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Abstract. The objective of this study was to evaluate the relationships between the spatial-temporal
dynamics of coastlines (erosion, accretion) as a result of climate change and other anthropogenic factors,
with the spatial-temporal dynamics of mangrove ecosystems. The study was conducted from June to
October 2025. The study used Landsat 5_TM and Landsat 8_OLI satellite images of East Maumere Bay
(Kojadoi Island and Talibura Subdistrict) acquired for 1995, 2000, 2005, 2010, 2015, 2015, and 2025;
data on anthropogenic factors; and wind and current data. Shoreline changes were analysed using the
Digital Shoreline Analysis System (DSAS) method. Mangrove and anthropogenic data were analysed
using the Normalized Difference Vegetation Index (NDVI), supplemented with field measurements and
interviews. Erosion reached -216.04 m and accretion reached 102.73 m at Kojadoi; erosion reached -
436.99 m, and accretion reached 185.49 m at Talibura. The relationship between X (erosion) and Y
(change in mangrove extent) at Kojadoi was: Y = 6E-05X2 - 1.6321X + 23,364, R2 = 0.6534,
r = 0.8083, with X explaining 65.34% of the variation in Y. The relationship between X (change in
mangrove extent) and Y (accretion) in Talibura: Y = -4E-05X2 + 3.5665X - 51,734, R2 = 0.4857,
r = 0.6969, indicating that 48.57% of the variation in variable Y is explained. Anthropogenic factors
contribute to changes in mangrove forest area and coastline movement (advancement or retreat). Since
1995, there has been widespread conversion of mangrove ecosystems into open land, covered with
shrubs and other vegetation, agricultural use, and built-up land. Sustainable mangrove management and
human activities are needed to reduce negative impacts on mangrove ecosystems.
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Introduction. Mangrove ecosystems in archipelagic regions such as Sikka Regency, East
Nusa Tenggara Province, Indonesia, are severely threatened by climate change (UNFCCC
2021; NASA 2022), as well as by anthropogenic factors (human activities) such as land
conversion (Vincentius et al 2018; Bhokaleba & Erfin 2022). This is a serious problem for
the stability and sustainability of coastal and marine ecosystems, as mangroves provide
many ecosystem services of socio-economic value. Mangroves act as coastal protectors
(Beck & Lange 2016). They contribute to the protection and stabilization of coastlines by
controlling erosion in coastal areas and flooding (Koch et al 2009; Gedan et al 2011).
Mangroves assist in the filtration and retention of pollutants, contribute to hydrological
regulation (Barbier 2016; Arifanti et al 2022; Shumway 2023), and carbon sequestration
(Adame et al 2021; Vincentius et al 2024).

Mangroves provide habitat and food for many terrestrial and aquatic species that
live in these ecosystems (Hauhouot 2010), and are therefore important for maintaining
biodiversity (Barbier et al 2011). Mangroves also provide wood for smoking fishery
products, cooking food, and building homes for residents, are used in fishing gear,
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provide medicinal plants, and can support the development of ecotourism activities
(Egnankou 2010; Halim & Setiawan 2023). They are a source of food and income
(Walters et al 2008), fish stocks for industry (Blaber 2007), raw materials and other
economic products (Hamza 2024). Despite their many functions and benefits, mangrove
ecosystems are highly vulnerable to disturbances, both natural and human-induced,
which can cause a decline in their condition and extent (Field 1995; Alongi 2002).

The eastern part of Maumere Bay is one of the coastal areas in Sikka Regency,
naturally blessed with mangrove ecosystems. The presence of settlements in this area
has led to interactions between the residents and the mangrove ecosystem, including the
use of wood for building materials as well as land conversion, resulting in the degradation
of the mangrove ecosystems. The degradation or loss of mangroves can cause the
coastline to recede inland, accelerate sandy beach erosion, increase flooding in coastal
areas, and accelerate damage to coastal infrastructure such as piers and other coastal
structures (Parera et al 2024).

The importance of mangrove ecosystems, which are highly vulnerable to change,
requires continuous monitoring to detect threats from human activities and natural
disasters. Monitoring changes in mangrove ecosystems is essential to evaluate their
growth and identify areas that need rehabilitation (Monsef & Smith 2017). Direct
monitoring of mangrove forests and coastline damage is not easy due to the difficulty of
mapping in the field and the lack of temporal data on mangrove and coastline areas.
Therefore, remote sensing techniques are increasingly used as an alternative (Jia et al
2023).

In spite of all the services they provide, mangrove forests are not considered an
important environment by many inhabitants in Maumere Bay; they are therefore subject
to considerable anthropogenic pressure due to the expansion of residential areas and
pressure from traditional agriculture. In addition to these disturbances, mangroves are
also targeted for illegal logging. Meanwhile, global temperatures are rising, causing ice
near the poles to melt at an increasing rate. This adds to global warming and causes
even more ice to melt, creating a vicious cycle that leads to sea level rise and coastal
erosion (Sasmito 2020). The coastline is threatened by the impacts of climate change,
which affect mangrove dynamics through slow but relentless sea level rise, changes in
rainfall patterns, and higher temperatures. Sea water rise is one of the greatest threats
to mangrove ecosystems due to the sensitivity of many species to increased salinity, and
can lead to the extirpation of these species (Ward et al 2016).

