Google Earth Engine (GEE) and InVEST Carbon Storage and Sequestration Model 
software to estimate carbon storage within vegetation. Field validation was carried out 
through vegetation analysis using hemispherical photography. Results show a 4.12% 
increase in mangrove ecosystem area and a 35.83 Mg C ha-1 increase in aboveground 
carbon storage, based on InVEST estimates. Estimation using InVEST yields values 274% 
higher than direct measurements for the same carbon pools. The analysis of the 
relationship between canopy cover and aboveground carbon (AGC) stock showed no 
significant association. It can be concluded that the Banyuglugur mangrove ecosystem 
has experienced an increase in area and carbon stock. Correlation analysis between 
canopy cover and AGC  shows a positive relationship (β > 0) but weak (p > 0.05). Carbon 
stock estimation using the InVEST model shows an overestimation compared to direct 
field measurements. 
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Introduction  
 
Mangrove ecosystems are among the coastal 

ecosystems with a significant capacity to sequester and 
store atmospheric carbon through biomass and 
sediment accumulation (Sholeh et al., 2024). This ability 
makes mangroves a major contributor to mitigating 
climate change (Aprilita et al., 2024). Indonesia is home 
to 20% of the world's mangroves (Suhardi et al., 2024), 
playing a crucial role in maintaining the global 
sustainability of blue carbon (Arfan et al., 2023). 

Some mangrove areas in Indonesia are 
experiencing a reduction in mangrove area due to 

anthropogenic activities and natural events. It is 
estimated that 35% of the global mangrove area has been 
lost in the last 50 years (Wu et al., 2025). This degradation 
of the mangrove ecosystem leads to a decrease in 
vegetation and the ecological role of the mangrove 
ecosystem, and increases the vulnerability of coastal 
areas to coastal abrasion (Dewi et al., 2023). The 
Banyuglugur mangrove area in Situbondo Regency is 
one of the locations experiencing such pressure, along 
with the dynamics of coastal space utilization and local 
environmental changes. 

In 2018, the Banyuglugur area 2018 became the 
location for a rehabilitation program coinciding with 
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National Santri Day. Following this intervention, an 
assessment of mangrove extent, canopy characteristics, 
and carbon stocks is needed to characterize the condition 
of the rehabilitated area. Periodic monitoring of these 
parameters is necessary to understand the extent of the 
recovery process, as carbon stocks are influenced by the 
type, size, and density of the vegetation stand. Research 
on natural and rehabilitated mangroves has 
demonstrated differences in aboveground biomass and 
stand structure (Sitthi et al., 2025), indicating that the 
area occupied by mangroves alone does not fully 
describe their condition. Banyuglugur therefore 
provides a case for examining whether changes in 
mapped mangrove extent and canopy indicators are 
consistent with the information obtained from carbon 
stock assessments. 

Methods for monitoring mangrove ecosystems 
have developed significantly in recent years. Direct field 
measurements or observations (ground checks) have 
been supported by satellite image-based analysis. 
Analysis using satellite imagery enables the assessment 
of canopy cover changes and carbon stocks at the 
landscape scale, while field measurements provide 
reference data to evaluate the accuracy and potential 
bias of these estimates. Long-term monitoring using this 
method can provide important data on the spatial and 
temporal changes in mangrove cover (Sunkur et al., 
2024). Another study used Landsat 8 and Sentinel-2A 
imagery, applying the NDVI algorithm and achieving 
accuracy rates of 75.51% for Landsat 8 and 87.50% for 
Sentinel-2A (Rafsenja et al., 2020). Additionally, 
software such as Integrated Valuation of Ecosystem 
Services and Tradeoffs (InVEST) enables the estimation 
of carbon stocks by assigning carbon densities to land-
cover classes. However, when these densities remain 
fixed, modeled carbon changes reflect land-cover 
transitions rather than biomass growth within an 
unchanged class (Natural Capital Alliance, n.d.). 
Similarly, the accuracy of mangrove mapping does not 
by itself establish the ability of NDVI or canopy cover to 
represent aboveground carbon stocks. These 
methodological differences highlight the need to 
examine the agreement between model-based and field-
based carbon estimates, together with the relationships 
between canopy indicators and field-based carbon 
stocks.   

