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The northern coast of Java has been more severely affected by sea level rise (SLR) than other islands in the
Indonesian archipelago. This warrants a coastal area risk assessment to ascertain the multiple hazards that could
impact on this densely populated island. Using environmental and physical variables — including geomorphology,
rate of shoreline change, sea level rise, wave height, coastal slope, bathymetry, tidal range, and mangrove
density — the main objective of this study is to determine a coastal vulnerability index (CVI) and mangrove
vulnerability index (MVI) in the northern Javanese coastline. Assessment was carried out for three regencies —
Banten, Demak, and Banyuwangi regency — with the goal of helping to identify areas where mangrove restoration
efforts can be prioritized. Using line and 1 x 1 km? grid representation of the entire coastline, the research found
that in terms of CVI, Demak coast is most vulnerable (with 82% of grids and 89% of coastline falling into the
highly vulnerable categories), Banten coast ranked as moderately vulnerable (43% of grids and 35% of coastline
fall into the moderately vulnerable categories), while 91% of grids and 93% of coastline in Banyuwangi fall into
the least vulnerable category. Assessment of mangrove vulnerability revealed that Banten and Banyuwangi re-
gency were low vulnerability as respectively, 100% and 94% of grids fell into this category, while Demak coast
was highly vulnerable (with 46% of grids falling into highly vulnerable categories). This vulnerability mapping
provides useful information to assist planners and managers to deploy resources for mangrove restoration and
the long-term sustainable management of these coastal ecosystems.

1. Introduction relocation or climate-related migration (IPCC, 2023). The Indonesian

Island of Java — home to more than 140 million (BPS, 2021), 56% of

Global climate change and its unprecedented impacts can be attrib-
uted directly or indirectly to human activity (Intergovernmental Panel
on Climate Change (IPCC), 2007) leading to changes in weather pat-
terns, alteration in habitat conditions, loss of biodiversity (Ahmed et al.,
2022a, 2022b) and significant disruptions for human society. As a result
of interactions between terrestrial and marine systems, climate change
impacts are expected to be especially severe in low-lying coastal areas
where sea level rise (SLR) and increasing severity of extreme weather
events such as heavy precipitation, cyclones/hurricanes, storm surges,
and floods (EEA, 2017) are causing severe losses. These coastal areas
and their communities are vulnerable to natural hazards due to their
proximity to the sea, high population density, and dependence on
coastal resources for livelihoods (Ashraful Islam et al., 2016; Sahoo and
Bhaskaran, 2018). The growing risks of coastal hazards necessitates
deployment of expensive coastal protection measures, planned
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Indonesia’s total population (Jones, 2013) — has been experiencing
climate change impacts particularly on its northern coast (Ministry of
Environment and Forestry Indonesia (MoEF), 2020).

The north coast of Java is highly vulnerable to sea level rise because
of land subsidence at the worrying level (Susilo et al., 2023), caused by
groundwater and natural gas extraction (Van Wesenbeeck et al., 2015;
Lo et al., 2022). Dewi (2019), Sugianto et al. (2022), and Triana et al.
(2023), reveal an area of high erosion-sedimentation in Cirebon, Demak,
Semarang City in Central Java, with land subsiding at a rate of 1-20 cm
annually (Yuwono et al., 2019; Widada et al., 2020). The alluvial de-
posits which make up Java’s north coast stretching from Serang Banten
to Situbondo East Java (Ongkosongo, 1979), consist of sediment that
naturally compacted over time that can be measured by coastal change
such as erosion and accretion. The presence of infrastructure accelerated
the process of land compaction beyond natural conditions, resulting in
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land subsidence in the affected area. The compaction process was a
natural occurrence in areas made up of clay and silt alluvial deposits.
This also indicated that the alluvial deposition process was a significant
contributor to land subsidence (Widada et al., 2020). Furthermore,
excessive groundwater pumping in this industrial area has contributed
to higher rate of land subsidence compared to other regions, for
instance, Sarah et al. (2022) revealed a significant increasing ground-
water extraction at the rate of 3.37 mln m3ey ™ from 1990-2006.

This increasing coastal vulnerability has coincided with a loss of
mangrove cover along the northern Javanese coastal region (Maryantika
and Lin, 2017; Nugraha et al., 2019; Irsadi et al., 2019). Mangroves are
an important component of coastal sustainability, offering extensive
services (provisioning, regulating, supportive, and cultural), and addi-
tional benefits for climate mitigation and biodiversity. Yet mangroves
remain under threat in Indonesia due to deforestation, with mangrove
losses accounting for approximately 6% of total forest loss in Indonesia
(Murdiyarso et al., 2015). Aquaculture remains the biggest driver of
mangrove loss in Southeast Asia (Richards and Friess, 2016), leading to
an average 83% reduction in biomass and a 52% reduction in soil carbon
(Sasmito et al., 2019).

Various vulnerability assessment tools are employed to support
climate risk management and adaptation. These include videotape-
assisted vulnerability analysis (AVVA), a quick and low-cost approach
to meet data gaps in coastal areas (Coelho, 2005); the coastal zone
simulation model (COSMO) (CZMC and Resource Analysis, 1994); and
index-based methodologies, developed as a rapid and consistent way to
characterize the relative vulnerability of the coast. Index-based ap-
proaches are preferred as they support the integration and combination
of multiple variables, capturing various levels and dimensions of
vulnerability. The coastal vulnerability index (CVI) approach (Gornitz,
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1991) combines factors representing geological and physical processes
into a single index, depending on the analytical goals and the unique
characteristics of coastal areas (Ashraful Islam et al., 2016; Sahoo and
Bhaskaran, 2018; Hoque et al., 2019; Jana, 2020). This approach has
also been expanded to include variables like mangrove density, to
determine a mangrove vulnerability index (MVI) (Mondal et al., 2022)
alongside CVI, by utilizing semi-quantitative techniques (Ashraful Islam
et al., 2016; Mahmood et al., 2020).

Despite the fact that the northern Javanese coast is more vulnerable
to coastal hazards, coastal vulnerability assessment for this area has
been limited (Ondara and Rahmawan, 2020) and no study has done a
mangrove vulnerability assessment. To fill this gap, this study was aimed
to develop vulnerability indices based on coastal and mangrove attri-
butes. This subnational scale assessment aims to support decision
makers and coastal managers by providing them with a broader
vulnerability picture of the northern coast of Java as a whole, as well as
the vulnerability of each of its coastal regencies. The main objectives of
this study were to i) predefine the extent to which each variable con-
tributes to the vulnerability index in the study area, and ii) provide an
overall coastal and mangrove vulnerability outcome. Together, the CVI
and MVI provide a uniform approach by which vulnerability maps can
be generated; these can help to prioritize risk management measures and
adaptation strategies, targeting the most vulnerable areas.