Several organizations investing in environmental issues in the Maumere Bay area,
such as the Coral Reef Rehabilitation and Management Program and the NGO Wetlands
International, have attempted to mitigate the declining trend in mangrove extent and
condition by organizing awareness-raising sessions and training for coastal residents,
mangrove reforestation activities, and conferences and workshops. The extent and
pattern of coastline change need to be monitored to determine their relationship with
changes in mangrove extent and cover. These changes can be monitored using remote
sensing approaches (Sasmito 2020).

To harmonize management efforts, it is necessary to understand and map the
spatio-temporal dynamics of climate change as measured by indicators of coastline shifts
and evaluate their relationship to the dynamics of mangrove extent/cover. Therefore, this
study aims to map these dynamics in East Maumere Bay over 30 years (1995-2025) and
obtain mathematical equations for the relationship between climate change (as measured
by coastline shifts) and anthropogenic factors, with changes in mangrove area/cover in
the East Maumere Bay region, Indonesia. The results of this study can inform mangrove
restoration and conservation efforts in order to maintain the ecological and economic
functions of mangroves amid global climate change.
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Material and Method

Time and place. This research was conducted in eastern Maumere Bay, Sikka Regency,
East Nusa Tenggara Province, Indonesia. The research location included Kojadoi Island
and Talibura Subdistrict (Figure 1), where mangrove ecosystems occur naturally along
the coastline. The research was conducted from June to October 2025 in two stages,
namely the field data collection stage and the data analysis stage. Field data were
collected in June 2025.
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Figure 1. The study sites are in the eastern reaches of Maumere Bay, East Nusa Tenggara
Province, Indonesia.

Equipment, materials, and secondary data. The equipment and materials used in this
study included computers equipped with ENVI 5.1, ArcGIS 10.4, Ocean Data View 4.7.10,
WRPIot View 8, Surfer 13, Microsoft Word, and Excel software. Field observations were
conducted using motorboats, roll-up tape measures, nylon ropes, cameras, a GPS unit,
and charts of the survey sites. Secondary datasets used in this study are shown in Table
1.
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Table 1
Sources of secondary data used in the study

Spatial
resolution
Landsat 5 Earthexplorer.usgs.gov 30m Data from 1995
™ (Acquired on August
15, 1995)
Data from 2000
(Acquired on January
4, 2000)
Data from 2005
(Acquired on August
29, 2005)
Data from 2010
(Acquired on February
16, 2010)
Landsat 8 Earthexplorer.usgs.gov 30m Data from 2015
OLI (Acquired on May 21,
2015)
Data from 2020
(Acquired on August
22, 2020)
Data from 2025
(Acquired on August
12, 2025)
Predicted http://tides.big.go.id/pasut/ + 0.08171 1995-2025
data tides
Bathymetry http://tides.big.go.id/BATNAS/ 180 m June 2025
Surface https://cds.climate.copernicus.eu/ 0.0830 2025
current
Wind https://cds.climate.copernicus.eu/ 0.0830 1995-2025

Data type Data source Acquisition time

Data collection. The secondary data used consisted of Landsat 5 TM and Landsat 8 OLI
satellite imagery. The Landsat 5 TM and Landsat 8 OLI satellite data acquisitions for the
eastern part of Maumere Bay, from Kojadoi Island to Talibura Subdistrict, were from the
following dates: August 15, 1995 (1995 data); January 4, 2000 (2000 data); August 29,
2005 (2005 data); February 16, 2010 (2010 data); May 21, 2015 (2015 data); August
22, 2020 (data from 2020); and August 12, 2025 (data from 2025). The images were
acquired from the official Earthexplorer.usgs.gov platform. The images were selected for
high quality and clarity, and taken during clear weather without thick clouds or overcast
skies to reduce distortion caused by pollution or high humidity.

Additional secondary data included bathymetric data from the Indonesian
Geospatial Agency (BIG) Bathymetric Office (BATNAS BIG) in raster (*.tif) format;
current and wind data from the Copernicus Climate Data Store
(https://cds.climate.copernicus.eu/); and tidal prediction data from BIG stored in *.txt
format (Fitriana et al 2019).

Field data collection in 2025 included evaluating mangrove cover and composition.
Data were collected in 10x10 m (100 m?) plots at 18 representative points, each
representing one pixel in the satellite image. The circumference of each mangrove tree
was measured at chest height (£130 cm above the ground) to calculate tree diameter. In
addition, the trees were identified to species level based on Noor et al (2012) and
counted. The parameters obtained were mangrove tree trunk circumference, diameter,
species, and the number of mangrove trees.

Anthropogenic data were collected in two ways. Firstly, through processing
satellite images to identify landuse change, in particular the conversion of coastal areas
and mangrove forests to settlements, fish ponds, agricultural land, and other uses.
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Secondly, through in-depth interviews with 50 respondents selected using purposive
sampling with the criterion of being over 45 years of age (it was estimated that these
respondents would have a good understanding of the climate change phenomena and
other changes that had occurred in the research area since 1995).

Processing satellite data to observe coastline change

Geometric and atmospheric corrections. The first step in image processing is
geometric correction to ensure the position of objects in the image matches their actual
positions. However, the Landsat 5 TM and Landsat 8 OLI images obtained had already
been geometrically and atmospherically corrected by the data provider, so this step was
not necessary.