This study aims to (1) quantify changes in 
mangrove extent and NDVI between 2018 and 2025 
using Sentinel-2 imagery, (2) compare InVEST-based 
aboveground carbon estimates with field-based 
estimates for 2025, and (3) examine the relationships of 
NDVI and field-measured canopy cover with 
aboveground carbon stocks. Its contribution is a site-
specific assessment of the agreement and limitations of 

these complementary indicators for interpreting 
changes in a rehabilitated mangrove area.  
 

Method  
 
Location of the study  

This research was conducted from August 2025 to 
December 2025. Field data collection was carried out in 
September 2025 in Banyuglugur, Situbondo, East Java. 
This ecosystem is located in a residential area and a 
small local fishing port. The data collected were then 
analyzed at the Tropical Ecology and Ecosystem 
Restoration Laboratory, Department of Biology, Faculty 
of Mathematics and Natural Sciences, Brawijaya 
University. 

 
Collection and pre-processing of satellite image data 

Canopy cover and carbon stock estimation data 
were obtained using Sentinel-2 satellite imagery from 
2018 and 2025. The data acquisition and processing 
utilize the Google Earth Engine (GEE) platform, 
enabling efficient and consistent analysis on a large 
scale. During the pre-processing stage, Sentinel-2 images 
were selected based on visual quality with a maximum 
cloud cover limit of 10%. The pre-processing stage 
involved creating band composites by combining 
Sentinel-2 channels, which were then displayed as false-
color composites (Purwanto & Asriningrum, 2019). 
Color composites are used to enhance the interpretation 
of canopy cover changes because they include visible 
and near-infrared spectral bands.  
 
Analysis of canopy cover change 

Land cover classification was performed using the 
Random Forest algorithm with three land cover classes: 
mangrove, non-mangrove, and water. Training data 
were obtained by digitizing areas on Sentinel-2 images 
and were used to train a model with 200 trees using six 
reflectance channels. The results of this classification 
produced a mangrove distribution map shown in pixels 
and area (ha). The accuracy of the classification was 
assessed using a confusion matrix, overall accuracy, and 
the Kappa statistic. 

The NDVI value was calculated after the Random 
Forest classification to ensure that the vegetation index 
was applied only to pixels identified as mangroves. The 
NDVI calculation used the red (Red) and near-infrared 
(NIR) channels in the Sentinel-2 image. The NDVI 
results were then classified into three categories of 
mangrove canopy density: low (0.00–0.33), medium 
(0.34–0.42), and high (>0.43) (Simarmata et al., 2021). 

 

Ground-truthing  
Ground checks were conducted to verify the land-

cover classification results and canopy-density 
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interpretations derived from Sentinel-2 imagery. Field 
observations were conducted by creating ten sample 
plots in the Banyuglugur mangrove area. Vegetation 
data collection in the mangrove ecosystem was classified 
into two categories (Rahmi et al., 2025): trees in 10 × 10 
m plots (diameter ≥ 5 cm) and saplings in 5 × 5 m plots 
(diameter < 5 cm). 

In each plot, the species of mangrove found was 
recorded, while the diameter (DBH) was measured as 
the basis for calculating aboveground biomass. 
Furthermore, canopy documentation was conducted 
using Hemispherical Photography at each plot, with 
three captures to estimate canopy cover. This method 
involves capturing images vertically toward the sky and 
the canopy cover (I. W. Dharmawan, 2020). 

 

Above-Ground Carbon (AGC) Estimation 
The carbon stock of the mangrove ecosystem is 

estimated using the InVEST Carbon Storage and 
Sequestration (CSS) Model software. Based on the 
classification results, an LULC table will be created with 
carbon pool values obtained from the Ministry of 
Environment and Forestry (KLHK). The CSS model 
calculates the amount of carbon stored per pixel based 
on land-use type and the corresponding carbon density. 
After that, the analysis results will be overlaid with the 
land-use layer in GIS. The values for each pixel are then 
summarized to create maps for different time periods 
(Zhu et al., 2024). 