2. Methods
2.1. Delineating study sites

Assessment of coastal vulnerability was carried out in three regencies
in the northern coast of Java — Banten, Demak, and Banyuwangi (Fig. 1).
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Fig. 1. Map of the study area showing the coasts of Banten, Demak, and Banyuwangi regencies. The 1 x 1 km? grid size was created using ArcMap 10.6.
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Banten’s shoreline spans 19.95 km; while Demak’s shoreline is 102.94
km, and Banyuwangi is 37.03 km; population density in each location is
2456 (BPS Serang, 2020a), 1291 (BPS Demak, 2020b), and 302 peo-
ple/km? respectively (BPS Banyuwangi, 2020c). Most of the study area
is characterized by its low elevation, 0-30 m above mean sea level. All of
these sites have a tidal plain with muddy relief; Demak regency is also
crisscrossed by numerous streams, especially in Wedung district.

The northern coast of Java experiences a tropical monsoon climate,
with annual rainfall ranging between 2000-2500 mm (Nugroho, 2016).
For low-lying coastal zones crisscrossed by rivers, creeks and canals,
coastal flooding is common due to extreme storm conditions, rising sea
levels (Sofian, 2010; Suroso and Firman, 2018) and land subsidence
(Erkens et al., 2015; Sarah and Soebowo, 2018). Between 1990 and
2020, relative humidity in the zone ranged between 72.69-86.06%,
wind speed was 1.12-2.51 m/s, and surface pressure was 99.29-100.62
kPa (Table S1). Annual rainfall (Table S1) at each site is classified as
high, with an average of > 2000 mm (Nugroho, 2016).

Geologically, the northern coast of Java has formed through deposits
of sediment or alluvial plain, which consists of unconsolidated clay, silt,
sand, and gravel of quaternary age (Bemmelen, 1949). Coastal erosion of
this compounded sediment results in increased environmental risk and
vulnerability for cities along this coastline. These threats are worsening
due to mangrove conversion for aquaculture and/or settlements; Har-
tanto and Rachmawati (2017) reveal that between 2000 and 2014, in
Wedung district (Demak regency) mangrove forest decreased by 79%
while human settlements doubled.

2.2. Data processing and analysis

This study followed a similar methodological framework as sug-
gested by Mondal et al. (2022) in which seven variables are used to
create a coastal vulnerability index (CVI). These variables include geo-
morphology, rate of shoreline change, rate of sea level rise, significant
wave height, coastal slope, bathymetry, and mean tidal range, while an
additional variable — mangrove density — has been used to produce a
mangrove vulnerability index (MVI) (Table 1) using semi-quantitative
technique that had been developed to calculate the index (Ashraful
Islam et al., 2016; Sahoo and Bhaskaran, 2018; Hoque et al., 2019; Jana,
2020; Mondal et al., 2022). This involved categorization of all param-
eters into five classes using natural breaks, and then resampling cate-
gorized data into grids (with a grid size of 1 km by 1 km), which were
then assigned vulnerability ranks.

ArcGIS software was used for shoreline extraction, grid generation,
and developing CVI and MVI. A total of 155 grids and 209 km of coastal
length in Banten, Demak, and Banyuwangi regencies were taken for
2020, to serve as a baseline from which to assess the risk for each grid,
based on each variable. The ranking (or score) for each variable for
every grid was then combined to determine risk value for that grip and

Table 1
Vulnerability rank of all variables.
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used to derive an overall CVI and MVI for each of the three studied sites.
This research following the methodological framework (Fig. S1) pro-
posed by Mondal et al. (2022) but do not use the regional elevation
parameter, instead we use coastal slope.

Geomorphology data was obtained from the Center for Geological
Survey of the Ministry of Energy and Mineral Resources of Indonesia
(https://geologi.esdm.go.id/). An on-screen digitization method (Islam
etal., 2016; Hoque et al., 2019) was used to delineate geomorphic zones
in the coastal region of each study area and resampled into grid of 1 km
along the coast. The predominant geomorphological features of these
dynamic deltaic zones were sand beaches, salt marshes, mud flats, and
deltas.

Shoreline change was determined from Landsat 5 TM/MSS, Landsat
7 ETM, and Landsat 8 OLI/TIRS data that was downloaded from the
United States Geological Survey website (https://earthexplorer.usgs.
gov/). Change was calculated based on shoreline records from 2000
and 2020 (Luijendijk et al., 2018). The Digital Shoreline Analysis System
(DSAS) tool of ArcGIS was used to calculate the digitized shoreline re-
cords. The DSAS calculated rate-of-change statistics for the time series
using the measurement baseline method (Leatherman and Clow, 1983).
Transects of the shoreline were cast by the DSAS application, using the
baseline as their starting point. Transects were positioned at 5 m in-
tervals along the shoreline stretch. The End-Point Rate (EPR) technique
was then used to determine shoreline change (m/yr) and calculate the
rate of shoreline change over time. The EPR results were displayed,
indicating accretion or erosion rates by representing positive or negative
values resulting from natural processes.

Rate of sea level rise data was obtained from the satellite image of
Altimeter TOPEX/POSEIDON and Jason 1-3 (www.star.nesdis.noaa.
gov). Changes in sea level could result in morphological changes to
the coast and lead to coastal degradation. Areas experiencing high rates
of sea level change were considered highly vulnerable.

Significant wave height was extracted for 2000-2020 from the
European Centre for Medium Range Weather Forecast (ECMWF) Interim
data (ERAS). Significant wave height is a proxy for wave energy and a
significant variable in assessing coastal vulnerability because it in-
fluences coastal erosion by driving the transport of sediments (Gaki--
Papanastassiou et al., 2010).

Coastal slope was derived from the National Digital Elevation
Model for Coastal Application (DEMNAS) with a spatial resolution of
0.27" (https://tanahair.indonesia.go.id/). This included IFSAR data
(resolution 5 m), TERRASAR-X (resolution 5m), and ALOS PALSAR
(11.25m) and was calculated using spatial analyst tools in ArcGIS
software. Five rankings were assigned based on the natural breaks’
method. The coastal slope was calculated using Eq. 1, referred to in the
United States Army Core of Engineers (United States Army Corps of
Engineers (USACE), 2003).

