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Abstract. Ramadhani G, Wahyuningtyas J, Arifiandita DM, Ayuningtyas HR, Deristani A, Ulumuddin YI, Setyawan AD. 2024. 

Mangrove dynamics on the Madura Island coast, Indonesia, analyzed through NDVI: Balancing degradation and restoration efforts. 
Indo Pac J Ocean Life 8: 101-111. Mangrove ecosystems are plant communities that thrive at the interface between land and sea, but 
they face significant threats, particularly from land conversion. The mangrove forests along the coast of Madura have experienced a 
decline in coverage due to such conversion. This study offers valuable insights into changes in mangrove areas and uses NDVI analysis 
to assess these changes from 2019 to 2024. The study focuses on monitoring mangrove forest distribution and changes in the Bangkalan, 
Sampang, Pamekasan, and Sumenep coastal areas. Primary data were obtained from Sentinel-2A - 2A satellite imagery of Madura. Data 
analysis used the Kappa Analysis method to validate mangrove density classification. Results showed an increase in mangrove coverage 
in Bangkalan between 2019 and 2024, with the moderately dense category rising from 348.9 to 355.3 hectares and the dense category 
increasing from 114.7 to 150.1 hectares. Similarly, in Pamekasan, the moderately dense classification grew from 305.4 to 409.3 

hectares. However, overall, the reduction in mangrove forest area was more significant than the increase. The Kappa accuracy of 70% 
indicated moderate reliability, with data discrepancies in 14 out of 40 points. In Madura's mangrove forests, conservation efforts include 
education, conservation initiatives, and community empowerment through sustainable environmental communication strategies. 

Keywords: Density, health, kappa coefficient, mangrove, NDVI  

INTRODUCTION 

 Mangrove ecosystems are plant communities that 

thrive between sea and land, are influenced by tidal 

movements, and are commonly found in shallow bays, 

estuaries, and deltas (Rizqi et al. 2023). Their adaptive root 

systems protect coastlines from erosion and tsunamis 
(Shiau et al. 2020). However, mangroves are threatened by 

human activities, including urbanization and industrial 

expansion (Hidayah et al. 2015). As the country with the 

most extensive mangrove coverage, Indonesia must 

prioritize sustainable management and conservation of 

these essential ecosystems (Sidik et al. 2018). 

 According to data from the Geospatial Information 

Agency (GIS), Indonesia's mangrove forests covered 3.36 

million hectares in 2017 (Rahadian et al. 2019). In Madura, 

mangroves extend over 12,115.8 hectares, distributed 

across several areas: Bangkalan (1,508.1 hectares, 10%), 

Sampang (915.3 hectares, 6.1%), Pamekasan (599.3 
hectares, 4%), and Sumenep, including its islands (12,095.4 

hectares, 80%) (Muhsoni et al. 2019). The protection of 

mangrove forests involves monitoring through remote 

sensing and GIS technologies, which utilize satellite 

imagery for accurate mapping (Giri et al. 2021). Due to 

their location between land and sea, mangroves exhibit 

unique spectral characteristics that necessitate specific 

transformations of vegetation indices for effective detection 

(Kawamuna et al. 2017). 

In 2017, Indonesia's mangrove forests covered 3.36 

million hectares (Rahadian et al. 2019), with Madura 
accounting for 12,115.8 hectares: Bangkalan (10%), 

Sampang (6.1%), Pamekasan (4%), and Sumenep (80%) 

(Muhsoni et al. 2019). Mangrove protection can be 

improved using remote sensing and GIS, which leverage 

satellite imagery for precise mapping (Giri et al. 2021). 

Due to their transitional location between land and sea, 

mangroves require specific spectral transformations, often 

using vegetation index techniques, for accurate detection 

(Kawamuna et al. 2017). 

Mangrove ecosystems are evaluated based on species 

diversity, density, canopy cover, and biomass (Schaduw et 

al. 2019). In Indonesia, over 70% of mangroves are 
damaged due to human activities. Madura's mangroves 

span 15,118.2 hectares, with 8,794.1 hectares in good 

condition and 6,324.1 hectares degraded (Hidayah et al. 

2024). Logging, land conversion, and waste disposal have 

significantly reduced mangrove coverage and health, 
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especially along Madura's coast (Hidayah 2015; Rosyid et 

al. 2021). 

Satellite imagery allows for the analysis of mangrove 

ecosystems using vegetation indices such as NDVI, which 

is known for its accuracy and correlation with vegetation 

density (Razali et al. 2019). The Mangrove Health Index 

(MHI) evaluates ecosystem health based on parameters like 

stem diameter, canopy cover, and density using field data 

or satellite imagery (Hidayah et al. 2023). Research by 

Nurdiansyah et al. (2021) demonstrates a strong correlation 
between these parameters and vegetation indices, which 

can be derived from satellite image analysis. MHI values 

can be predicted using several vegetation indices, including 

NBR (Normalized Burn Ratio), GCI (Green Chlorophyll 

Index), SIPI (Structure Insensitive Pigment Index), and 

ARVI (Atmospherically Resistant Vegetation Index). 

