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Abstract
In the face of rising the seas, relying solely on seawalls and other reinforced coastlines is unsustainable due to the high 
costs associated with their construction and upkeep and unforeseen effects on habitats. Restoring and conserving 
coastal habitats can be more affordable, long-term solutions for protecting the coast. Yet, basic knowledge about where, 
how, and for whom habitats decrease the risk of coastal disasters is typically lacking from decision-makers. This study 
investigates how climate change may affect coastal areas and how natural coastal habitats may help protect them. 
We studied two small tropical islands, Bintan and Seribu Islands, Indonesia. The research applied the InVEST Coastal 
Vulnerability model to calculate the hazard index. To assess the effect on the vulnerable population, a grid system for 
the coastal population was created and overlaid with the hazard index. The comprehensive analysis indicates that if the 
coastal habitat is lost in the future, Bintan and Seribu Islands will face a severe threat from rising sea levels, with 96% 
and 63% of the inhabitants being highly exposed to climate hazards. Furthermore, the model shows that preserving 
natural coastal habitats by 2040 could help protect approximately 104 and 17 km of coastline areas in Bintan and Seribu 
Islands, respectively. Ecosystems offer safeguards to certain thinly inhabited, distant coastal villages, certain of those 
with a large, vulnerable population. Thus, this study highlights that natural coastal habitat is essential in climate change 
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adaptation. Enhancing and safeguarding these natural habitats is crucial for mitigating climate-related hazards and 
ensuring community resilience.

Article Highlight

• The first semi-quantitative assessment in Indonesia showcasing the role of natural capital in reducing the risk of 
climate hazards in the small islands was conducted.

• Coastal habitats protect roughly one-third of the shoreline length in both study sites.
• The coastal habitat could save about one-third and two-thirds of the most vulnerable communities along the Bintan 

and Seribu Islands coastal areas.

Keywords Climate change adaptation · Nature-based solution · InVest model · Coastal vulnerability · Small Islands

1 Introduction

Vulnerability assessment involves a holistic approach to understanding complicated interactions between social, natural, 
and engineered systems; it can refer to persons, groups, systems, and locations where scalar differences and the capacity 
to communicate across spatial scales are crucial [1, 2]. It offers the foundation for risk [3, 4], hazard and disaster mitiga-
tion policies [1, 2, 4–6]and for vulnerable groups [7]. Coastal areas are vulnerable to risks, including those related to the 
climate. Climate-related hazards have affected over 5.2 billion people (96% of the world’s population) from 1998 to 2017, 
with a total economic loss of 2,239 billion USD [8]. These risks are projected to increase globally [9].

Present Sea Level Rise (SLR) has a severe effect consisting of land loss and erosion of the coasts, raised tidal flooding, 
and elevated salinization of coastal aquifers, leading to habitat shrinkage, changes in the geographical distribution of 
aquatic species, decline in biodiversity, and drop in ecosystem services [10]. For instance, SLR could affect wetland salini-
zation, which can alter the fundamental physical and chemical characteristics of the water and soil ecosystem and have 
considerable effects on the natural systems in the region [11]. Also, SLR could affect soil salinization, which may cause 
severe problems for food security and socio-economic activities [12]. Additionally, the SLR will impact residential zones 
within the Shared Socioeconomic Pathways (SSP) scenarios, necessitating the relocation of households to a safer region 
due to flood risk [12]. Further, there is evidence that SLR could lead to considerable global coral cover drops owing to 
increased turbidity caused by greater sediment resuspension [13]. These findings support theories that a rapid rise in 
global sea level could threaten coral survival.

Under RCP 4.5, SLR will reduce global GDP by 0.19% [14]. Countries like Vietnam, Thailand, and Bangladesh will experi-
ence more severe consequences, with expected GDP declines of 7.60%, 9.37%, and 5.37%, respectively [14]. Consequently, 
fostering resilient communities has become a pressing concern for coastal residents [15]. One of the most common 
actions is constructing barriers along the coast, such as seawalls and bulkheads. However, these conventional methods 
of coastal defence are now recognized as unsustainable [16]. Moreover, reinforced coastlines can be costly to construct 
and sustain while also posing risks such as coastal erosion, habitat loss, and deterioration, as well as negative effects on 
people who rely on resilience ecosystems for defence, sustenance, and livelihood [17].