Coastline delineation. The coastline delineation process began with the Single Band
Threshold method, which uses the Infrared Band to delineate the coastline using the
Infrared Band (Winarso et al 2009) on Landsat 5 TM and Landsat 8 OLI images. The
Infrared Band used on each Landsat image was the SWIR-1 Band. This single-band
method has weaknesses in the transition zone between land and sea. To minimize
inaccuracy, an additional method was used, namely the Band Ratio method, which
compares one band with another. The bands used in the Band Ratio method were the
Green Band, NIR Band, and SWIR-1 Band. The Green Band was used for land
observation. The NIR Band was used for vegetated coastline boundaries. The SWIR-1
band was used to detect coastlines covered by soil and rocks (Winarso et al 2001).
Multiplying the Single Band and Band Ratio method outputs produced information for
determining land and sea boundaries along the coastline (Alesheikh et al 2007).

Coastline correction for tidal fluctuations. The difference in water level at the time of
recording each satellite image will cause a shift in the observed coastline, with the
horizontal distance depending on the slope of the coast. According to Kasim (2012), it is
very important to apply tidal corrections to each coastline delineation in order to be able
to analyse changes over time. This study used Mean Sea Level (MSL) as a reference
datum for adjusting the coastline. Each coastline feature obtained was shifted seawards
by r at high tide and landwards by r at low tide (Suhana et al 2016).

MSL was obtained from tidal constants predicted by the Indonesian Hydrographic
Office (PUSHIDROSAL), so that the coastline shift distance (r) was obtained through the
equation (Akhrianti et al 2024):

n
tan 8

r=

Where:

r = the shift distance

n = the difference in sea surface level

tan B = the tangent of the slope (angle between the surface and the horizontal base) of
the beach

Coastal change analysis. The Digital Shoreline Analysis System (DSAS) version 5.1
method is a temporal analysis of shoreline change that can be used in Geographic
Information System (ArcGIS 10.4) software. DSAS calculates statistics on the rate of
change for a time series of shoreline vector data. This program requires several
parameters for measuring shoreline change rates, in particular a baseline, shoreline, and
transect data (Himmelstoss et al 2018).

Shoreline change is calculated based on the intersection between the shoreline
and the transect. Measurements of shoreline change rate used were End Point Rate
(EPR), calculated in m/year, and Net Shoreline Movement (NSM) in meters. EPR is a
relatively simple method for measuring or predicting shoreline change (Himmelstoss et al
2018).
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Processing of supporting data on coastline change. Supporting data in the form of
bathymetric data in raster format (*.tif) was then mapped in ArcGIS 10.4 software using
the Bilinear Interpolation method. Current and wind data were stored in *.nc format,
processed using Ocean Data View (ODV) V5.4 software, then exported as text files
(*.txt) and processed using Microsoft Excel to obtain current and wind speed and
direction values. Wind direction and speed were further processed using WRPLOT
software to obtain wind rose graphs for the research location. The BIG tidal prediction
data used was stored in *.txt format, and processed in Microsoft Excel using the
Admiralty method, a tidal calculation method that can determine two harmonic constants,
namely amplitude (A) and phase difference, so that tidal type and height can be
determined (Fitriana et al 2019).

Image data processing to observe changes in the mangrove area and cover
Band composites and image cropping. A composite image is a hew image resulting
from the merging of several satellite imagery bands with the same resolution to obtain an
image using red, green, and blue colours to represent the combined information
contained in the constituent channels and display the results. The bands used in Landsat
5 TM images are 1, 2, 3, and 4, while Landsat 8 OLI uses bands 2, 3, 4, and 5.
Mangroves can be clearly seen in such False Colour Composite (FCC) images. The FCC
combinations used were bands 4, 3, and 2 for Landsat 5 TM, and bands 5, 4, and 3 for
Landsat 8 OLI, with mangrove forests appearing in dark red. The two images were then
cropped to focus on the study area, namely the eastern reaches of Maumere Bay,
Indonesia.

Image classification. Classification is a process to group pixel reflectance values into
specific classes based on the pixel Digital Number (DN). The classification method used
was Supervised Classification (Support Vector Machine, SVM). Satellite images recorded
in 1995, 2000, 2005, 2010, 2015, 2020, and 2025 were digitally processed to produce
maps of the area showing mangrove forest cover over a period of 30 years.

Vegetation index. According to Huete et al (2002), vegetation indices are spectral
transformations of two or more bands designed to enhance the contribution of vegetation
resulting from photosynthetic activity and variations in canopy structure. The Normalized
Difference Vegetation Index (NDVI) is widely used to calculate forest health by combining
two bands, namely Red and Near Infrared (NIR). Plants strongly absorb the Red band
produced by the sensor, while the near-infrared (NIR) band reflects electromagnetic
waves produced by vegetation. The equation for the NDVI vegetation index (Huete et al
2002) is as follows:

(NIR — R)
NDVI = (NIR + R)

Where:
NDVI = Normalized Difference Vegetation Index
NIR = Spectral reflectance values in the near infrared band
R = Spectral reflectance values in the red band.

Healthy vegetation is characterized by high NDVI values and vice versa. NDVI
values range from -1 to +1. If the value obtained is negative, the object observed by the
sensor is most likely water, while values close to +1 represent vegetation (Pujiono et al
2013).