No.  Variables (units) Vulnerability ranking

Very low 1 Low 2
1. Geomorphology (qualitative Rocky, cliffed Medium cliffs, indented
feature) coast coasts
2. Shoreline erosion/accretion > 2.00 1.00 - 2.00
(m/year)
3. Coastal slope (degrees) Cliffed coast (> Steep slopes (>20.1-45)
45)
4. Rate of sea level rise (mm/yr) <3.0 -
5. Significant wave height (m) < 0.55 0.55-0.85
6. Mean tidal range (m) > 4.0 2.0-4.0
7. Bathymetry (m) (-) < 15.70 (-) 9.53 to (-) 15.69
8. Mangrove density (area in %) 0.00-9.17 9.18-28.27
Vulnerability ranking Low
CVI - 0.00 - 11.95
MVI - 0.00 - 20.00

Moderate 3 High 4 Very high 5

Low cliffs, lateritic River deposits, alluvial Coastal plain, beach, mud flats,
plain plain mangroves

(-1.00-1.0 (-2.0) - (-1.0) < (-2.00)

Moderate slopes (10.1-  Gentle slopes (6.1- Low plains (0.0-6.0)

20.0) 10.0)

- > 3.0 -
0.85-1.05 1.05-1.25 >1.25
1.0-2.0 0.5-1.0 <0.5

(-) 5.89 to (-) 9.53 (-) 2.95 to (-) 5.88 > (-) 2.94
28.28-48.14 48.15-71.45 71.46-97.44
Moderate High Very high
11.96-23.90 23.91-35.85 35.86-47.80
20.01-40.00 40.01-60.00 60.01-80.00
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where:

d= water depth (m).

m= distance from shoreline to depth d (m).

B = beach slope (°).

Bathymetry data was obtained from Batimetri Nasional (BATNAS),
at a 6" resolution (Fig. S7); this was resampled to 1 km (http://batnas.
big.go.id/). This study assumed that nearshore areas with gentle
slopes were highly vulnerable, and the further away from the coast with
steeper slopes, the less vulnerable the area will become. In terms of
vulnerability ranking, coastlines with shallow depths were ranked 5,
while those with deeper depths were ranked 1.

Mean tidal range data for 2000-2020 was acquired from the Geo-
spatial Information Agency (https://tides.big.go.id/). Based on previous
research (Dwarakish, 2008; Mujabar and Chandrasekar, 2013; Gor-
okhovich et al., 2013), this study adopted the notion that a higher mean
tide range results in lower coastal vulnerability.

Mangrove density used Landsat-8 OLI data (https://earthexplorer.
usgs.gov/) for all study areas and was determined through a two-step
process. First, the mangrove and non-mangrove vegetation identifica-
tion was based on data extracted from the 564-composite Landsat 8 OLI
images and produced raster data containing mangrove and non-
mangrove pixel/grid values and revealed that mangroves were located
in the land-sea transitional zones along Banten, Demak, and Banyu-
wangi coast. Supervised classification was applied to interpret and
group the mangrove pixel values, then compare these with the true-color
RGB image to produce more accurate results.

Then zonal statistics and a raster calculator in ArcGIS software was
used to calculate the percentage of mangrove area in each grid (1 km x
1 km). Grids with higher mangrove density were ranked as more
vulnerable (rank 5), because of the greater potential for mangrove loss
compared to areas with no mangrove.

2.3. CVI and MVI calculations

A semi-quantitative technique using seven variables (Table 1) was
used to calculate the CVI (Ashraful Islam et al., 2016; Mahmood et al.,
2020) and then by including the mangrove density variable, the MVI
(Mondal et al., 2022). This was achieved by ranking each variable
separately and then calculating the CVI and MVI using the square root of
all variables. The resulting numerical data could not be directly corre-
lated with specific physical effects, but it effectively identified areas
where coastal vulnerability was likely to be the greatest. The final CVI
and MVI for each grid along the Banten, Demak, and Banyuwangi coast
were then divided into four ranks of vulnerability, ranging from low to
very high, based on quartile classification techniques. This gave specific
index values for each grid, as well as a vulnerability classification for
each length of the coast, according to the magnitude of the specific grid
index values combined. This study tackling geophysical vulnerabilities
are mostly adapted from Gornitz (1991) and all the required data have
been stored and manipulated within a geographic information system.

VI = v(@*b¥c*d*esfrg)T) @
MVI = \/((a*b*c*d*e*f*g*h)/8) 3

where, a = geomorphology, b = rate of shoreline change, c = rate of sea
level rise, d = significant wave height, e = coastal slope, f = bathymetry,
g = mean tidal range, h = mangrove density.

After ranks were assigned to each variable of each grid and coastal
length separately, the composite CVI and MVI value was calculated and
compared for all coastal stretches under study. Subsequently, the
vulnerability categories were represented with percentile ranges as
0-25%, 25-50%, 50-75%, and 75-100% (Thieler and Hammar-Klose,
2000). In other words, a value of 1 represents the lowest vulnerability
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and a value of 4 represents the highest vulnerability. Once the MVI was
complete, it was then possible to analyze the proposed afforestation and
restoration zone goal estimates, following the methodology by Mondal
et al. (2022). Based on the result, this research concluded that restora-
tion policies should be prioritized in areas the MVI values rank as being
moderately to very highly vulnerable, while areas ranked as being low to
very low in vulnerability should be proposed as afforestation areas.

3. Results
3.1. Coastal vulnerability index (CVI)

Based on the calculated CVI for the northern coast of Java (Table 2),
Demak Regency had the largest percentage of area classed as high and
very high vulnerability; 64 (82%) out of 78 grids (64 km?) were classed
as highly vulnerable. A positive correlation with these grid values was
found when examining vulnerability across total coastal length; about
98.33 km (approximately 89%) of this regency’s coast was classed as
highly vulnerable. Two districts - Wedung and Kedung — were particu-
larly vulnerable; 10.77 km of coastline length and 13 grids in these areas
were classed as very highly vulnerable. In contrast, the majority of the
grids in Banten Regency were classified as moderate or low vulnera-
bility; there was no significant difference seen between both of these
categories, while in terms of coastline length, just over half of the
coastline length (57%) — 31.92 km - was classed as low vulnerability;
19.88% was classed as moderately vulnerable and only 4% was highly
vulnerable. A possible explanation for this might be the presence of
Pulau Dua Nature Reserve, as well as reclamation areas in the district of
Bojonegara and Puloampel (Fig. 1) in Banten Regency. No areas were
classified as high or very high vulnerability in Banyuwangi Regency.
Here, 32 out of a total 35 grids (32 kmz) —91% of the study area — were
classed as low vulnerability; while roughly 40.19 km of coastline length
(93%) in this regency was also classed as low vulnerability. This result
could be due to the steep slopes of its topography and low erosion rates,
resulting in low vulnerability zones.