The issues over hardened shorelines have generated interest in alternate coastal protection strategies that might be 
less harmful to the environment, more affordable to sustain over time, and capable of delivering essential co-benefits [18]. 
Coastal habitats like mangroves, seagrass beds, marshes, coral reefs, and coastal forests have shown the feasibility of mitigat-
ing storm-related waves, surges, floods, and erosion [19, 20]. Nature-based measures are often considered favorable coastal 
adaptation solutions since they do not hinder additional measures afterward (World Bank, 2021). In some circumstances, 
habitat restoration and conservation are more cost-effective than building infrastructure (e.g., mangrove restoration versus 
breakwater construction) [21]. A comprehensive study on the World’s most catastrophic 2004 Indian Ocean tsunami in 
Banda Aceh, Indonesia, revealed that mangroves of different ages and areal coverages were proven to significantly reduce 
a tsunami’s hydrodynamic force by up to 70% and to mitigate structural damage by up to 60% [22]. Coastal ecosystems can 
adjust to climate change and may even outperform hard infrastructure in the long term [23]. This is particularly positive for 
island states since they have natural coastal habitats that act as layers of protection against coastal hazards in their highly 
vulnerable coastal zones [24]. Yet, the effectiveness of ecosystems in safeguarding coastal areas varies depending on the 
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specific circumstances [9, 25]. Therefore, it is essential to have a comprehensive knowledge of where natural habitats are of 
utmost significance for protecting coastlines, particularly with the risks posed by population growth and modernization.

Islands nations are extremely sensitive to environmental threats due to a combination of physical, ecological, and socio-
economic characteristics, such as their severe climate hazard exposure, remoteness, small size, high reliance on natural 
resources, brittle infrastructure plans, and subpar building standards [26]. Thus, Island nations are highlighted due to the vast 
spectrum of damage caused by climate risks, and the speed of recovery following a disaster is challenging. Moreover, disaster 
response and recovery capabilities can vary greatly, and social risk factors that make specific populations more sensitive to 
hazards receive more significant consideration. There is broad agreement that socioeconomic level, age, gender, ethnicity, 
and education are quantitative markers of disparities in capacity and resource access, which increases the vulnerability in the 
social aspects [5, 27]. Yet, the association between vulnerable communities and their environments, which can potentially 
provide risk reduction, has received less attention than the growing use of demographic information metrics in research 
projects to assess the risk faced by vulnerable communities (Arkema et al. 2017).

Several approaches have been used to integrate parameters for coastal vulnerability analysis, including Principal Com-
ponent Analysis (PCA) [5], Analytical Hierarchy Process (AHP) [28], Fuzzy method [6], and Coastal Vulnerability Index (CVI) 
analysis [29, 30]. However, those parameters did not include the framework of variation of coastal habitat and future projec-
tion under climate change scenarios. The InVEST Coastal Vulnerability Model (CVM) is the extension of the CVI concept with 
the additional value of the combination of natural habitat, which can be assessed with various scenarios. This method was 
applied in the United States of America [9, 31, 32], Oman [33], China [34] and India [35]. However, InVEST CVM approaches 
have not been applied in Southeast Asia (SE Asia), whereas this region is noted as a global hotspot for biodiversity and one 
of the most ecologically threatened [36]. Moreover, to the best of our knowledge, no study has been conducted in Indonesia 
to develop a coastal vulnerability index designed for national implementation by an authorized government agency acting 
as the national geospatial data custodian for vulnerability map (Ministry of Marine Affairs and Fisheries) using showcases 
comparison of small islands with different biophysics and socio-economic conditions. Therefore, a similar study that applied 
InVEST CVM is crucial to be conducted in Indonesia since it can promote the role of natural capital and be expanded on a 
larger scale.