Mangrove density has a close relationship with the 

dynamics of mangrove area change from 2019 to 2024 on 

the south coast of Madura. Increases in mangrove density 

often reflect successful natural regeneration or successful 

rehabilitation programs, such as mangrove planting in 
previously degraded areas. Conversely, a decrease in 

mangrove area can occur due to the pressure of human 

activities, such as land conversion to salt ponds, as well as 

the impacts of coastal abrasion and climate change. The 

aims NDVI analysis shows that changes in mangrove area 

in the period 2019-2024 with increasing pressure on 

mangrove land on the south coast of Madura, sustainable 

management efforts are needed to maintain a balance 

between optimal mangrove density and the sustainability of 

its area to support the coastal ecosystem as a whole. 

MATERIALS AND METHODS  

Study area 
This study monitors the distribution and changes in 

mangrove forest coverage along the coast of Madura 

Island, specifically focusing on mangrove dynamics from 

Bangkalan to Sumenep (Figure 1). Located near the 

equator, Madura Island is one of the driest regions in 

Indonesia, characterized by high temperatures and low 

humidity levels (Wasonowati et al. 2019). Temperatures 

along the Madura coast range from 23 to 31°C year-round; 
humidity in the coastal areas varies between 42 and 92%, 

depending on rainfall and other factors. The average annual 

rainfall on Madura Island ranges from 1,328 to 1,571 mm, 

with December typically experiencing the highest rainfall, 

averaging up to 275 mm (Agustin and Syah 2020). 

Factors influencing the weather on the coast of Madura 

Island include flat topography, monsoon wind speed and 

direction, mangrove conditions, sea surface temperatures, 

human activities, and other atmospheric and oceanographic 

factors. Each mangrove species has varying tolerance to 

salinity. For example, Avicennia spp. can tolerate salinity 
levels up to 85 ppm, while Bruguiera gymnorhiza thrives in 

areas with salinity levels between 10 and 37 ppm 

(Natarajan et al. 2021). Most mangrove plants achieve their 

highest leaf production rates at temperatures between 26 

and 28°C and pH levels of 8 to 9 (Martínez‐Díaz and Reef 

2023). 

 
 

 
 

Figure 1. The study Area on the coast of Madura Island, East Java Province, Indonesia, includes 4 districts, i.e.: Bangkalan, Sampang, 
Pamekasan, and Sumenep 
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The study area for mangrove forest coverage on the 

coast of Madura Island (Figure 1) includes Bangkalan 

District (112°40'06"-113°08'04" E and 6°51'39"-7°11'39" 

S), Sampang District (113°08'-113°39' E and 6°05'-7°13' 

S), Pamekasan District (113°19'-113°58' E and 6°51'-7°31' 

S), and Sumenep District (113º32'-116º16' E and 4º55'-

7º24' S). The coast of Madura Island experiences stronger 

abrasion and accretion currents compared to the northern 

coast, with higher levels of human activity. In 2023, 

Madura Island had a population of approximately 4.1 
million people, with 905,151 residents in Bangkalan 

District and 1,042,276 in Sumenep District (BPS East Java 

Province 2023). Land use on Madura includes settlements, 

rice fields, farms, dry land, salt ponds, and mangrove 

forests (Hidayah and Suharyo 2018). The mangrove species 

commonly found in the area include Avicenniaceae, 

Rhizophora, Avicennia marina, Bruguiera gymnorhiza, 

Acanthus ilicifolius, and others (Rosadi et al. 2018). 

Procedures 
Types and sources of data 

The primary data used in this study are Sentinel-2A 
imagery, selected for analyzing mangrove density along the 

coast of Madura Island in 2019 and 2024. Sentinel-2A 

imagery was obtained from the USGS Earth Explorer data 

portal. Sentinel-2 imagery is commonly used for 

monitoring spatial dynamics, especially in mangrove areas 

(Wang et al. 2018). Secondary data include administrative 

maps of Madura Island, QuickBird maps (Google Earth), 

and relevant literature reviews. The administrative maps 

were obtained from the Geospatial Information Agency 

(Badan Informasi Geospasial, BIG) of Indonesia 

Processing method 
The processing method involved transforming Sentinel-

2A imagery of the Madura coastline using band 

combinations to create vegetation indices. The index used 

in this study is the NDVI (Normalized Difference 

Vegetation Index). The principle of NDVI is to measure the 

level of greenness intensity using the following formula 

(Naharudin 2021): 