Anthropogenic factors. The measurement of anthropogenic factors through satellite
image data processing used land use change analysis to detect changes such as
deforestation, settlement expansion, or other land use/land cover (LULC) changes. In this
study, the NDVI (Normalized Difference Vegetation Index) was used to analyse the
spatial patterns of land use cover types associated with anthropogenic factors, such as
population distribution or economic activity, and to identify anthropogenic (man-made)
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objects, such as the conversion of mangrove land into buildings, roads, or industrial
facilities. The information from LULC spatial analysis was supplemented by data
regarding climate change and anthropogenic impacts on mangroves obtained through
interviews with respondents at the research site.

Statistical analysis. Linear regression analysis was used to obtain mathematical
equations for the reciprocal relationships between paired variables representing the
spatiotemporal dynamics of the coastline from 1995 to 2025 and the spatiotemporal
dynamics of mangroves from 1995 to 2025. In addition, the strength of the relationship
between variables was determined through correlation analysis using the Pearson
method. The Y (dependent) variable estimation model used three types of regression
equations, namely simple linear regression, polynomial regression, and exponential
regression. The Y variable estimation model producing the highest coefficient of
determination was selected for each pair of variables, as the coefficient of determination
reflects the accuracy, or how well the model represents reality. The following regression
analyses were performed:
a. The relationship between changes in coastline (abrasion, meters) as variable X, and
changes in mangrove extent (hectares) as variable Y.
The rationale, according to the findings of Ward et al (2016), is that coastlines
continue to be threatened by the impacts of climate change, which affect
mangrove dynamics through sea level rise. Sea water is one of the greatest
threats to mangrove ecosystems due to their sensitivity to increased salinity,
which affects species specific to this ecosystem and can lead to extirpation
(extinction at the local level).
b. The relationship between changes in mangrove extent (hectares) as variable X, and
changes in coastline (accretion, meters) as variable Y.
The rationale, according to the results of research by Kumara et al (2010), is that
mangrove density contributes to the rate of accretion, sediment distribution, and
surface elevation; Parera et al (2024) explain that the relationship between
mangroves and coastlines is interrelated; if mangrove cover is moderate to high,
the coastline will experience accretion, and if the density is low, it will experience
abrasion. Bengen (2001) explains that mangrove forests are one of the best
defences to protect coastal areas from abrasion.

Results and Discussion

Coastal change. The coastline is an imaginary line that marks the meeting point
between land and water, where the water surface (sea) is periodically dynamic, but a
specific, fixed water level is selected (Poerbandono & Djunarsjah 2005). The coastline
describes the meeting point between water and land in coastal areas at the highest high
tide level (BSN 2010).

In general, changes in the coastline, both abrasion and accretion, have been
observed along the coast of Kojadoi Island and Talibura District from 1995 to 2025. An
example of coastline changes over 30 years in eastern Maumere Bay (Zone A and Zone
B) can be seen in Figure 2. The changes in the coastline are shown by the distance
between the coastline shown in red and the coastline shown in blue. The red line
represents the coastline in 1995, while the blue line represents the coastline in 2025.
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Figure 2. Changes in coastline shape in selected areas of eastern Maumere Bay from
1995 to 2025 based on Landsat imagery

The DSAS analysis covered two zones in eastern Maumere Bay: zone A (Kojadoi Island)
and zone B (Talibura Subdistrict), and was able to detect the average distance of
coastline shift and determine the areas with the most significant changes. The spatial
resolution was 30 m, giving 30 m-wide onshore-offshore transects. The extent (width)
and direction (accretion or abrasion) of coastline change in eastern Maumere Bay over
the 30 year period from 1995 to 2025 can be seen in Figure 3.
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Figure 3. Coastline change between 1995 and 2025 in two observation zones within
eastern Maumere Bay: (A) Kojadoi Island, (B) Talibura Subdistrict.

According to Triatmodjo (1999), abrasion is the process of coastal erosion by ocean
waves and currents caused by natural and human factors, such as sea level rise due to
global warming or environmentally unfriendly human activities that result in a reduction
in the extent of coastal land above sea level, shifting the coastline inland. Meanwhile,
accretion is the process of increasing the extent of coastal land above sea level, shifting
the coastline seawards, and is mostly caused by sedimentation, which is the process of
depositing materials such as sand and mud on the coast, and can be affected by human
activities inland and along the coast. The spatiotemporal dynamics (spatial changes over
time) on the coastline can be clearly seen through Landsat satellite imagery, as the
detected changes are greater than the spatial resolution of the satellite imagery used (30
m pixels). Shifts in the coastline (Table 2 and Table 3) show that abrasion and accretion,
which are natural processes, can occur simultaneously over each time period in both
zones (A and B) studied in eastern Maumere Bay.