Decision-makers need tools that provide spatial information (containing physical, socioeconomic, and ecological data) 
on where and how ecosystems best protect vulnerable coastal communities and evaluate options for nature-based coastal 
protection. Various methods have been used to quantify the benefits of coastal habitats for protection, for example, process-
based model prediction as a tool in cost–benefit analyses of preventive measures [37], preference surveys to measure peo-
ple’s willingness to pay for coastal safeguarding [38] and simple analysis of regression to link coastal habitat existence to the 
decreased damage [39]. These methods can help decision-making, but they need much data and knowledge to execute, 
which may limit their use by organizations with low capacity and resources. In addition, the aforementioned studies have 
not been conducted by simultaneously comparing small islands with different biophysical and socio-economic conditions 
(e.g., islands with developed urbanization and tourism sector vs islands with less developed ones). Therefore, transparent, 
reproducible, and accessible tools and data determine the areas in which ecosystems are most important to humans, espe-
cially in countries with limited resources and capacity.

In this study, we analyzed the coastal hazard and social vulnerability of two small islands in Indonesia, i.e., Bintan and 
Seribu Islands, using the InVEST-CVM. We presented the analysis findings and discussed how they can be utilized in directing 
various planning initiatives to increase coastal resilience in the country. To the best of our knowledge, this is the first semi-
quantitative assessment in Indonesia that showcases the role of natural capital in reducing the risk of climate hazards and 
how it will impact vulnerable communities along the coastal areas. Thus, the study addressed three main questions regarding 
the nature-based protection of coastlines: (1) Which areas are exposed to coastal hazards and have high social vulnerability? 
(2) How would the spatial distribution of risk change under SLR scenarios? (3) Where do coastal ecosystems currently provide 
protection services to the most socially vulnerable groups, and where could they do so in the future under SLR? What insights 
can be synthesized from applying the CVM to small islands with differences in biophysics and socio-economic conditions?

2  Materials and methods

2.1  Study area

As an archipelagic country, Indonesia is highly exposed to climate-related hazards, such as floods and extreme weather. 
There were an average of 2550 incidents yearly since 2008, and hydrometeorological disasters were dominant [40, 41]. 
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These hazards cause huge losses and damages to the economy and infrastructure, nearly USD 3.5 trillion between 1990 
and 2021 [42]. From 2014 to 2018, the central government spent around USD 90 million to USD 500 million annually, with 
an extra USD 250 million from regional governments, for disaster response and rehabilitation [43]. This valuation did not 
consider other costs, such as disaster displacement. Moreover, the recovery process varies across regions, depending on 
their social vulnerability and disaster readiness [44]. Thus, it is vital to understand the risk of coastal hazards and enhance 
the resilience of the coastline in Indonesia.In particular, small islands rely heavily on their marine and coastal ecosystems, 
which include mangrove forests, seagrass beds, coral reefs, and terrestrial plants, among many others.

This paper used two small islands as study sites: the Bintan and Seribu Islands (Fig. 1). We chose the islands to represent 
small islands with high climates and anthropogenic pressures in the tropical region. Bintan is home to approximately 166 
thousand inhabitants dispersed throughout 272 islands, with a total land area of more than 1300  km2 [45]. This region 
has a tropical environment with air temperatures ranging from 24.4 to 31.8 °C and a relative humidity of 84% [45]. The 
months with the most rainfall are April–May, November, December, and January, while February has the least rainfall 
[45]. These islands, situated close to Singapore and Malaysia, face various climate-related hazards, including flooding 
and forest fires. It also experiences pressure from human activities, such as rapid land cover change (i.e., the open land 
was expanded four times from 1995 to 2020) and oil spills [46, 47].