In addition to InVEST-based modeling, AGC was 
determined using field data from ground checks. 
Aboveground biomass was determined using allometric 
models according to mangrove type (Table 1). The 
carbon stock is subsequently computed from the 
biomass results using Formula 1. 

 

𝐶𝑏 = 𝐵 ×  %𝐶𝑜𝑟𝑔      (1) 
 
Cb : Carbon (kg) 
B : Total biomass (kg) 
%Corg : Percentage carbon content value (0.47) 
 

The vegetation carbon stock data derived from field 
measurements provide an estimate and validation for 
interpreting the outcomes of the InVEST modeling. 
 

Analysis of the Relationship between Canopy Cover, NDVI, 
and AGC 

The relationship between mangrove canopy cover 
and carbon stock was analyzed using regression 
methods. The goodness of fit of a regression model can 
be assessed by the coefficient of determination (R²). If the 
value of the coefficient of determination approaches 1, 
the resulting regression model is considered 
increasingly effective at describing the relationship 
between the two variables (Andiani et al., 2021). 
Additionally, correlation analysis was also conducted to 
measure the strength of the relationship between canopy 
cover and NDVI with carbon stock. 

 
Table 1. Allometric biomass model for several species of mangrove vegetation 

Species Allometric Formula Sources 

Rhizophora mucronata B = 0.1466.DBH2.3136 (I. W. S. Dharmawan, 2010) 
Sonneratia alba B = 0.825.DBH0.89 (Komiyama et al., 2005) 
Avicennia marina B = 0.1848.DBH2.3524 (I. W. S. Dharmawan & Siregar, 2008) 
Excoecaria agallocha B = 0.251.ρ .DBH2.46 (Komiyama et al., 2005) 
Bruguiera cylindrica B = 0.251.ρ.DBH2.46 (Komiyama et al., 2005) 

Note: B: biomass; ρ: wood density; DBH: diameter at breast height (1.3 m above ground level) 
 

Result and Discussion 
 
Changes in the mangrove canopy cover of Banyuglugur based 
on satellite imagery 

The area of Banyuglugur mangrove, analyzed using 
a Sentinel-2 satellite image and classified with the 
random forest algorithm, shows an increase of 4.12% 
(Figure 2), with an accuracy of 99% and a Kappa 
coefficient of over 0.98. The mangrove area initially 
covered 6.55 ha in 2018 and increased to 6.82 ha in 2025, 
out of a total sampling area of 9.81 ha. This increase in 
area was clearly detected on the side adjacent to the sea 
and the northeast part.    

In this study, the NDVI value was used to determine 
the health and density of mangrove vegetation. 

According to (Kusmana, Rahayu, & Ningrum, 2016), 
mangroves with low, moderate, and high densities have 
NDVI values of 0.26 – 0.3, 0.31 – 0.4, and > 0.41, 
respectively. Based on the average, the health of the 
Banyuglugur mangrove vegetation improved from 0.75 
in 2018 to 0.81 (Figure 2). The mangrove vegetation in 
Banyuglugur increased at all density levels. The area 
with the highest density levels experienced the largest 
increase in area compared to the others, at 2.63% (Table 
2).   

The increase in the area of the Banyuglugur 
mangrove ecosystem, as determined by the random 
forest algorithm, indicates the successful regeneration of 
vegetation. This condition is common in mangroves that 
are in a stable state. Similar findings were also reported 
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that increased mangrove cover is closely related to 
successful rehabilitation and regeneration (Sasmito et 
al., 2020), and substrate stability (Sitthi et al., 2025). 
Furthermore, the application of the Random Forest 
algorithm in this work demonstrates remarkable 
dependability, evidenced by coefficient and Kappa 
values over 0.75 (Ma et al., 2022) 
 

 
(a) 

 

 
(b) 

Figure 2. Spatial variation of NDVI for Banyuglugur 
mangroves in 2018 (a) and 2025 (b). Increased NDVI values are 
recorded through darker green gradations. 