Maximum and minimum abrasion and accretion describe the highest and lowest
values, respectively, based on the DSAS results, representing the points in each zone
with the greatest and least shift in each direction over the full 30 years and over every
five years. Coastline shift varied considerably between the six five-year periods. At both
sites, there was a biennial pattern of alternating years with higher abrasion/lower
accretion and vice versa. The pattern was reversed between the two sites, with high
abrasion at site A coupled with low abrasion at site B, and so on. In Zone A (Kojadoi
Island), abrasion was greatest during the periods 2000 to 2005, and 2020 to 2025 while
accretion was greatest in 2005-2010 and 2015-2020, with an overall net abrasion of -
216.04 m over 519 (86%) of the pixel transects and net accretion of 102.73 m over 102
(14%) transects. In Zone B (Talibura Subdistrict), over a period of 30 years (1995-
2025), net abrasion reached -436.99 m over 540 (69.9%) of pixel transects, and
accretion reached 185.49 m over 233 (30.1%) transects.
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Table 2
Coastline changes (abrasion) >1 pixel (30 meters) from 1995 to 2025 in the eastern
reaches of Maumere Bay

Zone A (Kojadoi Island) Zone B (Talibura Subdistrict)

Time period Nur:;‘) er Maximum  Minimum Nur;'rfb er Maximum Minimu

transects (m) (m) transects (m) m (m)
1995-2000 287 -71.23 -0.07 693 -367.30 -0.002
2000-2005 511 -141.45 -0.14 254 -203.34 -0.0001
2005-2010 193 -128.21 -0.08 623 -157.49 -0.09
2010-2015 384 -96.29 -0.003 146 -91.62 -0.004
2015-2020 204 -81.82 -0.03 572 -116.14 -0.028
2020-2025 467 -130.05 -0.07 261 -194.38 -0.32
1995-2025 519 -216.04 -0.07 540 -436.99 -0.03

Table 3

Coastline changes (accretion) >1 pixel (30 meters) from 1995 to 2025 in the eastern
reaches of Maumere Bay

Zone A (Kojadoi Island) Zone B (Talibura Subdistrict)

Time period Nur:fber Maximum  Minimum NUZ’fb er Maximum Minimu
transects (m) (m) transects (m) m (m)

1995-2000 334 112.42 0.10 85 145.95 0.18
2000-2005 122 59.29 0.10 519 132.99 0.00008
2005-2010 434 75.39 0.09 148 119.47 0.29
2010-2015 240 106.11 0.19 632 148.30 0.55
2015-2020 419 966 0.27 196 188.36 0.97
2020-2025 156 86.57 0.01 493 111.03 0.46
1995-2025 102 102.73 0.12 233 185.49 0.01

Coastline changes basically involve abrasion and accretion processes that can occur
naturally due to natural factors such as climate change and human activities. Accretion
and abrasion occur along with the advance and retreat of the coastline. Due to the
influence of sediment transport along the coast, sediment can be transported over
considerable distances and cause coastline changes far from the source. Abrasion can
cause damage to coastal infrastructure, such as buildings and roads, and threaten the
safety of residents (Triatmojo 1999). Meanwhile, accretion can cause changes in the
shape of the coast and the expansion of land area, creating new habitats for flora and
fauna, silting up ports and estuaries, and can cause or worsen flooding around the
estuary and in the lower reaches of rivers when river water discharge is high (Bird &
Ongkosongso 1980).

The depth and bathymetric profile of coastal waters were found to be factors
supporting coastline change in the study area. The isobaths tend to be parallel to the
coastline, where the gentle slope and shallow waters enable sediment resuspension,
which is influenced by the speed and direction of wind and water movement, including
wave action and tidal currents (Darmiati et al 2020). Over the 30-year study period
(1995-2025), on average, the winds in eastern Maumere Bay (Kojadoi Island and
Talibura District) most often blew from the west (22.9%), with the highest wind speeds
recorded during west and northwest (13.7%) winds (Figure 4). The next most frequent
direction with the second-highest wind speeds was from the south (18.3%). Windspeed
was generally low when the winds blew from the southeast, east, and northeast, with
rare and light winds from the north and no recorded winds from the southwest.
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Figure 4. Wind speed and direction in eastern Maumere Bay from 1995 to 2025.

The beaches along the eastern coast of Maumere Bay (Kojadoi Island and Talibura
District) are influenced by water movement driven by the monsoon winds as well as tidal
factors. Surface currents in the research area irregularly change direction during the west
monsoon (December-March), and longshore currents frequently occur. Longshore
currents cause coastal abrasion due to sediment movement, and if the sediment is
subsequently carried to a location where the influence of longshore currents is reduced, it
will also result in accretion (Ukkas 2009). Analysis of the data obtained indicates that
during the east monsoon (August-November), the currents typically move towards the
southeast. During the west monsoon, the current velocity ranges from 0.005 to 0.775
m s’!, while during the east monsoon, it ranges from 0.014 to 0.584 m s’!. During the
transition season, current velocity ranges from 0.01 to 0.6 m s?! moving in a
southeasterly direction. The tides along the coast from Kojadoi to Talibura are mixed
semi-diurnal tides, which means that there are two high and low tides in a day, but one
tide is stronger than the other (Pariwono 1999). Data on the tidal amplitude and pattern
in the eastern waters of Maumere Bay in August 2025 are shown in Figure 5.
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Figure 5. Tidal amplitude and patterns in Sikka Regency Waters in August 2025.
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Changes in mangrove cover and area

Classification of mangrove land cover. Most mangrove ecosystems in the study area
are located in coastal environments dominated by muddy and sandy substrates.
Observations in the mangrove ecosystems of Kojadoi Island and Talibura Subdistrict
identified six true mangrove species, namely Avicennia alba, A. marina, Rhizophora
apiculata, R. mucronata, Sonneratia alba, and Bruguiera gymnorrizza (Figure 6).
Rhizophora apiculata was the most abundant and widespread mangrove species in
eastern Maumere Bay, with 182 trees in 18 plots, including 57 on Kojadoi Island, 106 at
Darat Pantai, and 19 in Nangahale, both on the Talibura coast. The differences in
mangrove species composition at these three locations can be attributed to differences in
human population density, where more densely populated areas, such as Nangahale,
exert greater pressure on mangroves, thereby reducing the number of species compared
to Kojadoi Island, which has a sparse human population and a higher number of species.
The higher pressure on mangroves in Nangahale compared to Kojadoi Island included the
construction of settlements, port infrastructure, roads, and pollution. In comparison,
mangrove ecosystems in other locations along the Talibura coast are in moderate
condition (Vincentius et al 2025).