Seribu Islands has a population of 28 thousand people in 2021, covering an 8.7  km2 land area and 11 islands [48]. 
These islands have a mean temperature ranging from 26.1 to 29.9 °C [49], with the average annual amount of rainfall 
being 1888.74 mm, while the wind speed was 4–10 m/s [48]. Seribu Islands, small islands part of Jakarta megacities, 
face serious issues related to climate-related hazards, self-land reclamation (i.e., one of the inhabitant islands expanded 
120% of the land area from 1992 to 2022), and ecosystem destruction [49]. Additionally, these islands’ GDP depended 
on natural resources, particularly from the production of natural components [45, 48]. The local government continues 
prioritizing the tourism sector as one of their main targets in increasing economic growth even though this sector is not 
the primary source of GDP [50, 51].

Fig. 1  The study area of two study sites (upper), Bintan Island (Lower) Seribu Islands
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The soil type of Bintan Island was Orthic Podzols [52], while Seribu Islands were coral sand with a thick level of less 
than 1 m [53]. Orthic Podzols are physically and chemically deficient and experience moisture deprivation during dry 
periods due to significant drainage. They are also prone to soil erosion, and the potential for agriculture is limited [52]. 
Meanwhile, sand coral is often marginal ground with a low capacity to hold water and requires even more careful man-
agement due to its potential for water loss [53]. It readily evaporates or absorbs water, making it unsuitable for plant 
growth [53]. Therefore, those conditions make both pilot sites more vulnerable to climate-related hazards.

Both pilot sites are frequently hit by flooding and storms [46, 49–51]. The primary area in these sites is categorized as 
a low-lying island, particularly the Seribu Islands, with 41% of its land below an altitude of 3 m. While the Bintan Islands 
consist of 272 islands [46], we limited the study area to the main islands of Bintan due to some difficulties in the map-
ping validation. With regards to Seribu Islands, it consists of 114 islands [49], and we covered most of the islands except 
on the edge of the northern part of the archipelagos due to some data limitation (i.e., relief data set). Furthermore, the 
validation mapping was only conducted in the highest-risk areas with inhabitant populations.

2.2  Data

Table 1 shows several data used as input models to obtain the Hazard Index (HI) score. The HI was calculated based on 
Eq. 1 with reference to Table 2 and ranges from 1 to 5. Further details were explained in Sect. 2.2. Moreover, we used 
biophysical components such as shoreline type, relief, natural habitat, wind and wave exposure, storm surge, and SLR. 
These datasets were obtained from various sources, and the InVEST model provided some.

2.2.1  Shoreline type

The coastal type describes the shoreline’s composition, significantly impacting its vulnerability to erosion/ abrasion. We 
combined various datasets to create a comprehensive coastal-type map covering the entire country. Determining coastal 
types began with visual classification using high-resolution satellite image mosaics from Google Earth. This classification 
also utilized mangrove distribution maps obtained from the Indonesia Geospatial Information Agency (BIG), assuming 
the presence of muddy coastlines where mangroves are dominant. Finally, field investigations were conducted to observe 
the shoreline types directly and use this in-situ data to improve previously created datasets.

2.2.2  Coastal habitat

We identified four main natural habitat types in the Bintan and Seribu Islands that offer coastal defence: mangrove for-
ests, seagrass beds, coral reefs, and coastal forests. The presence and combination of these coastal habitats significantly 
influence the degree of protection against erosion and inundation by reducing wave energy, lessening the impact of 
storm surges, and stabilizing sediment [31].

Data sources from the Research Center for Oceanography, BRIN, under the Coremap initiative, were utilized to map 
the distribution of coral reefs and seagrass. Meanwhile, mangrove and coastal forest distribution was obtained from land 
cover data provided by BIG. Coral reefs in deep offshore areas that were not detectable by satellites were excluded from 
the analysis. All data are available in shapefile format.