Overall, these results provide important insights into coastal
vulnerability of northern coast of Java. The estimated minimum value of
CVI calculated for the case study was 5.2, while the maximum value was
47.8 — the higher the value of CVI, the more vulnerable the area is.
Sorted from the most to the least vulnerable, Demak Regency had the
highest coastal vulnerability as it was dominated by high vulnerability

Table 2
Coastal Vulnerability Index for the studied sites along the northern coast of Java.

Study area Parameters (units) CVI ranking

Low Moderate  High Very

high

Banten Regency No. of grids 18 18 6 0
Area (km?) 18 18 6 0
Area percentage (%)  42.86  42.86 1429 0
Coastline length 3192 19.88 4.46 0
(km)
Coastline length 56.73 35.34 7.93 0
percentage (%)

Demak Regency No. of grids 0 1 64 13
Area (km?) 0 1 64 13
Area Percentage (%) 0 1.28 82.05 16.67
Coastline length 0 1.2 98.33 10.77
(km)
Coastline length 0 1.08 89.15 9.77
percentage (%)

Banyuwangi No. of grids 32 3 0 0

Regency Area (km?) 32 3 0 0

Area Percentage (%)  91.43  8.57 0 0
Coastline length 40.19 2.74 0 0
(km)
Coastline length 93.62 6.38 0 0

percentage (%)
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areas; this was followed by Banten Regency, which was moderately
vulnerable overall, and Banyuwangi Regency, which was the least
vulnerable, based on the CVI calculations (Table S2).

3.2. Variables influencing the CVI

Results from this preliminary CVI analysis were compared across
each of the seven variables which were analyzed to determine the
contribution of each variable to coastal vulnerability at the examined
sites. This information is important in understanding the specific con-
ditions that might be contributing to the sites’ vulnerability levels and
could help in planning management actions to reduce these risks.

CVI and MVI were calculated by assigning equal weight to each of
these variables into three different areas. For instance, the shoreline
change value: if the value is negative, then the area experiences erosion
(with a vulnerability ranking of moderate, high, and very high), while a
positive value indicates accretion (with a vulnerability ranking of very
low and low). All variables presented in Table 1 were applied to different
sites. Remarkably, the different sites showed different CVI values range
(Table S2); for example, in Demak regency, the CVI value reached 48
because the majority of the variable values were in the high and very
high categories (4 and 5), while in Banyuwangi the CVI value was
composed of variables in very low and low categories (1 and 2). The
variables can change over time, which was why some locations may rank
higher on one metric but low on others.

3.2.1. Geomorphology

Analysis of geomorphology showed that 60.87% (34.25 km) of the
total length of the Banten coast (approximately 56.27 km) was ranked as
moderate vulnerability, with vulnerable areas located mainly in the
western part of the study site (the district of Bojonegara and Puloampel)
which was subject to anthropogenic pressures due to industrial devel-
opment. The remaining 37% (20.74 km) of the Banten coast was in the
high to very high vulnerability category, and about 2% (1.27 km) was
classed as low vulnerability. In comparison, results for the Demak
coastline, with a total length of 110.30 km, depicted that 82%
(89.98 km) was geomorphologically very high vulnerability and about
18% (20.31 km) was highly vulnerable. Meanwhile, the results for
Banyuwangi coast with a total length of 42.94 km showed that 86%
(36.75km) was high to very high vulnerability and about 14%
(6.18 km) was moderately vulnerable.

Out of the 42 grids in Banten regency, 18 grids or 18 km? (43%) were
moderately vulnerable, while 60 out of 78 grids in Demak regency,
60 km? (76.9%) were very high vulnerability. In Banyuwangi, very high
vulnerability ranking was dominant; results showed that 22 of 35 grids
or 22 km? (63%) were categorized at this level. Overall, the Banten and
Demak coasts have been eroded due to land use change and sea water
intrusion and the geomorphological form consists of sandy coastal plains
and alluvial plains (Fig. S2), while the Banyuwangi coast experienced
accretion due to large sediment loads from upstream drained by tidal
creeks and channels (Fig. S2).

3.2.2. Rate of shoreline change

Between years 2000 and 2020, the whole study area was dominated
by erosion (Fig. S3). Coastal Banten, Demak, and Banyuwangi regencies
experienced an average rate of shoreline change of — 2.21 m/yr,
— 8.96 m/yr, and + 0.36 m/yr respectively. Furthermore, the maximum
rate of erosion for Banten, Demak, and Banyuwangi regencies was
— 52.78 m/yr, — 153.9 m/yr, and — 28.23 m/yr, and the accretion rate
was + 40.38 m/yr, + 116.78 m/yr, and + 50.34 m/yr respectively.
Most of the Demak coast (86%) experienced negative shoreline change
(<0 m/yr), putting it into the high vulnerability ranking (95.19 km; 66
grids), while about 69% (39.10 km; 24 grids) along the Banten coast was
categorized as very low vulnerability due to accretion, as well as
reclamation or rebuilt coastal land area for infrastructure and industry
between 2000 and 2020.
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However, Banyuwangi coast mostly had positive shoreline change
(>0 m/yr) and fell into the low and very low vulnerability categories,
with about 42% (18.15 km; 16 grids) and 58% (24.79 km; 19 grids),
respectively. Erosion was dominant near the eastern and southern part
of the Banten coast (Pontang and Kramatwatu), all of Demak coast
(Sayung, Bonang, Wedung districts), while in the Banyuwangi coast,
accretion was dominant near the district of Tegaldlimo and Muncar in
Banten regency (Fig. S3).