 
The observed area of this study also shows a rise, 

which is supported by the improved health of the 
vegetation, as reflected in higher NDVI values 
(Simarmata et al., 2021). Elevated NDVI values are 
frequently associated with increased biomass, canopy 
expansion, and improved productivity (Heumann, 
2011). The presence of reduced minimum NDVI values 
in 2025 indicates a combination of mature and young 
vegetation. However, this index has limitations under 
very dense canopy conditions and is sensitive to water 
conditions. 
 

Table 2. Variations in vegetation density as shown by 
NDVI 

Density* 
Mangrove area (ha) 

2018 2025 

Low 0.0052 0.0136 
Moderate 0.0233 0.0269 
High 6.5178 6.7763 

*Low: 0.26 – 0.31, Moderate: 0.31 – 0.4, and High: > 0.41 
 
Mangrove Aboveground Carbon Stock 

The ground check revealed that the density of 
mangroves in the tree stand reached 1,660 
individuals.ha-1, while that of shrubs reached 520 
individuals.ha-1. The tree canopy comprised five taxa: 
Excoecaria agallocha, Avicennia marina, Sonneratia alba, 
Bruguiera cylindrica, and Rhizophora mucronata. The same 
taxa were identified in the shrub stands, except for A. 
marina and S. alba (Figure 3a). In the tree and shrub 
stands, it was found that R. mucronata had the highest 
density among to other species, with 850 and 320 
individuals.ha-1, respectively. 

Based on direct observation data, the total AGC of 
tree and sapling stands in 2025 is 189.03 Mg C.ha-1. Each 
identified vegetation individual is known to have a 
different carbon stock contribution, depending on its 
type and diameter size. In the tree stands, R. mucronata 
and E. agallocha are the primary contributors of AGC. In 
shrub stands, E. agallocha contributes the most compared 
to R. mucronata and B. cylindrica (Figure 3b). 

Meanwhile, the results of estimating aboveground 
carbon stocks using InVEST suggest an increase in 
carbon stocks from 2018 to 2025 of 35.83 Mg C.ha-1 
(Figure 3). The results of this aboveground carbon stock 
estimation are supported by the increase in the area of 
Banyuglugur mangroves based on classification results 
using the random forest algorithm. This condition is 
consistent with the study conducted by Gunawan et al. 
(2025), which found that an increase in the area of the 
mangrove ecosystem affects the amount of carbon stock 
stored within it. However, the carbon stock estimate 
using InVEST in 2025 is 274% higher than the results of 
direct carbon measurements.  

The AGC in the Banyuglugur mangrove ecosystem 
indicates that variations in species and wood diameter 
are the main determining factors in biomass 
accumulation. Species, such as R. mucronata and E. 
agallocha, which have a larger diameter, contribute 
more carbon than other species. These findings are along 
with previous research, which show that the woods’ 
structure, density, and diameter size, (Slik et al., 2013) 
and number of stands (Istomo et al., 2025) play a crucial 
role in determining the amount of mangrove biomass. 
Another study in Southeast Asia also reported that R. 
mucronata is the largest carbon sink in well-developed 
mangrove stands (Mulyana et al., 2021).Additionally, 
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significant differences in contributions to carbon stock 
estimation are determined by stand height (Darlina et 
al., 2023). 

 

 
(a) 

 
 

(b) 
Figure 3. The density of trees and shrubs (a) and the 
aboveground carbon stock (b) of Banyuglugur mangrove, as 

contributed by various observed species. 
 