2.2.3  Relief

The relief data, including the Digital Elevation Model (DEM) and bathymetry data, were collected from the Geospatial 
Information Agency (BIG). The National DEM (DEMNAS) was created by combining data from various sources, including 
IFSAR (Interferometric Synthetic Aperture Radar) with a 5-m resolution, TerraSAR-X at a 5-m resolution (after some adjust-
ments), and ALOS (Advanced Land Observing Satellite) PALSAR (Phased Array type L-band Synthetic Aperture Radar) with 
an 11.25-m resolution. This dataset uses the EGM2008 vertical reference with a spatial resolution of 0.27 arcseconds. On 
the other hand, the National Bathymetric Data (BATNAS) was generated by analyzing gravitational anomaly data from 
altimetry. This dataset also includes sounding data collected by various institutions like BIG and the National Research 
and Innovation Agency (BRIN), previously known as the National Geophysical Data Center (NGDC), the Agency for the 
Assessment and Application of Technology (BPPT), the Indonesian Institute of Sciences (LIPI) and Center for Marine 
Geology Research and Development (P3GL), and others using both single and multibeam survey techniques. The spatial 
resolution of the BATNAS dataset is 6 arcseconds, and it is referenced to the Mean Sea Level (MSL).
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2.2.4  Wind, wave, and storm surge

The wind and wave exposures were processed with NOAA Wave Watch III data, readily available as the default data in 
the InVEST program bundle. This dataset is structured as a point shapefile, providing a wide variety of data that could be 
harnessed to establish a model for hurricane wind speed and observed wave energy in specific geographic areas. The 
model evaluated the potential for hurricane waves by quantifying the distance between the continental shelf’s border 
and the coast. The continental shelf data also relied on a global dataset provided by the InVEST software. In general, 
during a hurricane event, the further the coastline was from the border of the continental shelf at an identified location, 
the greater the likelihood of experiencing higher hurricane waves.

2.2.5  SLR

The SLR data used in this study is obtained from the Regional Sea Level Trends covering from January 1993 to August 
2022, provided by AVISO. This data is available in a grid format and was obtained through several multi-mission satellites, 
including Jason-1, Jason-2, Jason-3, TopEx/Poseidon and Sentinel-6MF, as well as several additional missions such as 
SARAL/AltiKa, Envisat, ERS-1, ERS-2, Cryosat-2, and Copernicus Sentinel-3A, which were employed as reference missions. 
These various multi-mission altimetry satellites allow changes in spatial patterns related to heat distribution and ocean 
circulation to be effectively visualized. For future projections, we used the scenario from [54].

2.3  Methods

Figures 2, 3 presents the overall flowchart of the research framework to assess the risk of vulnerable people along the 
coastal area in both pilot sites. The following are the steps of this research framework. In the first step, we calculated HI 
by using seven physical parameters (Table 1), rank variables (Table 2), and Eq. 1 at the present condition with the actual 
habitat (Sects. 2.2, 2.2.1, and 2.2.2). Then, we estimated HI using SLR and a habitat scenario (Sect. 2.3). Once HI was esti-
mated using four type scenarios (present with habitat, present without habitat, future with habitat, and future without 
habitat), we estimated the risk to vulnerable people by overlaying the socio dataset along coastal area (Sect. 2.4). These 
scenarios were built to quantify the role of natural habitat in local communities.

2.4  Hazard index

We employed the InVEST CVM to examine the risk that inhabitants of two pilot studies face from coastal hazards, 
both in the present and in the near future, under climate change scenarios. According to [9, 31, 32], the CVM is a tool 
for decision-making that utilizes an index-based methodology to comprehend the opposed vulnerability of local 
society to the hazards and pinpoints in which ecosystems have the highest likelihood capacity to provide coastal 
safeguard. This approach expands upon earlier, comparable indices (for example [29, 30, 55, 56],) by taking into 
account ecosystems’ role in offering coastal defence and integrating data on residents, assets, and other pertinent 
metrics in the risk framework. These indices consider the biophysical and climatic features that regulate exposure to 
disasters resulting from hazards along the coast. Throughout the Bintan and Seribu Islands coast, we evaluated the 

Table 2  Variables and rankings of the coastal hazard index (Adopted from [9])

Variable Exposure rank

1 (very low) 2 (Low) 3 (intermediate) 4 (High) 5 (very high)