P o =)
o o o
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(=]

Number of mangrove (tree 100 m2)
(o]
o
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Plot
m Avicennia alba Avicennia marina Rhizophora apiculata
Rhizophora mucronata m Sonneratia alba Bruguiera gymnorrhiza

Figure 6. Mangrove community species composition (number of mangrove trees per
species) in 18 (10 x 10 m) plots in Kojadoi Island and Talibura Subdistrict, eastern
Maumere Bay, in 2025.

The classification of mangrove land cover over 30 years (1995-2025) reveals many
changes in mangrove condition, based on mangrove canopy density classes (Table 4 and
in mangrove ecosystem extent (Table 5). These changes were likely caused by a
combination of natural factors and changes in land use (LULC) due to interactions with
human communities around the bay (Parera et al 2024), similar to the natural and
anthropogenic factors causing mangrove degradation in Riau (Jhonnerie 2014).
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Table 4
Mangrove extent and density classes in eastern Maumere Bay from 1995 to 2025

Zone A (Kojadoi Island) (Ha) Zone B (Talibura Subdistrict) (Ha)

Year Area Mangrove density class Area Mangrove density class

Low Medium High Low Medium  High
1995 132.21 25.29 41.49 65.43 181.89 9.63 98.01 74.25
2000 109.89 21.51 62.28 26.1 163.08 20.16 48.78 94.14
2005 116.28 15.84 46.71 53.73 182.88 24.21 102.78 55.89
2010 105.66 12.78 42.84 50.04 210.24 33.12 115.74 61.38
2015 121.86 23.4 45.54 52.92 205.61 14.49 48.65 142.47
2020 110.79 7.47 25.83 77.49 248.67 17.19 53.82 177.66

2025 94.50 3.78 36.72 54 238.80 36 47.55 155.25
Table 5
Changes in mangrove ecosystem extent in eastern Maumere Bay from 1995 to 2025
Time period Zone A (Kojadoi Island) (Ha) Zone B (Talibura Subdistrict) (Ha)
Decreased (Ha) Increased (Ha) Decreased (Ha) Increased (Ha)
1995-2000 39.06 16.74 48.42 29.61
2000-2005 27 33.39 29.61 49.41
2005-2010 25.83 15.21 41.49 68.85
2010-2015 15.48 31.68 24.48 20.24
2015-2020 28.44 17.37 4.4 47.07
2020-2025 20.97 4.68 24.3 14.13
1995-2025 49.05 11.34 32.85 89.46

Changes in mangrove extent can be caused by several factors, including climate change,
human activities, and natural processes such as abrasion and accretion (Kuenzer et al
2011). Abrasion can cause a reduction in mangrove extent due to soil erosion and
damage to mangrove vegetation, while accretion can increase mangrove extent due to
sedimentation and the accumulation of organic material (Alongi 2002). Tables 3 and 4
show changes in the area of mangroves in Zone A of Kojadoi Island during the period
1995-2025, with mangrove extent increasing by 49.05 ha and decreasing by 11.34 ha,
giving a net reduction in mangrove extent of 37.71 ha, from 132.21 ha in 1995 to 94.50
ha in 2025. Changes in Zone B of Talibura Subdistrict from 1995 to 2025 occurred in the
opposite direction, with an increase in mangrove extent (89.46 ha) greater than the
decrease in mangrove extent (32.85 ha), resulting in a net increase in mangrove extent
of 56.91 ha, from 181.89 ha in 1995 to 238.80 ha in 2025. The increase in mangrove
extent in Zone B of Talibura Subdistrict may be due to several factors, including natural
processes such as accretion and sedimentation, as well as effective mangrove
conservation and management efforts (Giri et al 2011). Accretion can increase the area
of mangroves due to the process of sedimentation and accumulation of organic material,
thereby enabling the growth of new mangrove vegetation (Alongi 2002). Changes in the
extent of mangrove ecosystems in eastern Maumere Bay can be seen in Figure 7.
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Figure 7. Changes in mangrove ecosystem extent in eastern Maumere Bay (1995-2025)
based on the classification of satellite imagery.

During the field survey, mangrove trees were often found to have been cut down for
various purposes, such as for use as building materials, fuel, and clearing paths for
fishing boats. Serious attention from all stakeholders is urgently needed to ensure the
sustainability and maintain the health and existence of mangrove ecosystems around the
coasts of Kojadoi Island and Talibura District. Many studies have sounded the alarm to
protect mangroves from degradation and deforestation (FAO 2007; Polidoro et al 2010;
Giri et al 2011). The role of the government, especially the local government of Sikka
Regency, is vital and urgently needed, as a facilitator and catalyst for proactive and
productive development in mangrove management, as well as support and opportunities
for local communities in community-based management (Datta et al 2012). The
interviews revealed that mangrove reforestation efforts continue to be pursued by
facilitating local community groups to carry out mangrove management activities,
including mangrove planting and socialization. These activities are carried out by
government agencies, students, and other community groups.