3.2.3. Rate of sea level rise

Results highlighted that the coastlines of Banten, Demak, and
Banyuwangi regencies were highly vulnerable to island degradation as a
result of changes in sea level. From 1993 to 2016, historical sea level
change rates of over 3.0 mm/yr were recorded along the coastline. The
yearly mean sea level trend was determined to be in the range of
5.8 — 6.0 mm/yr (42 grids or 42km? for Banten regency,
5.8 — 6.2mm/yr (78 grids or 78 km?) for Demak regency, and
5.6 — 5.8 mm/yr (35 grids or 35 km?) for Banyuwangi regency (Fig. $4).
The entire study area was deemed to be highly vulnerable to sea level
rise, as indicated by Fig. 2.

3.2.4. Significant wave height

Mean significant wave height ranged between 0.2 — 0.7 m in Banten
regency, 0.2 — 1.0 m in Demak regency, and 0.3 — 0.8 m in Banyu-
wangi regency, with average values of 0.42 m, 0.41 m, and 0.52 m,
respectively (Fig. S5). All grids in Banten and Banyuwangi regencies
were found to rank as very low vulnerability for significant wave height
between 2010 and 2020, while in Demak regency, 21 grids or 21 km?
(27%) were categorized as low vulnerability (Fig. 2).

3.2.5. Coastal slope

Banten and Demak regencies were characterized by gentle slopes and
low plains, making them vulnerable to coastal hazards such as coastal
flooding (Fig. S6). Results also determined that 40% (17 km? or 17
grids) in the Banten area were ranked as high vulnerability, while 45%
(19 km? or 19 grids) were categorized as having very high vulnerability.
The Demak coast was identified as the most vulnerable, with 71.79%
(56 km? or 56 grids) in the high vulnerability category and 28% (22 km?
or 22 grids) ranked as very high vulnerability, as they were mapped with
a slope of 0 — 6.0 degrees. Banyuwangi regency, on the other hand,
mostly had steep slopes with low vulnerability (43%, 15 km?) or mod-
erate vulnerability (49%, 17 km?).

In terms of coastline length, 46% of Banten’s 25.85 km was in high
vulnerability, while 41.10% of 23.13 km was in very high vulnerability.
Demak regency had 87.99 km (80%) in high vulnerability and 22.30 km
(20%) in very high vulnerability. Banyuwangi regency had 48% of its
20.81 km in low vulnerability and 44% of its 19.03 km in moderate
vulnerability.

3.2.6. Bathymetry

Bathymetry analysis indicated that the Banten coast was very highly
vulnerable, with 59.5% (25 grids or 25 km?) having bathymetry in the
0 — 2.94 m range (Fig. S7). Interestingly, grids representing parts of the
Pulau Dua Nature Reserve and Bojonegara in Banten regency were
categorized as low (5%, 2 km?) and very low vulnerability (26%,
11 km?). However, on the Demak coast, about 99% (77 km?) and 1%
(1 km?) were found to be in very high and moderate vulnerability cat-
egories. Most of the Banyuwangi coast had a shallow bathymetric
configuration near the shoreline, with about 7 km? (20%) and 22 km?
(63%) found to be in the high and very highly vulnerable categories
(ranked as 4 and 5 respectively).

3.2.7. Mean tidal range

Tidal range was inversely related to vulnerability, with high tidal
range indicating lower vulnerability and vice versa. The mean tidal
ranges for Banten and Demak coastlines were 0.5 m and 1 m, resulting in
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Fig. 2. Vulnerability ranking in Banten, Demak, and Banyuwangi of all variables respectively: a) geomorphology; b) shoreline change rate; c) rate of sea level rise; d)
significant wave height; e) coastal slope; f) bathymetry; g) mean tidal range; h) mangrove density.

very high vulnerability (Fig. S8). Meanwhile, the Banyuwangi coastline
had moderate vulnerability with a mean tidal range between 2 m and
1 m, which ranked it 3 on the vulnerability scale.

3.2.8. Mangrove density

There has been significant loss of mangrove vegetation in Banten,
Demak, and Banyuwangi regencies over the last few decades. Grid
analysis of mangrove density in Banten regency revealed that more than
85% of grids fell into the very low and low vulnerability categories. This
was because there were no mangroves left in those areas, so they were
no longer able to be classified as vulnerable to mangrove loss. The
absence of mangroves could have created other vulnerabilities or
ecological imbalances, such as increased coastal erosion, reduced
habitat for marine organisms, or reduced protection from storms and
waves. These may have included greater erosion along the coast, a
decrease in living space for marine organisms, and less defense against
storms and waves. The area of Pulau Dua Nature Reserve in Banten re-
gency was in the moderate vulnerability classification with 14% of grids
falling into this zone.

On the Demak coast, about 51% (40 kmz) of all grids were found to
be in the moderate, high, and very high vulnerability categories
(Fig. S9). These areas were located in Wedung District in Demak regency
(Fig. 2) and were more vulnerable to natural factors and anthropogenic
pressures such as land-use change. The very low to low vulnerability
areas were primarily those where mangroves were imperceptible, grew
in certain estuarine conditions, or were planted in small patches. Of the
Banyuwangi coast, 83% (29 grids, 29 km?) was classed as very low to
low vulnerability, with just 9% (3 grids, 3 kmz) and 8.6% (3 grids,
3 km?) in the high and moderate vulnerability categories.

3.3. Mangrove vulnerability index (MVI)

The MVI was computed using eight variables, as seen in Eq. 3.
Mondal et al. (2022) calculated grid-wise mangrove vulnerability zones
based on physical and anthropogenic factors. In this study, mangrove
vulnerability indicates the combined effect of eight natural variables

(=)}

and proposes mangrove management zones based on Mangrove
Vulnerability Index values and rankings.

These results aimed to assess the ability of mangrove ecosystems to
endure various hazards, as well as to understand the conditions of
mangroves in terms of their vulnerability. Overall, Demak Regency still
has the largest percentage of area and coastline length dominated by
high vulnerability, affecting 46% of the area and 43% of coastline length
(Table 3). Concentration of these rankings was distributed in the
Sayung, Bonang, and Wedung districts, and there were no low-
vulnerability grids in the study area. However, based on grid and
coastline length, Banten and Banyuwangi regencies predominantly
showed more than 90% of the results were low vulnerability. The esti-
mated minimum value of MVI calculated for the case study was 2.45,
while the maximum value was 80 — the higher the value of MVI, the

Table 3
Mangrove Vulnerability Index of three study areas.