As predicted by the InVEST model, from 2018 to 
2025 indicates the recovery and expansion of mangrove 
cover, a condition commonly observed in regenerating 
mangrove ecosystems (Tran, Reef, Zhu, & Mohan, 2025). 
This finding suggests that the Banyuglugur mangrove 
ecosystem functions effectively as a carbon sink, 
consistent with global studies on the dynamics of carbon 
accumulation in regenerating mangroves (Sitthi et al., 
2025). However, the InVEST value in 2025 shows an 
overestimation compared to field measurements. This 
aligns with several studies that highlight the limitations 
of spatial models when not calibrated with the 
characteristics of the local stand structure, as these 
models generally assume homogeneous vegetation 
within each land-cover (Yang et al., 2025), leading to 
potential bias in carbon stock assessments. Therefore, 
adjustments to biomass parameter values, integration of 
field data, and model calibration are needed to improve 
the accuracy of carbon estimation in mangrove 
ecosystems. Wang et al. (2024)  found that the results of 
InVEST calculations are often higher than those of other 
models, such as CASA, leading to a significant 
quantitative difference. 

 

 
Figure 4. The dynamics of AGC estimation based on InVEST 

 
Relationship between NDVI and Canopy Cover and 
Aboveground Carbon Stock 

The regression analysis results show that NDVI (p 
= 0.589; R2 = 0.05) and canopy cover (p = 0.49; R2 = 0.39) 
are not significantly related to AGC. Spearman 
correlation also shows a weak and non-significant 
relationship (p > 0.05), but the regression coefficient 
indicates a positive trend (β > 0) (Figure 5). These 
findings suggest that variations in AGC cannot be fully 
attributed to changes in canopy cover or NDVI.    

The discrepancy between the extent of canopy 
cover and the high AGC suggests that the relationship 
between these two variables is indirect and insignificant. 
This confirms that canopy cover is not the sole indicator 
representing mangrove biomass. Species composition 
and stem size are key determining factors, as species 
with larger stem diameters, such as E. agallocha, are able 
to store more carbon even if the canopy cover is not 
dominant. Conversely, the dominance of R. mucronata, 
which has dense branching and wider leaves, can result 
in high canopy cover values without a significant 
increase in biomass (Rukminasari et al., 2025). This 
finding reinforces that vegetation structure, which more 
accurately reflects the amount of carbon stock in the 
mangrove ecosystem. 

The relatively weak relationship between NDVI, 
canopy cover, and AGC highlights the limitations of 
spectral indicators in capturing biomass variation. The 
NDVI value indeed reflects the greenness level of 
vegetation (Simarmata et al., 2021) and is typically 
associated with canopy density; however, it does not 
consistently represent the biomass stored. Structural 
factors, such as wood diameter, proved to be more 
determinant of carbon accumulation, indicating that 
large-diameter vegetation can have high carbon stocks 
despite low density (Slik et al., 2013). NDVI is prone to 
saturation in extremely dense canopies and is influenced 
by seasonal fluctuations and canopy heterogeneity, 
suggesting that fluctuations in vegetation structure are 
not adequately represented. Environmental factors, 
including soil fertility and tree density, have a significant 
influence on biomass potential. Consequently, carbon 
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stock assessment necessitates the amalgamation of field 
data with remote sensing data to enhance the accuracy 
and objectivity of the interpretation (Arief et al., 2025). 
 

 
(a) 

 
(b) 

Figure 5. Relationship between canopy cover (a) and NDVI 
(b) with aboveground carbon stock 

 

Conclusion  

 
The Banyuglugur mangrove ecosystem 

experienced an increase in canopy cover and mangrove 
area of 4.12% between 2018 and 2025, indicating 
ecosystem regeneration and stability. The estimated 
AGC based on field measurements in 2025 is 189.03 Mg 
C/ha, with the largest contribution coming from the 
species R. mucronata and E. agallocha. The InVEST model 
predicts an increase in carbon stock as mangrove area 
increases; however, it produces values that are 
significantly higher than those observed in field 
measurements. Analysis of the relationship reveals that 
NDVI and canopy cover are not significantly related to 
AGC, although they exhibit a positive trend, which 
supports the conclusion that mangrove carbon 
accumulation is more influenced by vegetation 
structure. 
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