Natural coastal habitat Coral reefs, Coppice, 
Mangrove

Caribbean Pine Seagrass No natural habitat

Type of shoreline Seawall rock mud sand
Relief Fifth quantile Fourth quantile Third quantile Second quantile First quantile
Winds First quantile Second quantile Third quantile Fourth quantile Fifths quantile
Wave Exposure First quantile Second quantile Third quantile Fourth quantile Fifths quantile
Surge Potential First quantile Second quantile Third quantile Fourth quantile Fifths quantile
SLR [54] 0–20 cm 20–40 cm 40–60 cm 60–80 cm 80–100 cm
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potential risk that climate hazards pose to local inhabitants at a spatial resolution of 250 m2 under SLR and habitat 
scenarios. A range of various parameters: SLR, storm surge potential, wind, wave exposure, shoreline type, elevation, 
and habitat type, as well as the coverage —we calculated a HI using the InVEST CVM, in which this index ranked the 
comparative exposure of the coastal hazards. The factors indicated above were ranked from minimum (i.e., rank = 1) 
to maximum exposure (i.e., rank = 5) on every 250 m coastal section according to a mix of actual and comparative 
ranking of predicted and measured data, as shown in Table 1. Then, the hazard index was determined by calculat-
ing the geometric mean of the ranked parameters (i.e., R was defined as rank, and whole parameters were assigned 
weight equally). The findings show the comparative exposure to coastal hazard threats for every 250 m coastline 
section as opposed to all other sections in the pilot sites in both SLR and habitat scenarios (Eq. 1).

Fig. 2  Shoreline types of two 
study sites: Bintan Islands (A) 
and Seribu Islands (B)
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Since coastal interactions and processes between factors that comprise coastal ecosystems are fundamentally non-
linear [57], we followed [58] and [56] in employing a multiplicative approach for the index of exposure. This is because a 
linear formula is prone to “eclipsing,” in which one of the factors could be less, yet the whole index remains unchanged 
[59]. Many environmental index models employ the geometric mean as the combining function since it settles to the 
same scale of the inputs and yields understandable outcomes. For Instance, [60] illustrate its superior prediction accuracy 
in water quality versus other formulations. Moreover, Other studies discovered an excellent association between the 
magnitude of HI generated by this multiplicative technique and data points observed on hazard incidents and damages 
in the coastal areas of the United States [31].

In order to visualize the hazards, we divided the whole spatial pattern of the hazard index magnitude (which 
ranges from one to five) into three groups. We identified regions with the highest risk (> 2.6; represents the top 25% of 
the hazard index), intermediate risk (2.6 -1.9), and lowest risk (< 1.9 represent the lowest 25% of the hazard index). The 
categories of highest, high, intermediate, and low were used in the following sections to represent relative exposure to 
coastal risks. In order to quantify risk from coastal hazards along the coastline areas across pilot projects, we then inte-
grate the exposure estimates from the HI and the socio-demographic information we utilized to identify at-risk groups. 
The following sections cover risk mapping and quantification for coastal communities in more detail.

2.4.1  Habitat rank

Each type of coastal habitat was ranked according to variations in physical characteristics and assumed capacity to 
minimize erosion, waves, and storm surges. A habitat rank of 1 indicates the highest level of protection, a score of 4 
is the lowest, and a score of 5 indicates the absence of any habitat-based protection. Also, within the habitat ranking 
approach, we did not include any process-driven surge, wave reduction, or attenuation mechanism. The views of experts 
and peer-reviewed research—such as those assessed by [9, 31]—are the foundations for the habitat rankings shown 
in Table 2. To show the extent of the coastline that will probably be protected from a particular habitat type, a "protec-
tive distance" that is particular to that habitat was also designated. These distances are not hydrodynamic or ecological 
parameters; instead, they are merely a technical shortcut as the algorithm does not consider numerous variables such 
as channel structure, depth, distance from the coast, etc., which might affect the distance which this habitat alters 

(1)Hazard Index =
7

√

RHabitatRshorelinetypeRwindsRSLRRstormsurgeRrelief Rwaves

Fig. 3  Research framework to assess the risk to vulnerable people along the coastal areas
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potentially noticeable [9, 31, 61]; this model helps us to assess which areas of the coastline are safeguarded by zones of 
habitat-based at various ranges of the cell grid.