Study area Measurement Mangrove Vulnerability Index ranking
Low Moderate  High Very
high

Banten Regency  No. of grids 42 0 6 0
Area (km®) 42 0 0 0
Area percentage (%) 100 0 0 0
Coastline length (km)  56.27 0 0 0
Coastline length 100 0 0 0
percentage (%)

Demak Regency  No. of grids 0 30 36 12
Area (km®) 0 30 36 12
Area percentage (%) 0 38.46 46.15  15.38
Coastline length (km) 0 49.33 47.45 13.51
Coastline length 0 44.72 43.02 12.25
percentage (%)

Banyuwangi No. of grids 33 2 0 0

Regency Area (km?®) 33 2 0 0

Area percentage (%) 9429 571 0 0
Coastline length (km) ~ 40.8 2.14 0 0
Coastline length 95.02  4.98 0 0

percentage (%)
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more vulnerable the mangrove is. Demak Regency had the highest MVI
ranking, as it was dominated by high vulnerability areas, followed by
Banyuwangi and Banten regencies which had lower vulnerability MVI
values.

4. Discussion
4.1. Coastal vulnerability index

To the best of our knowledge, this is the first study that has under-
taken a grid-wise coastal vulnerability assessment for Banten, Demak,
and Banyuwangi regencies; while CVI has been utilized to assess other
coastal areas in Indonesia (Loinenak et al., 2015; Husnayaen et al., 2018;
Imran et al., 2020; Irham et al., 2021; Hastuti et al., 2022; Rumahorbo
et al., 2023). The analysis (Fig. 3) shows that out of 78 grids (78 kmz) in
Demak Regency, 64 ranked as moderately to highly vulnerable, which
corresponds to 82% of total area. These findings are consistent with
other studies, which determined the areas of Sayung and Bonang in
Demak Regency to be vulnerable (Primasti et al., 2021). This study
further supports the idea that high vulnerability zones in Demak Re-
gency can be attributed to changes in land use from mangroves to
aquaculture ponds (Ramadhani and Susanti, 2020) as well as the impact
of sea level rise and erosion in recent years (Ervita and Marfai, 2017).

CVI analysis in Banten revealed that out of a total 42 grids, 18 ranked
as low to moderately vulnerable, representing 43% of the study area;
this suggests the Banten coastline is moderately vulnerable overall.
These findings were similar to those of Rahmat and Handiani (2020),
whose findings determined the coastline of the district of Bojonegara
and Puloampel (Fig. 1) in Banten Regency to be moderately vulnerable.
Areas with moderate to low CVI values were found to be in the mangrove
conservation area of Pulau Dua Nature Reserve, where mangroves assist
in trapping sediments transported by rivers (Susantoro et al., 2020).
Pangpang Bay in Banyuwangi Regency was considered the least
vulnerable area because the area was an essential ecosystem area with
efforts to conserve mangroves, which had an impact on sedimentation
contributed by the mangroves and minimal erosivity rates. In terms of
CVI, this could have decreased the coastal vulnerability value through
positive shoreline change (accretion). Based on CVI values (91% of this
area was categorised as low vulnerability), compared to the regencies of
Demak and Banten.

Several studies utilizing indexes to estimate CVI based on physical
parameters have been conducted across various different scales; na-
tional (Bagdanaviciuté et al.,, 2015; Royo et al., 2016; Rocha et al.,
2020), regional (Ashraful Islam et al., 2016; Ghoussein et al., 2018; Ng
et al., 2019; Hoque et al., 2019; Baig et al., 2021; Hastuti et al., 2022;
Kovaleva et al., 2022; Handiani et al., 2022) or local (Sekovski et al.,
2020) with reliable results. However, these does not examine
socio-economic parameters such as: population density, infrastructure,
routes, land use, ecological areas, cultural heritage, etc as input for
assessing vulnerability (Behera et al., 2019; Ballesteros and Esteves,
2021; Bera and Maiti, 2021). Hence, it is imperative that forthcoming
studies in the northern coast of Java incorporate socio-economic di-
mensions or other local factors as supplementary inputs to enhance the
precision and accuracy of coastal vulnerability assessment. Moreover, it
is also worth underscoring the critical role of maintaining dependable
and current databases, particularly in the context of index-based
methodologies like CVI (Pantusa et al., 2018).

De Serio et al. (2018) computed the CVI, both with and without the
inclusion of weighted factors, arriving at the inference that the un-
weighted CVI tended to underestimate vulnerability, while the weighted
approach demonstrated greater realism, aligning with the conclusions
drawn in this study. Similarly, Bagdanaviciute et al. (2015) conducted
CVI calculations involving weighted factors, which notably elevated the
very high vulnerability classification, resulting in heightened accuracy
and greater result consistency when compared to the unweighted CVIL.
However, increased coastal development and human activities have
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implications for heightened vulnerability to coastal disasters in these
regions (Zonkouan et al., 2021). It is also important to note that irre-
spective of the land cover type in coastal areas, those with lower ele-
vations are susceptible to seawater inundation (Hamuna et al., 2019). In
addition, the phenomena of storm surges increased the vulnerability of
the coastline and their destructive impact during a swash (Benkhattab
et al., 2020).

The real importance of using CVI tools lies not only in determining
the vulnerability of a particular coastal area, but also in attracting
attention for action. By using a uniform process to obtain a score in a
standard index, it becomes possible to compare the vulnerability of
different areas and prioritize management actions. This information can
help allocate funds and design interventions that may prevent serious
losses in highly vulnerable zones. However, it is essential to note that the
coastal environment is dynamic and constantly changing. The combi-
nation of natural and human actions ultimately determines the sus-
tainability of a coastal zone. Thus, understanding CVI scores as a whole,
and specific scores for each variable, can provide insights into what
factors are causing the most negative impact and how they can be
prevented.

4.2. Contribution of each variable to the vulnerability index

While CVI and MVI represents a combined score based on several (7
out of 8 variables), the contributions of each of these variables may not
be uniform for each site, nor do these variables change in a relative
manner. In other words, these 7 out of 8 variables behave rather inde-
pendently, and a high or low score in any one variable does not neces-
sarily correlate with scores on other variables, despite each affecting the
final index value of CVI and MVI generated. For example, shoreline
retreat was quite significant in the regencies of Banten and Demak with
an average rate of 2.21 m/yr and 8.96 m/yr respectively, however
Banyuwangi Regency experienced growth/build-up of shoreline of
approximately 0.36 m/yr. Despite an area having a low vulnerability
index value overall, specific index values highlighted those certain areas
had higher vulnerability to specific risks. For instance, shoreline retreat
indicated greater vulnerability to the erosion of the coast, while the
accretion or growth of shoreline in Banyuwangi affected the total CVI
value since it fell within the value range of 1 and 2 (very low and low
vulnerability). The study determined that erosion was widespread in
most areas of Demak Regency mainly due to high waves (Ervita and
Marfai, 2017) and human activities such as conversion of mangrove
forests into aquaculture ponds (Rudi and Harini, 2021). This finding
confirmed that anthropogenic impacts include damage to the mangrove
ecosystem. Settlements and aquaculture ponds that were economic
sources for the local residents actually could result in reduction of
coastal resources, and lead to social, economic, and environmental
changes in the region (Bouchahma and Yan, 2014).