 
 

Where: 
NIR: Near Infrared (Band 8) 

Red: Red Band (Band 4) 

 

Near Infrared (Band 8) and Red Band (Band 4) are 

bands sensitive to the chlorophyll content in plant leaves, 

which serves as an indicator of vegetation distribution 

(Zhen et al. 2021). The formula can indicate NDVI values 

for the target area. According to Hanif (2015), NDVI 

values range between -1.0 and 1.0. Based on vegetation 

density, NDVI values are classified into four categories: 

water/cloud, non-vegetation, sparse, moderately dense, and 

dense (Table 1). This research utilizes ArcGIS 10.8 
software to generate NDVI maps through spatial analysis. 

Table 1. NDVI value classification 
 

Vegetation density 

classification 
NDVI Value 

Cloud and water -2 - 0 

Non vegetation 0 - 0.2 

Low dense 0.2 - 0.4 

Moderate 0.4 - 0.6 

Dense 0.6 - 0.8 
Source: Hardianto et al. 2021 

 

Validation 

For validation, random sample points were generated 
on the mangrove area map along the coastline of Madura 

Island. A total of 40 sample points were selected: 10 along 

the Sumenep coast, 10 along the Bangkalan coast, 10 along 

the Pamekasan coast, and 10 along the Sampang coast. 

These points were selected based on the presence of 

mangroves, ease of access to data, and the inclusion of all 

four regencies on Madura Island to ensure comprehensive 

coverage. The classification results for each point were 

then compared with NDVI values using QuickBird map 

imagery from Google Earth. Validation was performed 

visually by interpreting the predetermined sample points 
with QuickBird imagery on Google Earth. 

Data analysis 

Kappa analysis was performed to validate the 

classification of mangrove density by comparing the 

classification results from processed image data with field 

observation data using a confusion matrix (Sari et al. 

2022). The confusion matrix (Table 2) serves as a tool to 

measure data accuracy through simple cross-tabulation. 

This process involves assessing the agreement between 

image-processed data and field observation data, providing 

a basis for evaluating data accuracy. The matrix includes 

mangrove density classes derived from image classification 
in its rows and density classes based on field observations 

in its columns, with the matrix contents representing the 

number of objects. 

The more objects that match the classes in the rows and 

columns, the higher the accuracy of the mangrove health 

classification results (Mappiasse et al. 2022). The accuracy 

of the image classification results is calculated using the 

overall accuracy, producer's accuracy, and user's accuracy 

(Vu et al. 2022). The overall accuracy shows the 

percentage of correctly classified findings based on the 

observation data with the following formula: 
 

  
 

Where: 

XKK : number of observation points that match 
N  : total number of observation points 
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Table 2. Matrix of classification density results agreement with field observations 
 

Mangrove  

density analysis 

Field observation data Producer's 

accuracy Cloud and water Non vegetation Low dense Moderate Dense Total 

Cloud and water XAA XAB XAC XAD XAE ∑EC XAA/∑AC x 100% 
Non vegetation XBA XBB XBC XBD XBE ∑BC XBB/∑BC x 100% 
Low dense XCA XCB XCC XCD XCE ∑CC XCC/∑CC x 100% 
Moderate XDA XDB XDC XDD XDE ∑DC XDD/∑DC x 100% 

Dense XEA XEB XEC XED XEE ∑EC XEE/∑EC x 100% 
Total ∑AR ∑BR ∑CR ∑DR ∑ER N  

Producer's accuracy XAA/∑AR x 100% XBB/∑BRx 100% XCC/∑CRx 100% XDD/∑DRx 100% XEE/∑ERx 100% XKK  

Note: : Suitable, : Unsuitable; Source: Abimanyu et al. (2019) 
 
 

 

It is known that the total number of sample points 

obtained is 40, which are randomly distributed, with each 

district having 10 sample points. These points were 
selected to obtain the overall accuracy, with the aim of 

measuring the user's accuracy and the producer's accuracy. 

The mangrove density classification results can be accepted 

if the overall classification result reaches >85% 

(Wicaksono and Wicaksono 2018). 

RESULTS AND DISCUSSION 

Results 

The coastal area of Madura, vulnerable to exploitation, 

faces increasing pressure from the economic needs of local 

communities dependent on land use for salt production and 

aquaculture. The mangrove forest area along the Madura 
Strait Coast in Sumenep, Pamekasan, Sampang, Bangkalan, 

Gresik, Surabaya, Sidoharjo, Mojokerto, Pasuruan, 

Probolinggo, Situbondo, until Bondowoso has decreased by 

111.82 hectares (Hidayat and Suharyo 2018). As a result, 

mangrove coverage shrinks, disrupting its ecological 

functions and increasing the risk of environmental disasters 

such as abrasion and seawater intrusion. The decline in 

NDVI values of mangroves in this region not only impacts 

the local environment but also undermines the resilience of 

coastal ecosystems on a regional scale. 