Finally, we incorporated into the index the shielding generated by many habitat types to shoreline sections [62]. Many 
coastlines may solely contain coral reefs, while others might feature mangroves, seagrass, and coral reefs. According to 
[61], the rankings are set so that, while a single low-ranking habitat like a coral reef performs better than typically, many 
associated high-ranking habitats—like short mangrove and seagrass—perform more beneficial than one by themselves. 
As new findings in this area become available, our ranking approach will be adjusted to reflect better the importance of 
diverse ecosystems in lowering coastal risk across such a wide geographic area.

2.4.2  Rank of other variables

This section defines other variables as shoreline types, relief, wave exposure, winds, storm surges, and SLR. We employed 
high-resolution satellite data (i.e., Google Earth) and ground truth data with a selected sample site in two pilot areas 
to map the shoreline types. Three natural types of were categorized for two pilot sites: sandy beaches -rank "5", muddy 
shorelines -rank "4", and rocky shorelines -rank "3". Meanwhile, seawalls were assigned a ranking of "2" detailed informa-
tion on seawall sites was unavailable within Indonesia. Therefore, ground truth was conducted. Furthermore, seawalls 
frequently have an edge effect, which causes erosion to be magnified near the margins. The model can capture this, but 
we elected not to include it in our research because our seawall coverage was insufficient.

Furthermore, to determine the rank of wave exposure, surge potential, winds, and SLR, we utilized a quantile approach, 
as explained by [9]. However, it was a bit different for SLR since we utilized the scenario from [54] to rank the variables. 
Based on Canaby et al. 2016 [54], the worst-case SLR scenario for 2100 was 1 m in the Singapore Bay. Therefore, we ranked 
the SLR as follows: 0–20 cm (Rank 1), 20–40 cm (Rank 2), 40–60 cm (Rank 3), 60–80 cm (Rank 4), and 80–100 cm (Rank 5).

2.5  Habitat and SLR scenario

2.5.1  Habitat scenario

The main objective of this research was to estimate the capacity of coastal habitats to minimize the risk of coastal hazards 
in two case studies of small islands in Indonesia. Thus, we quantify the role by creating two scenarios: hazard index with 
natural habitat and hazard index when there is no natural habitat (i.e., we assumed the habitat is lost and cannot protect 
the areas) within the coastal areas. Calculating the hazard index with no natural habitat could assess where and to what 
extent the natural capital could save the local communities. In this study, we changed the habitat rank to “5” when we 
estimated the scenario without natural habitat.

2.5.2  SLR scenarios

The present research compared the degree of HI at the coastal areas with baseline period SLR (2016) to various future 
SLR scenarios (2040, 2100). Since our study was conducted in nearly a national development planning process (Vision 
2045), we mainly concentrated on 2040. We utilized satellite-based estimates with rough spatial resolution since there 
was insufficient local tide gauge dataset to estimate SLR spatially across the pilot sites. Considering the expected SLR 
graph for the most severe RCP scenario, we evaluated the proportional change in sea level across timesteps, as mentioned 
in Sect. 3.2. We evaluated the total increase at the present condition (2016) inside the first quantile (10.12 cm), applying 
the curve, and attributed a rating of "1." The estimated increase for 2040 was 25 cm, giving it a rank of "2" (Table 1). This 
represents an easy method to reflect the increasing vulnerability to coastal risks projected as SLR. In this study, we also 
consider the long-term scenario (2100), whereas the total rise forecast for 2100 was 1.0 m [54].

2.6  Risk to vulnerable people

To connect hazards with those at risk, we initially mapped demographic factors for the pilot sites, such as total popu-
lation (people/500 m and people/250 m, elderly people (older than 65 years old), and kids (younger than 5 years old) 
and people living in poverty. Since the grid system of demographic information is not available within the country, we 
estimated using the following equation:
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whereas Population represents the number of people within one grid, Bi indicates the number of buildings, and Pj is 
the estimated number of people living in one building in a certain village. For other demographic information, such as 
elderly people and kids, we applied the ratio based on district-level statistical agency information. In this study, we only 
overlaid the hazard index with the number of vulnerable people and calculated the number of people at risk.