However, Banten and Banyuwangi regencies had commonly low
vulnerability ranks, across 39.10 km (or 24 grids) and 24.79 km (or 19
grids) respectively. These results may suggest that the accretion process
taking place in mangrove forests in several areas, especially since Pan-
gpang Bay (Fig. 1) in Banyuwangi regency is the only wetland ecosystem
in East Java that has been designated essential, due to its coastal area
being surrounded by mangroves. Most of this area is managed by Alas
Purwo National Park, the Indonesian State Forestry Enterprise (Perum
Perhutani), and the local community. Accretion also occurred in
mangrove conservation areas, such as Pulau Dua Nature Reserve. The
low vulnerability ranking observed in the district of Bojonegara and
Puloampel in Banten regency correlates with Suwandana (2019) find-
ings, which show that both of these districts reclaimed approximately
86.03 ha and 22.5 ha of land respectively, between 2015 and 2019.
Land reclamation is not necessarily positive, however; though an in-
crease in shoreline results in a lower vulnerability score, this could
conceal risks. The most extensive reclamation activities took place in the
district of Bojonegara in Banten regency as this area was designated a
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large and medium-sized industrial area for metal, basic chemical, and
maritime industries, as per Serang Regency Regional Regulation No. 10
of 2011, on the Serang Regency Regional Spatial Plan for 2011-2031.
Reclamation actually took place in the mangrove zone; findings by
Liyubayina (2018) reveal that mangrove area here decreased by about
13 ha between 2009 and 2015. Likewise, reclamation of land for eco-
nomic activities and infrastructure development in coastal areas is often
detrimental to existing mangrove cover for reasons other than land use
change. Such economic and development activities lead to degradation
of mangroves, causing reduction of coastal resilience; the subsequent
reduction in sediment trapping leads to destabilization of coast, and
ensuing erosion makes an area vulnerable. Based on analysis, Recla-
mation increased the value of the shoreline change rate through the
obtained EPR value, thus this variable was forced by the reclaimed area
to obtain a range of very low to low vulnerability, it could decrease the
value of the vulnerability index in total, which means it could make an
area appear less vulnerable than it was in reality.

There could be an increase in vulnerable coastline areas due to sea
level rise caused by global climate change. National Oceanic and At-
mospheric Administration (NOAA) data on sea level rise suggests that
this study area saw a rate of sea level rise of more than 3 mm/yr, higher
than the mean sea level rise in Indonesia — 3.9 &+ 0.4 mm/yr between
1992 and 2020 (NOAA, 2020). As a result, all of the study areas were
ranked as high vulnerability in this aspect. Higher sea level contributes
to coastal vulnerability due to shoreline erosion (Enriquez et al., 2019),
which has similar effects to coastal subsidence; both result in coastline
erosion, as observed in Demak Regency with its subsidence rates of ~
17.91 cm/yr (Yuwono et al., 2019).

Coastal geomorphology was the reason that 60% of the Banten Re-
gency coastline was classified as moderately vulnerable, due to low cliffs
in the reclamation area (Bojonegara and Puloampel). Approximately
82% of the Demak coastline was ranked very highly vulnerable as this
area is made up of coastal plain, beach, and mud flats. In Banyuwangi
Regency, about 85.59% of coastline was in the high to very highly
vulnerable categories. There was a small variation range of significant
wave height, which averaged 0.42m, 0.41 m and 0.52 m in Banten,
Demak, and Banyuwangi regencies respectively. Overall, there was no
significant difference or influence generated from this variable to the
overall CVI score for each study site. However, mean tidal range did
affect total CVI value, as all grids in Banten and Demak regencies were
found to be in very high vulnerability category (>4 m), while all grids in
Banyuwangi Regency ranked in the moderately vulnerable range
(1-2 m).

While our study confirmed that tidal range vulnerability affected just
43% of Banten Regency currently, the trend of rate of sea level rise could
increase this vulnerable area; it is because coastal slope and bathymetry
along this coast ranked high to very high on the vulnerability scale. More
than 95% (36 grids) of this area had a slope under < 10.0-degrees; this
would allow water to enter coastal zones during floods or other natural
hazards. This same vulnerability to sea level rise could impact the
Demak coastline; the study revealed approximately 72% (56 grids) and
28% (22 grids) ranked as highly and very highly vulnerable due to their
low sloping coastlines. However, most of the Banyuwangi coastline was
considered moderately vulnerable in terms of coastal slope; about 49%
(17 grids) ranked in this category. The level of vulnerability could also
be enhanced due to the bathymetry value meant that 60%, 99%, and
63% of the grids in Banten, Demak, and Banyuwangi regencies respec-
tively were found to be very highly vulnerable to the coastal hazard and
the impact would get worse.

Physiochemical conditions such as salinity and coastal slope were
some of the environmental factors affecting the existence of mangrove
ecosystems in a place (Matatula et al., 2019). In terms of selecting
rehabilitation sites, specific environmental conditions such as elevation
and slope need be met for rehabilitation activities to be effective. A
gradual slope helps to reduce erosion and filter run-off entering wet-
lands, as well as allows for surface drainage at low tide (Gilman and
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Ellison, 2007). Understanding and considering the specific geophysical
conditions of mangrove ecosystems, such as coastline slope, is therefore
key when planning rehabilitation or restoration activities.

This study offers a useful perspective to help determine vulnerability
of the coast and existing mangrove systems yet there exists specific
research limitations and challenges which necessitate future re-
finements to enhance its contributions to the field. Primary concerns
include quality and consistency of data related to shoreline change rate,
coastal slope, and geomorphology, leading to uncertainties in the
study’s results. Similarly, this study outcomes depend on sea level trends
and tidal range data which is obtained from relatively sparse measuring
stations in the study area. Additionally, the assessment and determina-
tion of vulnerability indices does not fully incorporate sediment depo-
sition and subsidence dynamics in specific regions and disregards
multifaceted impact of human activities on mangroves. Despite these
limitations, the study’s results can serve as a valuable guide for urban
planners and decision-makers, providing a rapid and cost-effective CVI
to empower informed mangrove conservation measures and policy de-
cisions in coastal regions.