The relationship between changes in the coastline and mangrove extent. The
relationship between coastline shifts and mangrove ecosystems can be complex, but in
general, abrasion tends to cause a reduction in mangrove extent due to soil erosion and
damage to mangrove vegetation, while accretion can increase mangrove extent due to
sedimentation and the accumulation of organic material, and mangroves themselves can
promote sediment deposition and accretion. Therefore, in the regression analysis of the
relationship between abrasion and changes in mangrove extent, abrasion is the
independent variable (X) and mangrove extent is the dependent variable (Y). Conversely,
in the relationship between mangrove extent change and accretion, mangrove extent is
the independent variable (X) and accretion is the dependent variable (Y).

Zone A (Kojadoi Island). The relationship between abrasion and change in mangrove
extent was calculated after quadratic transformation of the data from 1995 to 2025.
Regression analysis produced a polynomial equation (Figure 8) with a higher R? value
than linear or exponential regression.
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Figure 8. Polynomial regression of the relationship between coastal abrasion and the
change in mangrove extent at Kojadoi Island, eastern Maumere Bay (1995-2025) (very
strong correlation between X and Y).

The polynomial regression equation (Y = 6E-05X? - 1.6321X + 23,364, R> = 0.6534, r =
0.8083) indicates that variable X (abrasion) can explain 65.34% of the variation in
variable Y (change in mangrove extent), while 34.66% of the variation in variable Y
cannot be explained by variable X. The correlation coefficient (r) value of 0.8083
indicates a very strong correlation between variables X and Y. Compared to the equation
from an analysis of coastline changes and mangrove extent in Kendal (Hazazi et al 2019)
where Y=74.24X-41.856 with an R? value of 0.3514, this study vyielded a higher
coefficient of determination. This indicates that the polynomial regression model used in
this study can explain the variation in the data better than the regression model used by
Hazazi et al (2019).

The regression analysis of the relationship between variable X (changes in
mangrove extent) and variable Y (accretion) also produced a polynomial regression
equation (Figure 9) with a higher R? value compared to linear or exponential regression.
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Figure 9. Polynomial regression of the relationship between the change in mangrove
extent and accretion at Kojadoi Island, eastern Maumere Bay (1995-2025) (strong
correlation between X and Y).
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The polynomial regression equation (Y = 0.0005X? - 12.47X + 90,936,
R2=0.5655, r = 0.7520) indicates that variable X (change in mangrove extent) can
explain 56.55% of the variation in variable Y (accretion), while 43.45% of the variation in
variable Y cannot be explained by variable X. The correlation coefficient (r) value of
0.7520 indicates a strong correlation between variables X and Y.

Zone B (Talibura Subdistrict). The relationship between abrasion and changes in
mangrove extent was calculated after quadratic transformation of the data from 1995 to
2025, as shown in Figure 10.
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Figure 10. Polynomial regression of the relationship between coastal abrasion and the
change in mangrove extent in Talibura District, eastern Maumere Bay (1995-2025)

Regression analysis produced a polynomial equation (Y = -3E-07X? - 0.0307X + 42,716,
R2 = 0.0825, r = 0.2872). The low R? value shows that variable X can only explain about
8.25% of the variation in variable Y. This indicates that the regression model used has a
very weak ability to explain the variation in the dependent variable and that other factors
affect the dependent variable but are not included in this model, for example,
anthropogenic factors, calling for further analysis. Meanwhile, the regression analysis of
the relationship between mangrove extent and accretion produced a polynomial
regression equation, as shown in Figure 11.

The polynomial regression equation (Y = -4E-05X? + 3.5665X - 51,734, R? =
0.4857, r = 0.6969) had an R2 value of 0.4857, indicating that approximately 48.57% of
the variation in variable Y (accretion) can be explained by variable X (change in
mangrove extent). The correlation coefficient (r) of 0.6969 indicates a fairly strong
correlation between variables X and Y.

These results show that mangroves play an important role in maintaining the
balance of coastal ecosystems; however, their ability to increase beach accretion is
limited. Previous studies have also shown that mangroves can enhance coastal accretion
by trapping sediment and reducing wave energy (Giri et al 2011). However, when
mangroves cover too large an area, they can cause a decline in coastal accretion due to
excessive retention of sediment in areas of the mangrove ecosystem that do not result in
a change in shoreline (Barbier 2012).
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Figure 11. Polynomial regression analysis of the relationship between the change in
mangrove extent and accretion in Talibura District, eastern Maumere Bay (1995-2025)
(fairly strong correlation between X and Y).

Anthropogenic factors

Satellite image analysis results. The NDVI (Normalized Difference Vegetation Index)
analysis of the spatial patterns of anthropogenic objects (LULC) in the eastern part of
Maumere Bay from 1995 to 2025 found that there had been a conversion of mangrove
land to non-mangrove land, such as cleared or unvegetated (open) land, other
vegetation, dryland agriculture, scrub, mixed gardens, rice fields, and built-up land, as
presented in Table 6. Based on the data in Table 6, considerable areas of the mangrove
ecosystems in the eastern reaches of Maumere Bay were converted to non-mangrove
classes during the period 1995-2025. Mangrove ecosystems covering 32.67 hectares
(10.4% of the total mangrove extent in 1995) were converted into cleared areas (open
land). Mangrove ecosystems covering 70.02 hectares (22.29% of the 1995 extent) were
converted to other vegetation, 6.48 hectares (2.06%) to dry land agriculture, 2.43
hectares (0.77%) to scrubland, 38.34 hectares (12.21%) to mixed gardens, 29.34
hectares (9.34%) to rice fields, and 18 hectares (5.73%) to built-up land.