The NDVI map of the Bangkalan Coast, derived from 

Sentinel-2A imagery, is shown in Figure 2. The map 
highlights areas with high mangrove density along the 

western coast and a small section on the southeastern side. 

Different colors represent varying NDVI values. The 

density of other vegetation types, including shrubs, yard 

plants, and rice fields, can also be observed in the area. In 

2019, the western coast of Bangkalan exhibited dense 

mangroves, with NDVI values ranging from 0.3 to 0.8, 

indicating a healthy mangrove population. Mangrove 

density refers to the concentration of mangrove trees along 

Madura's coastal areas. Madura's mangroves cover 

approximately 15,118 hectares across four main districts: 
Bangkalan, Sampang, Pamekasan, and Sumenep. 

Mangrove density is measured using satellite imagery 

methods, such as Landsat 8, which analyzes the 

Normalized Difference Vegetation Index (NDVI). This 

data is then compared with field observations to assess the 

condition and distribution of mangroves. A slight 

protrusion in the middle of the Bangkalan Coast, observed 

in both 2019 and 2024, suggests low mangrove density. 

This is likely due to the presence of built-up areas. 
The distribution of mangroves was very dense along the 

Sampang coast and rivers in 2019 but decreased to dense 

mangroves in 2024 (Figure 3). This decline may be 

attributed to anthropogenic activities that have impacted 

mangrove density in the Sampang Coast area. The 

dominant density classes in the Sampang coastal region are 

very low and low density. Very dense mangrove was found 

along the coastal river channels of Sampang. Compared to 

the regencies of Bangkalan, Sumenep, and Pamekasan, 

Sampang experienced a reduction of 210.08 hectares in 

mangrove forest area (Hidayat and Suharyo 2018). 
In 2019, very dense mangroves were identified along 

the Pamekasan coast, but by 2024, their density had 

decreased to a dense classification (Figure 4). This change 

may be caused by anthropogenic activities that could affect 

mangrove density in the Pamekasan Coast area. Looking at 

the dominant density classes in the Pamekasan area, there 

are three density classes: very dense, dense, and moderate. 

Very dense vegetation was identified along the Pamekasan 

coast.  

In 2019, very dense mangroves were identified in the 

central area of Sumenep, but by 2024, their density had 

decreased to a dense classification (Figure 5). This change 
may be caused by anthropogenic activities that could affect 

mangrove density in the Sumenep area. The dominant 

density classes in the Sumenep area are moderate and low 

density. Very dense mangrove was identified only in the 

central part of the Sumenep area. Built-up land in Sumenep 

has increased, particularly in productive agricultural areas 

(Saputra et al. 2022). 

Based on Table 3, the overall Kappa accuracy test for 

40 observation points resulted in a value of 70%, indicating 

poor performance. The data matching the classification 

results and field observations included 21 points classified 
as very dense and 5 points as dense. The remaining 14 

points showed discrepancies. One factor contributing to the 

differences between field observations and the NDVI 

mangrove density analysis results is the time discrepancy 

between image acquisition and field observations. High-

resolution images do not necessarily ensure easier 

interpretation, as errors can still occur, such as differences 

in the timing of image acquisition and the presence of 

similar natural features (Naufal et al. 2022). 
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Figure 2. NDVI Map of Bangkalan Coast in 2019 and 2024 
 
 

  
 
Figure 3. NDVI Map of Sampang Coast in 2019 and 2024 
 

 

  
 
Figure 4. NDVI Map of Pamekasan Coast in 2019 and 2024 
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Figure 5. NDVI Map of Sumenep in 2019 and 2024 
 

 
Table 3. Confusion matrix of classification results with field observation data 
 

Mangrove  

density analysis 

Ground truth Producer's 

accuracy Cloud and water Non vegetation Low dense Moderate Dense Total 

Cloud and water 21 0 2 0 0 23 91.3% 
Non vegetation 2 5 3 0 1 11 45.5% 
Low dense 2 0 0 2 1 5 0% 
Moderate 0 0 0 0 0 0 0% 
Dense 1 5 0 0 0 1 0% 

Total 26 5 5 2 2 40   
Producer's accuracy 80.8% 100% 0% 0% 0% 70%   

Source: Kappa Analysis Results 2024 
 

 
Table 4. Area (Ha) Analysis on the coasts of NDVI Classification in Bangkalan, Pamekasan, Sampang, and Sumenep 
 

