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Abstract

This study aimed to conduct a comprehensive analysis and mapping of mangrove species distribution and density in
conservation areas of Surabaya, Indonesia. The investigation focused on assessing the current state of mangrove
ecosystems using Sentinel-2 satellite imagery and advanced spectral analysis methods, which were crucial for climate
regulation, food security, and poverty reduction. Moreover, Linear Spectral Unmixing (LSU) was used to accurately
classify mangrove species and individual densities. The methodology included the use of radiometrically corrected
Sentinel-2A imagery and spectral library data obtained from various national agencies. The findings showed that the
Pamurbaya protected area covered 7,965,971 m?, with Avicennia Marina accounting for 74% of the mangrove, followed
by Rhizophora Mucronata (24%) and Rhizophora Apiculata (2%). Additionally, this study showed significant density
variations, with 83% of the area densely populated, and also provided novel insights by applying LSU, indicating a
significant advancement in environmental monitoring. The outcome offered critical information for policymakers and
stakeholders to develop effective conservation and management strategies to ensure the long-term sustainability of
critical coastal ecosystems. Finally, the findings showed the urgency of systematic conservation efforts to address the
impact of deforestation and land-use changes on mangrove habitats worldwide.
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1. Introduction

Mangrove ecosystems are important coastal habitats characterized by tidal wetland ecosystems that are mostly
found on tropical and subtropical coasts [1]. These ecosystems are classified as facultative halophytes, showing
individual ability to tolerate a range of salinity levels. Studies have shown that optimal growth occurs when saltwater
concentrations range from 5% to 75% [2]. While mangroves can endure freshwater conditions, the trees are not
considered to thrive in purely freshwater environments. This classification reflects the substantial study conducted on
mangroves over the past century [3]. Mangrove ecosystems play a crucial role in providing essential benefits that
contribute to human well-being, such as climate regulation, food security, and poverty reduction [4]. Following this
discussion, wetland habitats offer various advantages, including supporting fisheries, maintaining clean water, as well

* Corresponding author: Imjaelani@its.ac.id
d-) http://dx.doi.org/10. 28991 /HEF-2025-06-01-01

» This is an open access article under the CC-BY license (https://creativecommons.org/licenses/by/4.0/).

© Authors retain all copyrights.


https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-2663-9016
https://orcid.org/0009-0004-7439-7511
https://orcid.org/0000-0002-2522-2510
https://orcid.org/0000-0001-7473-7564
https://orcid.org/0000-0001-8096-0260

Journal of Human, Earth, and Future Vol. 6, No. 1, March, 2025

as safeguarding against erosion and severe weather events. Mangroves act as natural barriers, protecting assets and
reducing community vulnerability. Despite its exceptional carbon storage capabilities, the value of mangroves is often
underestimated, leading to depletion exceeding global deforestation rate [5-8].

As integral components of blue carbon ecosystems, mangroves are included in numerous international programs
and are distinguished for their capacity to store three to five times more carbon than other ecosystems [9-13].
However, the ability of the tree to mitigate and adapt to climate change varies depending on species, influenced by
factors such as erosion rates, nutrient availability, temperature tolerance, and species composition [14, 15]. Some
species may migrate poleward but face habitat loss, with Central America and the Caribbean projected to experience
significant species decline [16]. According to a publication from LIPI in 2021, Indonesia has up to 3.3 million hectares
of mangrove forests, representing 22.6% of the global total. Following this discussion, the country has documented at
least 202 mangrove species. In Surabaya Mangrove Botanical Garden, part of the Pamurbaya area, at least 59 species
have been identified as of 2023. Effective management and conservation of these ecosystems require detailed data on
species distribution and density. However, these forests face threats from deforestation, land-use changes, and
anthropogenic activities, necessitating strong monitoring and mapping strategies to support conservation efforts [5,
17-19].

Recent advancements in mangrove mapping methods, driven by technological progress and the need for accurate
monitoring, have revolutionized the study of these ecosystems. Traditional on-site surveys are precise but require
labor-intensive effort and cover only a small area. Relating to this discussion, the advent of remote sensing
technologies, particularly high-resolution satellite imagery, has transformed mangrove mapping. The Sentinel-2
satellite, launched by the European Space Agency as part of the Copernicus program, offers high-resolution
multispectral imagery with a spatial resolution of up to 10 meters, facilitating detailed and cost-effective mapping of
mangrove forests. This technology enables the assessment of mangrove distribution, density, and species composition
over time through spectral analysis methods [20-24].