Table 6
Conversion of mangrove land into anthropogenic objects in eastern Maumere Bay
(1995-2025)

Area of mangrove forest converted to anthropogenic objects (ha)

Years Open Other Dryland Mixed Rice Developed
land  vegetation farming scrub farms fields land Total
1995-2000 12.69 23.22 0.09 1.17 15.03 3.24 55.44
2000-2005 8.46 0.27 1.08 0.45 15.12 9.54 34.92
2005-2010 0.27 6.39 0.99 0.18 7.83
2010-2015 18.72 24.66 6.03 0.18 3.51 1.44 4.05 58.59
2015-2020 3.51 0.36 0.81 4.68
2020-2025 0.99 3.78 0.09 18 12.78 0.18 35.82
Total 32.67 70.02 6.48 2.43 38.34 29.34 18 197.28

These anthropogenic factors contribute to changes in the coastline (abrasion and
accretion) described by the mathematical equations above. The conversion of mangroves
to non-mangrove land uses can cause environmental degradation and loss of biodiversity
within and around the mangrove ecosystems (Giri et al 2011). Mangroves play an
important role in maintaining the balance of coastal ecosystems, such as protecting
beaches from abrasion, providing habitats for marine species, and reducing the impact of
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climate change (Barbier 2012). Therefore, there is a need for better management of the
mangrove ecosystems and human activities in the coastal environments to reduce the
negative impacts on mangrove ecosystems.

Results of interviews with respondents. The respondents interviewed mostly (86%)
strongly agreed that climate change and anthropogenic factors contribute to the
reduction of mangrove cover in the eastern reaches of Maumere Bay. The vast majority
(88%) of respondents strongly agreed that climate change has caused an increase in
temperature, changes in rainfall patterns, and an increase in the frequency of natural
disasters (tidal flooding), which have affected the growth and survival of mangroves.
Human activities such as infrastructure development, agriculture, and urbanization have
also caused mangrove habitat destruction, pollution, and environmental changes that
have affected mangrove growth and survival (90% of respondents strongly agreed).
Mangrove cover has declined in recent years, especially in densely populated coastal
areas (78% of respondents strongly agree). The interview results show that climate
change and anthropogenic factors have contributed to the reduction in mangrove cover,
and that there is high awareness of these phenomena. Economic motives also play a role
in the reduction of mangrove cover, as human activities are often driven by economic
interests, such as property development, agriculture, and industry (Barbier 2012).
However, this can lead to environmental degradation and loss of mangrove biodiversity.
Therefore, better management of the mangrove environment and human activities is
needed to reduce the negative impact on mangrove ecosystems. This can be achieved by
raising public awareness not only about the importance of mangrove conservation, but
also how this can be achieved, developing policies that support sustainable mangrove
management, and increasing community participation in mangrove management (Giri et
al 2011).

Conclusions. The results of this study reveal the dynamics of coastline shifts over the
period 1995-2025 in eastern Maumere Bay, specifically Kojadoi Island and Talibura
Subdistrict. Abrasion and accretion could occur simultaneously due to interactions
between natural factors, such as climate change, and anthropogenic factors due to
human activities. Abrasion by ocean waves and currents results in a landward shift or
retreat of the coastline in some areas, while accretion, the process of coastal expansion
caused by sedimentation, results in a seaward shift or advance of the coastline in others.
Spatio-temporal dynamics (changes in space and time) on the coastline were clearly
visible through DSAS analysis of Landsat satellite imagery.

Factors contributing to coastline change include coastal bathymetry, with isobaths
generally parallel to the coastline, sediment resuspension, wind speed and direction,
wave action, and tidal currents. The sea and coasts in the eastern reaches of Maumere
Bay (Kojadoi Island and Talibura Subdistrict) are influenced by monsoonal weather
patterns, with the strongest winds predominantly from the west and south.

At Kojadoi Island, changes in mangrove extent in eastern Maumere Bay were
significantly related to coastline changes (abrasion and accretion). The regression
equations indicate very strong correlations between the variables at this site. In Talibura
Subdistrict, the correlation between changes in mangrove extent and abrasion was very
weak, indicating the need to explore other factors not included in this model, such as
anthropogenic factors. There was a fairly strong correlation between changes in
mangrove extent and accretion at this site.

Anthropogenic factors, such as land use, also contribute to changes in mangrove
extent and coastline advance or retreat. There has been extensive conversion of
mangrove ecosystems since 1995, with large areas becoming cleared (bare or open) land
or covered in scrub and other vegetation, as well as conversion to various agricultural
uses and built-up land. There is high awareness among the local community that human
activities and climate change can cause damage to mangrove habitats and result in
environmental changes that can affect mangrove growth and survival. Better
management of the mangrove environment and human activities is needed to reduce the
negative impacts on mangrove ecosystems. This can be done by developing policies that
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support sustainable mangrove management, raising public awareness of and capacity for
mangrove conservation, and increasing community participation in the management of
coastal resources, especially mangrove ecosystems.
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