Mangrove  

density analysis 

Locations 

Bangkalan Pamekasan Sampang Sumenep 

2019 2024 2019 2024 2019 2024 2019 2024 

Cloud and water 8.1 11.1 939.8 1,117.9 1,076.6 1,117.9 243.3 238.3 
Non vegetation 52.7 10.7 1,241.0 1,319.9 1,169.0 1,319.9 140.9 299.1 
Low dense 179.1 176.3 986.6 648.5 738.8 722.2 350.9 237.3 
Moderate 348.9 355.3 305.4 409.3 882.5 759.3 254.1 235.1 
Dense 114.7 150.1 61.8 39.2 464.6 412.3 154.3 133.8 

 
 

 

Based on Table 4, it can be seen that in the Bangkalan 

area, the largest area is the mangrove region classified as 

moderately dense. In the Pamekasan area, the largest area 

is classified as non-vegetation, for example, houses, water, 
and vacant land. In the Sampang area, the largest area is 

also classified as non-vegetation. In the Sumenep area, the 

largest classification in 2019 was sparse vegetation, while 

by 2024, the largest area was classified as non-vegetated. 

Discussion 

2019 mangrove NDVI analysis 

Mangrove areas in Madura are of significant coverage 

and play a crucial role in the coastal ecosystem. In 2019, 

the mangrove area in Madura was estimated to be declining 

by 1-2% per year, especially in regions under pressure from 

human activities (Iswahyudi et al. 2019). The total 

mangrove area in Madura reached 12,115.8 ha, distributed 

across various regions: Bangkalan with 1,508.1 ha (10%), 

Sampang with 915.3 ha (6,1%), Pamekasan with 599.3 ha 
(4%), and Sumenep, including its islands, with 12,095.4 ha 

(80%) (Muhsoni et al. 2019). Mangrove density in these 

regions can be influenced by several factors, including 

environmental conditions, human activities, and the 

mangrove species itself, such as the growth rate of 

mangroves and their natural regeneration ability. One of 

the key factors affecting mangrove density is the pressure 

from surrounding activities. Human activities, such as 

pollution from daily use, can adversely affect the 

environment and, in turn, influence the density of 

mangrove vegetation (Randa et al. 2020). 
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For example, salt pond activities often lead to the 

conversion of mangrove land into ponds, negatively 

impacting the density and diversity of mangrove species. 

This conversion reduces mangrove coverage, disrupts the 

ecosystem, and decreases mangrove density in the affected 

areas (Rachman 2024). Additionally, existing salt pond 

activities can cause pollution and changes in soil quality, 

further hindering the growth of mangrove plants (Duta 

2020). Rehabilitation of land previously used as salt ponds, 

which is then abandoned, can contribute to the increase in 
density and diversity of mangrove species (Sakai 2023). 

The success of such rehabilitation efforts depends on 

effective management and public awareness of the 

importance of preserving mangrove ecosystems (Hardi et 

al. 2023). 

Salt pond activities not only affect mangrove density 

but also have the potential to alter the structure of 

mangrove communities. For example, the increased 

nutrients derived from pond waste can influence the height 

distribution of mangrove plants, leading to conditions 

where mangroves compete with other vegetation (Armitage 
2018). Conversely, such activities can also result in a 

decrease in species diversity (Sasmito et al. 2019). The 

relationship between salt pond activities and mangrove 

density on the coast of Madura is complex. While there is 

potential for rehabilitation of mangrove ecosystems, the 

challenges associated with managing salt ponds and 

maintaining sustainable mangrove density remain central 

concerns. Therefore, a sustainable and collaborative 

approach among stakeholders is crucial for ensuring the 

long-term health and growth of mangrove populations 

(Arifanti 2024). Clearing land for agriculture and 
plantations, such as oil palm, banana, and fish ponds, is one 

of the primary causes of mangrove loss. These activities 

often lead to the removal of mangroves and disrupt the 

ecological functions of the land. 

Mangrove density in a region can vary, indicating that 

local factors influence this variation (Hasidu et al. 2021). 

The condition of mangrove land in Madura in 2019 was 

dense. This was due to factors such as species distribution, 

environmental conditions, soil quality, and mangrove 

management. The species distribution factor reveals that 

the presence of adaptive mangrove species, such as R. 

mucronate and A. marina, contributed to the increased 
density of the mangrove ecosystem (Tufliha et al. 2019). 

Additionally, environmental factors such as salinity and 

soil quality significantly impact the mangrove ecosystem 

and affect the growth of mangrove vegetation. Proper 

salinity conditions in a mangrove ecosystem are crucial for 

supporting mangrove growth (Matatula 2019). 

Furthermore, effective management of the mangrove 

ecosystem helps maintain the health of mangrove 

vegetation, which in turn influences the increase in 

mangrove ecosystem density (Adinegoro et al. 2022). 