This method allows the direct measurement of spectral characteristics using a spectrometer, spectral libraries, and
image-based reflectance extraction methods. Therefore, this study aimed to address gaps in the literature by
conducting a comprehensive analysis and mapping of mangrove species distribution as well as density in the
conservation areas of Surabaya, Indonesia, using Sentinel-2 satellite imagery and spectral analysis methods.

2. Material and Methods

This study was conducted in the Pamurbaya protected area at the East Coast Area of Surabaya with geographic
coordinates of 120°47'52.52" E - 120°50'47.34" E and 7°15'30" S - 7°20'45" S (Figure 1). According to the Surabaya
Environmental Agency, the predicted mangrove ecosystems in this area reached 916.743 hectares out of the total
predicted area of 1,108.823 hectares, which was approximately 82.68%. Furthermore, Surabaya Regional Regulation
No. 12 of 2014 concerning the Surabaya Spatial Plan of 2014-2034 stated that the Pamurbaya area was a marine
protected area aimed at guarding the environment, potential, and resources in the coastal and marine waters areas from
activities leading to damage and pollution. In this area, development and land use activities capable of damaging the
environment were prohibited.
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Figure 1. Study Area: (a) Indonesia, (b) East Java Province, (¢c) Pamurbaya Area in Surabaya, and (d) Satellite Imagery of
Pamurbaya Area
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The investigation used a radiometrically corrected Sentinel-2A image from the Sentinel Hub EO Browser website
and followed the steps shown in Figure 2. In this context, the image was acquired on February 9, 2024, but it had a
low cloud pixel percentage of 4.3%. Following this discussion, spectral library data for four different mangrove
species were obtained from the Agency for the Assessment and Application of Technology (BPPT), Ministry of
Marine Affairs and Fisheries (KKP), as well as the National Study and Innovation Agency (BRIN). Subsequently, the
endmember spectral values were recorded using a field remote sensing instrument and the OceanOptics USB4000+
spectrometer. To focus on the Pamurbaya area, vector data of the area was applied. SNAP—Earth Online (2020) was
used for LSU processing, while spatial data processing software was considered for layout preparation and data
analysis.
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Figure 2. Study flow

The study process included several stages, beginning with the identification of mangrove forest area in Pamurbaya.
This outcome was achieved by performing ISODATA unsupervised land cover classification based on a
radiometrically corrected Sentinel-2A image [25, 26]. After a subset with vector data of the area, the results were then
used as base data for all processing results as shown in Figure 3.
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Figure 3. Landcover Classification: Mangrove vs non-mangrove area
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The calculated area of mangrove forest coverage from the classified image was 8,319,459.5 m2, which was less
than the predicted area of 9,167,430 m2. This difference was attributed to factors such as recent changes in vegetation
cover or potential inaccuracies in the initial prediction.

The second step was performing Linear Spectral Unmixing (LSU), a sub-pixel analysis method that showed
abundance of endmembers in mixed pixels and was separated using a linear model [27—33]. This process signified that
the reflectance in each image pixel was a linear combination of the reflectance of endmembers present in the pixel.
The spectral unmixing tool in SNAP software was used, which contained three different algorithms, including
Unconstrained LSU, Constrained LSU, and Fully Constrained LSU. In the unconstrained LSU method, abundance was
not constrained and could be used for any numerical value. This process showed that the abundance value was
negative or exceeded 1. In the constrained LSU method, the sum of endmember abundances was equal to 1, which was
the most used method. Additionally, the fully constrained LSU method used by the data processing in this study
signified that the sum of all endmember abundances was equal to 1 and abundance values were not less than zero. This
method needed spectral values of each endmember, which were trimmed according to the Sentinel-2A band
wavelength range as shown in Table 1 and Figure 4.

Table 1. Endmember (in % reflectance) of Mangrove Species

Sentinel 2 Band Number

B2 B3 B4 B5 B8
Avicennia Marina 6.072 13599 4994 14.028 29.910

Species

Rhizophora Apiculata ~ 4.778 10.280 4.088 11.047 35.428
Rhizophora Mucronata  5.296  9.497  3.757 10.855 48.353

Sonneratia Alba 9.663 20.742 7543 20.075 33.345
80
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Figure 4. Spectral endmember of mangrove species according to Sentinel 2 spectral bands: Avicennia Marina (AM),
Rhizophora Apiculata (RA), Rhizophora Mucronata (RM), and Sonneratia Alba (SA)

LSU calculated the abundance value of each end member for every pixel. The number of endmembers was less
than the number of spectral channels. Moreover, the unmixing results were highly dependent on the endmembers used,
and changing these endmembers affected the results. The algorithm for LSU was shown in the following equation.