4.3. Using the mangrove vulnerability index to prioritize restoration

Analysis of MVI was completed in coastal areas of West Bengal
(India) by Mondal et al. (2022) using the same variables as this study,
with the exception of significant wave height. Mondal et al. (2022)
found a direct relationship between land area loss and mangrove area
loss along the Sundarbans shoreline. Correlating to this previous
research, the present study revealed that all of the Banten coastline and
most (95%) of the Banyuwangi Regency coastline ranked in the low
vulnerability category on the mangrove vulnerability index (MVI). This
result might be explained by the fact that these two regencies housed
mangroves that were still able to withstand coastal hazards. Sediment
entrapments have been introduced to the Pulau Dua Nature Reserve
coastline in Banten regency, with the aim of reducing the impacts of high
waves by maintaining the mangrove ecosystem between the boundary of
Pulau Dua Nature Reserve in Banten regency and the seafront (Lestari
et al., 2018). In Banyuwangi Regency, a mangrove wetland essential
ecosystem area has been established in Pangpang Bay with support from
local government. This support includes facilitating the establishment of
a multistakeholder forum to collaborate around creating a mangrove
management plan, advocacy and community services (Setyaningrum,
2016).

The results of this study indicate that Demak mangroves will no
longer able to withstand various environmental pressures and threats.
Crucial factors for this observation include the negative impacts on
mangroves of anthropogenic pressures like mangrove conversion to
aquaculture ponds (Rudi and Harini, 2021), land subsidence causing
higher erosion along the coastline (Yuwono et al., 2019), and high waves
(Ervita and Marfai, 2017). Approximately 51% of Demak ranked in the
moderate, high, and very high vulnerability categories in the overall
MVI score, particularly in the district of Wedung in Demak regency
where combined impacts of natural factors and anthropogenic pressures
is very high. While in Banten and Banyuwangi regencies, more than 80%
mangroves ranked as low and very low vulnerability. This rather con-
tradictory result is probably because mangroves in those areas were
imperceptible, were growing in certain estuarine conditions, or were
planted in small patches. It could also be said that the denser the man-
groves, the more vulnerable they become, from an MVI perspective. This
is the reason the index could be useful as a tool for restoration; because it
helps to identify such an important, useful and easily understood tech-
niques for proper and effective coastal zone and mangroves
management.

Mondal et al. (2022) simplified MVI to provide results that support
the implementation of afforestation and restoration policies in the study
area. Afforestation refers to the process of establishing a new mangrove
forest in an area where no forest previously existed, while restoration
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Fig. 4. Mangroves vulnerability zones of the study area and proposed mangrove management zone based on the MVI.

refers to the process of repairing and restoring the ecological biodiver-
sity of degraded, damaged, or destroyed mangrove forests. The present
study demonstrates that 78 grids in Demak Regency ranked between
moderate to very high vulnerability; these areas should be prioritized for
restoration policies. As climate change and anthropogenic impacts have
already greatly deteriorated this area, a crucial step in restoration is to
reduces vulnerability to erosion and other coastal hazards, by repairing
degraded areas and restoring the natural processes that prevent erosion.
Given high intensity of vulnerability observed in this area, restoration
initiatives can be promoted on an urgent basis to protect the region). In
contrast, as Banten regency (42 grids) and Banyuwangi regency (33
grids) ranked low or very low vulnerability in terms of MVI, these re-
gencies should be proposed as afforestation areas. This is because these

10

areas are more stable and suitable for afforestation-related activities;
such an approach could be effective in stabilizing sediment in the coastal
zone, as well as increasing the biodiversity of the coastal ecosystem;
both tree density and species diversity in mangrove ecosystems have
been proven to increase following restoration and conservation efforts
(Hanggara et al., 2021). Such insights based on vulnerability assessment
can help in regional and local coastal zone management policies to allow
relevant agencies to allocate funding for most needed actions. It also
offers national governments an opportunity to identify important coastal
zones which might be important for national climate action (adaptation
and mitigation goals). An understanding of existing risks and vulnera-
bilities also help in better preparedness in the context of natural disaster
risks and assist in designing effective programs to meet sustainable
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development goals.
5. Conclusion

The northern coast of Java is mostly low lying, with sandy, muddy,
and gravelly beaches. Because of global warming-induced sea level rise,
coastal areas experience erosion, especially if underwater coastal areas
near shore have a gentle slope. This study notes that (i) vulnerability
results are influenced by sea level rise, sandy coastal and alluvial plains,
coastal slope, low bathymetry depth, and low tidal mean range; (ii)
based on their overall CVI scores, Demak regency is considered the most
vulnerable coastal area in north Java, followed by Banten regency, with
Banyuwangi regency the least vulnerable; (iii) the mangrove vulnera-
bility assessment indicates that Banten and Banyuwangi regencies are
low vulnerability, while Demak regency is highly vulnerable in this
aspect.

Even though this research does not develop CVI by considering, for
instance, the worst-case scenario of SLR projection in 2100 (Royo et al.,
2016; Reimann et al., 2018), the results have warned us that the
northern coast of Java is vulnerable. Coastal vulnerability indices have
been developed for several coastal areas around the world (Hoque et al.,
2019; Komi et al., 2022; Ahmed et al., 2022a, 2022b; Ariffin et al., 2023;
Charuka et al., 2023), still, the coastal region of the northern coast of
Java are not well represented in those studies. The development of MVI
by incorporating mangrove density into CVI, as done by Mondal et al.
(2022), not only helps in managing coastal land but also contributes to
the sustainable conservation of mangroves.

This research recommend restoration and/or afforestation activities
are concentrated in more vulnerable areas, rather than less vulnerable
ones. Mangroves should be restored while taking into consideration
requirements like growing locations, mangrove species, planting tech-
niques, and water systems. Mangroves can play an important role in
reducing the risks and enhancing the resilience of coastal areas. Iden-
tifying coastal zones that are more vulnerable therefore allows targeting
of interventions and formulating policies that can help in restoration,
thus strengthening the integrity of coastal ecosystems in the face of
climate change. A secure and functionally intact coastline can offer
sustainable delivery of ecosystem services that coastal biota and human
communities depend on.
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