Mangrove vegetation in Madura includes several 
species that dominate the regions of Bangkalan, Sampang, 

Pamekasan, and Sumenep, such as R. mucronata, A. 

marina, and Sonneratia alba, which are commonly found 

species (Hamzah et al. 2021). In the Bangkalan region, R. 

mucronata was identified as the dominant species and grew 

well. In the Sampang and Pamekasan regions, A. marina 

became the dominant species in the mangrove ecosystem 

(Hamzah et al. 2021). In the Sumenep coastal area, the 

same species as those in the other three regions were also 

found. The variation in mangrove vegetation density is 

influenced by environmental conditions and the mangrove 

land management practices applied in each region 

(Febrianto et al. 2022). 

The distribution of mangrove species in each region 

shows that Rhizophora and Avicennia species dominate, 
which is consistent with findings of mangrove species in 

other locations (Suryono et al. 2020). Different mangrove 

species exhibit varying densities and distributions, which 

are influenced by environmental conditions and 

management practices (Mardliyah et al. 2019). The 

interpretation of mangrove land in Madura, particularly in 

the regions of Bangkalan, Sampang, Pamekasan, and 

Sumenep, indicates that the ecosystem has a high density. 

However, the health of the mangrove ecosystem needs to 

be monitored. The health of mangrove vegetation in an 

ecosystem can be categorized based on the density and 
structure of the stands (Azzahra et al. 2023). A mangrove 

health assessment can be conducted by analyzing 

mangrove density through satellite imagery, such as NDVI, 

to assess canopy cover and overall ecosystem health 

(Tanjung et al. 2022). High mangrove density can indicate 

a healthy mangrove ecosystem. Increased mangrove 

density leads to higher litter production, generating more 

detritus and nutrients, thereby supporting the abundance of 

macro zoobenthos as a food source and attracting more 

benthic fauna to inhabit the ecosystem (Arfan et al. 2023). 

Analysis of mangrove NDVI 2024 
The coast of Madura is home to mangrove species such 

as A. marina, R. stylosa, and S. alba. In the Bangkalan 

coastal area, several mangrove species, such as Avicennia 

alba, Avicennia lanata, Sonneratia caseolaris, Xylocarpus 

granatum, and others, are found (Hur et al. 2020). Suitable 

environmental conditions support the growth of these 

mangrove species. Avicennia marina is known for its high 

tolerance to salinity and its respiratory roots, which enable 

gas exchange in anaerobic conditions on muddy substrates. 

Rhizophora stylosa thrives in muddy substrates, which are 

commonly found along the Madura coast. Additionally, R. 

stylosa can survive in areas with high water inundation and 
relatively strong currents. Its stilt root system provides 

stability in muddy substrates. Sonneratia alba is more 

adaptable to sandy or mixed sandy-muddy substrates, 

allowing it to grow well along the Madura Strait coast, 

where water currents bring nutrients. Its respiratory roots 

enable it to survive in harder substrates. 

However, there has been a decline in mangrove density 

since 2019. This decline could be attributed to various 

interests of the local community, including settlement, 

fisheries, ports, and other activities in the area (Wardhani 

2014). Dense mangrove distribution was observed along 
the coasts of Bangkalan, Sampang, Pamekasan, and the 

central area of Sumenep in 2024. The dense class is 

typically dominated by tree species, as the trees are 

relatively spaced apart (Pratama 2017). A decrease in 
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mangrove density was also noted in other study locations, 

such as the coasts of Sampang, Pamekasan, and Sumenep. 

Anthropogenic activities may contribute to the decline in 

mangrove density in Sumenep. The Kalianget waters in 

Sumenep, located at the eastern tip of Madura Island, are 

used as a port area to support inter-island crossings and 

fishing activities. 

In the coastal areas of the region, the local community 

has engaged in significant development activities, 

including land reclamation and mangrove tree cutting. 
These actions were taken to build salt ponds, shrimp ponds, 

and ports. Human activities around the waters, combined 

with the effects of hydro-oceanographic processes, can 

affect the properties, sediment distribution patterns, and 

shoreline changes (Nuraine et al. 2021). Mangroves on the 

coast of Madura grow in areas with high salinity, largely 

due to intensive salt pond activities. This high salinity 

influences the light reflection spectrum of the vegetation, 

resulting in lower NDVI values compared to mangroves in 

ecosystems less affected by extreme salinity. The 

expansion of salt ponds and shrimp ponds has led to 
mangrove fragmentation, creating uneven NDVI patterns. 

Areas with healthy mangroves show high NDVI values 

(>0.6), while degraded areas show low values (<0.3). 