n

Rk = Zai " Ei,k +£k (1)

i

where, R, = Reflectance value at wavelength k; E} ; = Endmember i value at wavelength k, a; =Abundance value

of endmember i, &, =Error value at wavelength k, and k = Bands: blue, green, red, and near-infrared. i = The

number of endmembers, which were endmembers of Avicennia Marina, Rhizopora Apiculata, Rhizopora Mucronata,
and Sonneratia Alba.
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The investigation performed a classification to separate mangrove density into dense, medium, and sparse
vegetation using the Normalized Difference Mangrove Index (NDMI) [34, 35]. This process allowed the study to
generate a map of distribution and density levels of mangrove in the Pamurbaya conservation area, Surabaya,
Indonesia. The NDMI index was shown in Equation 2:

NDM] = ENIR = pSWIRD)
(pNIR+ pSWIR1) 2

where, pNIR =reflectance at Near Infrared (NIR) band, and pSWIR1 = reflectance at Short-wave infrared 1 band

3. Results and Discussion

The different endmembers of Avicennia marina, Rhizophora Apiculata, Rhizophora Mucronata, and Sonneratia
Alba were shown in Figure 4. This result was a graph of data collected from spectral libraries of BPPT, KKP, and
BRIN, where each species showed unique spectral values. There was a slight increase in reflectance in the wavelength
range around 500-600 nm, as well as a significant decrease in the range of 750-770 nm, leading to a steep slope in the
spectral graph. Figure 4 showed the average reflectance values of endmembers at the center wavelengths of Sentinel-
2A and signified unique reflectance patterns for each mangrove species. Subsequently, LSU processing was performed
using only average reflectance values of each endmember for each band. The endmember of each species for the
individual band of Sentinel-2 data was shown in Table 2, which was used as an input for LSU.

Table 2. Area and Density of Mangrove Species

) Area )

No. Species - % - % Density
652,546 11 Sparse

1 Avicennia Marina 5,926,659 74 416,173 07 Moderate
4,857,939 82 Dense
31,345 26 Sparse

2 Rhizophora Apiculata 119,645 02 41,120 34 Moderate
47,180 39 Dense
131,952 07 Sparse

3 Rhizophora Mucronata 1,919,667 24 49,631 03 Moderate
1,738,083 91 Dense

4 Sonneratia Alba 0 0 0 0 0

The abundance maps generated through the spectral unmixing algorithm showed the percentage of each
endmember in each pixel, ranging from 0% to 100%. The maps shown in Figure 5 signified the spatial distribution of
Avicennia Marina, Rhizophora Apiculata, Rhizophora Mucronata, and Sonneratia Alba species in the Pamurbaya area.
During the study, bright green to dark green implied LSU percentages ranging from 50-100%, while red to yellow
showed the range of 0-50%. Avicennia Marina species dominated the Pamurbaya protected area and were commonly
found in Gunung Anyar and Wonorejo Mangrove Botanical Gardens, with a percentage range of 50-100%. This
outcome showed the important role the species played in the mangrove ecosystem structure of the area. However,
there were some areas during the study with a lower percentage range. Avicennia Marina species were mostly found in
tidal areas and also as pioneer species in protected coastal areas with high tolerance to salinity levels. The species were
common mangrove, that occupied the open mangrove zone (Figure 5a).

Figure 5b showed the spatial distribution of Rhizophora Apiculata species across the Pamurbaya area. The
majority of the area signified an abundance range of 0-40%. This result implied that in individual pixels, other
mangrove species were more dominant. The outcome showed that Rhizophora Apiculata species did not dominate the
Pamurbaya protected area. However, a small portion of the area signified a higher percentage range of 50-60% for
these species.

Different from Rhizophora Apiculata, the spatial distribution of Rhizophora Mucronata species (Figure 5¢) showed
a dominance range of 0-50% in the majority with a minimal area in the range of 50-100%. The outcome signified that
Rhizophora Mucronata species had high abundance and were dominant in each pixel in some areas, even though it was
less than the dominance of Avicennia Marina. Compared to the three previous species, the last species (Figure 5d),
Sonneratia Alba, was not strongly observed, with a percentage of abundance mainly in the 0-10% range. This value
showed that the species were not observed in the Pamurbaya protected area.
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Figure 5. Abundance map: (a) Avicennia Marina, (b) Rhizophora Apiculata, (c) Rhizophora Mucronata, (d) Sonneratia Alba