The mangrove ecosystem in Sampang is generally 

found along the coastal areas, forming a green belt. Two 

mangrove species dominate the region of Sampang, 

Madura, Rhizophora apiculata and S. alba, with trees that 

are not very tall. Sampang and Pamekasan are part of the 

coastal area, crossed by the South Coast Road. This road 

often experiences tidal flooding, which can affect the 

mangrove ecosystem in the area. Additionally, there are 
abiotic factors that can influence the reduction in mangrove 

density in Sampang and Pamekasan, such as salinity, air 

temperature, water pH, soil pH, rainfall, and light intensity. 

The Sampang area has muddy characteristics, as it faces 

directly toward the coast. Sonneratia alba is the outermost 

species in the region. Mangrove areas in Pamekasan have 

experienced a decline in density due to the large amount of 

plastic waste discarded by local communities, and some 

mangrove plants have died as a result of being cut down by 

the people (Lathifah et al. 2024). 

Analysis of mangrove area changes in 2019 and 2024 

Based on Table 4, the mangrove area in Bangkalan, 
Pamekasan, Sampang, and Sumenep in 2019 and 2024 has 

experienced both increases and decreases. The increase in 

mangrove area is evident in the coastal area of Bangkalan, 

where the moderately dense classification increased from 

348.9 ha in 2019 to 355.3 ha in 2024, and the dense 

category increased from 114.7 ha in 2019 to 150.1 ha in 

2024. The expansion of the mangrove area also occurred in 

the coastal area of Pamekasan, where the moderately dense 

classification increased from 305.4 ha in 2019 to 409.3 ha 

in 2024. This increase in mangrove area can be attributed 

to tidal changes that affect the nutrients brought along, 
causing mangrove vegetation near the sea or facing the sea 

to expand (Wilujeng et al. 2022). Another contributing 

factor is sedimentation. The muddy type of sedimentation, 

rich in organic material, supports the healthy growth of 

mangroves, thus increasing the size of the mangrove area. 

The expansion of mangrove areas along these coastlines 

helps stabilize the shore and prevent coastal erosion. As the 

area and size of mangroves increase, so do their benefits, 

adding value to the mangrove ecosystems in the area 

(As'adi et al. 2023). However, despite the growth in some 

areas, this increase does not compensate for the areas 

where mangrove coverage has decreased. 

The decrease in mangrove area is more dominant 

compared to the increase in mangrove area (Table 4). The 
mangrove area in the coastal region of Madura may 

decrease due to both natural and anthropogenic factors. 

Natural factors include currents, tidal waves, and weather 

changes that can damage mangroves. Human-induced 

factors involve land conversion for various purposes, such 

as settlements, salt ponds, or other uses like agriculture, 

aquaculture, or industrial development. The Madura coast 

is recognized as one of the national centers for salt 

production (Syakatera and Purnomo 2022). The reduction 

of mangrove areas due to such conversions has negative 

environmental impacts. Ecologically, the conversion of 
mangrove areas leads to a decrease in ecological functions 

in the region. The impacts that may occur include coastal 

abrasion, which can cause land loss and affect shoreline 

changes (Zainuri et al. 2017). Furthermore, the conversion 

or reduction of mangrove areas can also affect the 

economic condition of coastal communities, as the natural 

resources that provide their livelihoods-such as the 

economic value of mangroves, mangrove crabs, shrimp, 

fish, etc.-are diminished (Hafni 2020). 

Kappa accuracy test 

The accuracy test using the kappa coefficient is 
frequently used to evaluate the accuracy of spatial data 

classification, including satellite image analysis to assess 

mangrove density based on vegetation indices such as 

NDVI (Verma et al. 2020). Kappa analysis is conducted by 

comparing the multispectral classification results from 

satellite imagery with existing field conditions to produce 

valid values (Wang et al. 2018). A high kappa accuracy 

value indicates good classification results, meaning the 

produced map can be used for planning and managing 

mangrove areas. According to the Head of the Geospatial 

Information Agency (BIG) Regulation No. 15 of 2014 on 

Technical Guidelines for Map Accuracy, the results must 
have an overall accuracy of ≥85% to be considered a good 

classification result. According to LAPAN (2015), the 

classification accuracy level should be ≥75%. The kappa 

accuracy test results in this study show a value of 70% 

(Table 3), which does not meet the requirements set by 

BIG Regulation No. 15 of 2014 (≥85%) or LAPAN USGS 

(≥75%). This is consistent with the research by Gumma et 

al. (2019), which states that accuracy values greater than 

70% are considered acceptable. In contrast, the study by 

Mappiasse et al. (2022) on mangrove distribution in Maros 

in 2021 achieved an accuracy value of 86.67%. In this 
study, field observations on the health of mangrove forests 

showed a relatively high degree of agreement. 

NDVI classification has weaknesses in determining the 

range of modes (minimum and maximum), which can lead 
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to errors. The overlapping values make interpretation 

difficult, resulting in lower accuracy (Indarto et al. 2020). 