Figure 6 showed the spatial distribution of dominant mangrove species in the Pamurbaya protected area. The
mapping results, supported by Table 2, showed that Avicennia Marina was the primary species, covering an area of
5,926,659 m2, which constituted approximately 74% of the total mangrove area. These species were predominantly
found in areas with dense vegetation, approximately 82% of its coverage. The significant presence of Avicennia
marina signified its ecological importance as a pioneer species capable of thriving in saline environments, thereby
playing a crucial role in the stability and resilience of mangrove ecosystems. Figure 7 showed a detailed view of
mangrove density across the study area, categorized into sparse, moderate, and dense vegetation. According to the
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data, Rhizophora Mucronata occupied 1,919,667 m?2, with 91% of its area classified as densely vegetated. The high
density signified adaptability of the species and contribution to the structural complexity of the habitat. Consequently,
Rhizophora Apiculata covered a smaller area of 119,645 m?, with a mixed density distribution of sparse, moderate,
and dense vegetation. The absence of significant areas for Sonneratia Alba showed its limited presence in the area.
Moreover, Wonorejo Mangrove Botanical Garden and Gunung Anyar signified a more diverse mix among the three
main mangrove species, showing areas of high biodiversity. These figures collectively improved understanding about
mangrove ecosystems by providing spatial insights into species distribution and density.
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Figure 7. Mangrove density map: (a) Avicennia Marina, (b) Rhizophora Apiculata, (¢c) Rhizophora Mucronata

The study using Sentinel-2 satellite images and LSU gave very useful information about where and how many
mangrove species are in the Pamurbaya protected area. The calculated mangrove forest coverage from the classified
image was 8,319,459.5 m2, slightly less than the predicted area of 9,167,430 m2. This discrepancy was due to recent
changes in vegetation cover or potential inaccuracies in the initial prediction. The mapping results showed that
Avicennia Marina was the primary species, covering a significant portion of the area, followed by Rhizophora
Mucronata as the second most prevalent species. In addition, spatial distribution and density of these species were
critical for understanding the ecological dynamics and resilience of mangrove ecosystems.

The results showed the need for aimed conservation strategies, particularly for Avicennia Marina and Rhizophora
Mucronata, due to individual substantial coverage as well as density. These species were crucial for carbon storage
and coastal protection [36-41]. The study showed the use of LSU and Sentinel-2 imagery for large-scale mangrove
mapping, providing a strong framework for ongoing monitoring as well as management.

4. Conclusion

In conclusion, this study conducted a comprehensive analysis of mangrove species distribution and density in the
Pamurbaya protected area using Sentinel-2 satellite imagery and LSU methods. The calculated mangrove forest
coverage from the classified image was 8,319,459.5 m2, which was less than the predicted area of 9,167,430 m2. This
discrepancy was caused by recent changes in vegetation cover or potential inaccuracies in initial predictions. The
spectral library data showed unique spectral characteristics for each mangrove species, with reflectance values
signifying a slight increase in the 500-600 nm range and a significant decrease in the 750-770 nm range, leading to a
steep spectral curve. Following the discussion, LSU analysis identified Avicennia Marina as the dominant species,
covering 5,926,659 m2 (74% of the total mangrove area) with 82% dense vegetation, while Rhizophora Mucronata
occupied 1,919,667 m2, having 91% dense coverage. Rhizophora Apiculata and Sonneratia Alba had smaller coverage,
with Rhizophora Apiculata covering 119,645 m2 with mixed density. During the analysis, Wonorejo Mangrove
Botanical Garden and Gunung Anyar signified a more diverse mix among the three main mangrove species.

This study showed the use of LSU in large-scale mangrove species mapping, offering critical insights for
conservation and management efforts. Despite the critical insights for conservation and management, it is essential to
validate the findings through ground-truthing. Following this discussion, the results provided a strong framework for
policymakers and stakeholders to develop effective strategies to ensure the long-term sustainability of Pamurbaya
mangrove ecosystems, addressing significant threats from deforestation as well as land-use changes. Future studies
should focus on validating these findings through ground-truthing and exploring the incorporation of additional remote
sensing data to improve the accuracy and scope of mangrove mapping efforts. In addition, the insights achieved from
this study could impact policymakers and stakeholders in developing effective strategies to ensure the long-term
sustainability of mangrove ecosystems, showing individual ecological as well as socio-economic significance.
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4.1. Limitations and Future Study

While the study provided valuable insights, the absence of ground-truthing showed a limitation that should be
addressed in future studies. Ground-truthing would validate remote sensing results and improve the accuracy of
spectral analysis. Additionally, incorporating environmental factors such as salinity and tidal patterns could further
explain the drivers of species distribution and density variations. By addressing these limitations and expanding the
scope of analysis, future studies could build on these findings to support the sustainable management of mangrove
ecosystems in Surabaya.
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