Significant changes in vegetation density or land cover 

over a short period pose a particular challenge, as the 

values at the Ground Control Points (GCP) may not remain 

constant throughout the analyzed period (Ruan et al. 2022). 

The accuracy value produced is related to omission error, 

which refers to the failure to represent objects present in 

the field on the map. Conversely, user accuracy is related to 

commission error, which occurs when objects shown on the 
map are not actually found in the field (Putri and Widayani 

2018). 

In addition to technical factors such as weather, cloud 

cover, and image quality, human error can also influence 

the NDVI Kappa accuracy calculation. Human error may 

occur during field data collection (ground truth), such as 

when the location is not representative or measurements are 

inconsistent (Rawson et al. 2022). Errors during the 

analysis phase, such as data input and calculations, should 

also be considered. According to Indarto et al. (2020), 

directly using NDVI values for classification processes is 
not recommended. A more comprehensive study of 

characteristics and specific timeframes (month or year) is 

needed to represent better land use variation in the field 

(Kurniawan and Ramadhan 2024). Mitigation measures to 

address these issues may include standardizing procedures 

with clear guidelines, conducting training and validation, 

and incorporating automation technologies for improved 

efficiency 

Challenges and recommendations 

Many efforts are needed to manage mangroves to 

maintain the sustainability of the mangrove ecosystem and 
ensure it functions properly. The challenges faced by 

mangrove ecosystems, particularly in the Madura region, 

are significant. One of the main challenges is land 

conversion for agricultural purposes and infrastructure 

development. The expansion of these sectors can lead to 

the destruction of the mangrove ecosystem (Jabbar et al. 

2021). Other challenges include climate change and 

increased human activity, such as the use of 

environmentally harmful fishing practices and pollution, 

which negatively affect the quality and extent of mangrove 

areas (Adrian 2023). Improper mangrove land management 

can result in the loss of the ecosystem's functions, 
including its role in coastal protection and as a habitat for 

various species (Sarastika 2021). 

Sustainable management strategies are essential to 

address future challenges and ensure the long-term health 

of mangrove ecosystems, particularly in the Bangkalan, 

Sampang, Pamekasan, and Sumenep regions. Key actions 

that can be taken include replanting mangroves, regulating 

land use, and raising public awareness about the 

importance of mangrove ecosystems (Arkham 2023). 

Through these efforts, it is hoped that the mangrove areas 

in these regions will remain sustainable and continue to 
provide benefits to the local communities. 

The mangrove conservation and rehabilitation program, 

which includes planting activities, has been widely 

implemented in various regions across Indonesia and has 

become a government priority since 2020. This initiative is 

driven by the numerous benefits provided by mangrove 

ecosystems, including provisioning services (such as fish, 

clean water, and wood), regulating services (such as 

climate control, water purification, and disease regulation), 

cultural services (such as spiritual, recreational, 

educational, and aesthetic values), and supporting services 

(such as nutrient cycling, soil formation, and habitat 

support) (Kurniawan et al. 2024). In the research area, three 

key concepts- education, conservation, and community 
empowerment-can be adapted through appropriate 

environmental communication strategies. These strategies 

aim to ensure that the managed areas are further developed 

by designing activities that address the specific problems 

faced by local communities (Pratama 2024). Additionally, 

collaboration between district and provincial governments, 

in line with the implementation of Law No. 1 of 2014 and 

Law No. 23 of 2014, is crucial for promoting sustainable 

development, particularly in Bangkalan (Rosyid et al. 

2021). 

In conclusion, the mangrove areas along the coast of 
Madura Island from 2019 to 2024 showed some increase in 

mangrove cover, particularly along Bangkalan coastline. 

The moderately dense category increased from 348.9 ha in 

2019 to 355.3 ha in 2024, while the dense category grew 

from 114.7 ha in 2019 to 150.1 ha in 2024. Similarly, 

Pamekasan coastline saw an increase in the moderately 

dense category, from 305.4 ha in 2019 to 409.3 ha in 2024. 

However, the reduction in mangrove area outweighed the 

increase in coverage. This decline can be attributed to 

factors such as climate anomalies and the conversion of 

mangrove land for purposes like settlements or salt ponds, 
which pose challenges for mangrove management in 

Madura. The overall Kappa accuracy result was 70%, 

indicating lower accuracy, with 14 out of 40 points 

showing discrepancies. Factors influencing this accuracy 

include technical aspects related to image data, such as 

weather conditions, cloud cover, image quality, and human 

error. Efforts to preserve mangrove forests in Madura 

should focus on improving education, conservation 

initiatives, and community empowerment, utilizing 

sustainable environmental communication strategies. 
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