3  Result

3.1  Coastal hazard spatial distribution and its drivers

Figure 4 shows the general overview of the coastal hazard index in the Bintan main islands (4A) and Seribu Islands (4B). 
We classified the hazard index into three classes, whereas green, yellow, and red dots indicated the lowest, intermedi-
ate, and highest hazard index of the two pilot sites. Modeled results found that the highest exposure under present and 
with the habitat existence scenarios of both pilot sites were primarily located in the northern part of the study areas 
(Fig. 4-left side). The right side of Fig. 4 summarizes the highly exposed coastline and population of the modeled result 
under four type scenarios: present with habitat, present without habitat, future with habitat, and future without habitat. 
The figure shows, under current habitat scenarios, about 18.24% and 21.8% of the Bintan and Seribu Islands’ coastline 
area were highly exposed to climate hazards, and it will affect the coastal population of Bintan and Seribu Islands, nearly 
15 thousand people and 6.6 thousand people, respectively. In addition, under the projected SLR and habitat existence 
scenarios, we revealed that the portion of the coastline most vulnerable to coastal hazards would roughly double, with 
around 33–42% of the population living in the most significant risk areas (Fig. 4-right).

Coastal and adjacent ecosystems can be found along the pilot sites’ entire coastline (Fig. 1), with several habitats fac-
ing parts of the coast (for instance, coral reefs protected by mangroves and seagrass). The results indicate that if these 
ecosystems are gone, even at present SLR, the length of vulnerable coastlines across the region will treble (Fig. 4-right). 
Moreover, the total length of coastline at the highest exposure expands threefold in Seribu Islands and nearly fourfold 
in Bintan main island with habitat loss and predicted future SLR (Fig. 4-Right), placing an estimated two-thirds of the 
coastal communities at risk. These findings emphasize the critical role ecosystems could serve in ensuring coastal pro-
tection, present and future. Further, based on population estimates, we assumed a steady 2022 population because no 
projections for 2040 were available; however, considering that the coastal inhabitants are expanding in the pilot sites, 
this outcome is probably underestimating future risks.

3.1.1  Bintan

Figure 5 shows the drivers of the spatial distribution of the hazard index in Bintan mainland. Within this study area, we 
analyzed the hazard index at the village level (i.e., in a total of 35 villages along the coastline). According to Figure 4, the 
northern and eastern parts of Bintan Island were notably the highest exposed coastline, as indicated by the red dots. Also, 
we identified a highly vulnerable coastline on Bintan Island, mainly found along the sides of islands standing on broad, 
shallow banks, where a substantial storm surge is likely (Fig. 5F), and directly facing the South China Seas, where wind and 
wave exposure is severe (Fig. 5B, C). For example, Berakit, Malang Rapat, and Teluk Bakau Village have a dominant area 
of very high exposure (Rank 5) to wind, waves, and surge potential (Fig. 5B, C). Moreover, nineteen coastal villages have 
very high exposure to shoreline types, where more than 50% of their shoreline type were categorized as sand (Fig. 5F), 
whereas this type of shoreline is prone to erosion. Regarding the natural habitat, all the coastal villages were protected 
by a natural ecosystem (Fig. 5A); thus, in the proxy of natural habitats, all coastline villages were primarily clustered with 
very low exposure (Rank 1).

Bintan is the main island under the Riau Islands province, whereas Tanjung Pinang was notably the province’s capi-
tal city. As seen in the supplementary materials (Supplementary A1), Tanjung Pinang has the densest population (The 
southeastern part of the island), whereas the population ranges between 400 and 3940 people within 500  m2. Within 
the city (i.e., Tanjung Pinang Barat, Kampung Baru, Tanjung Ayun Sakti, Tanjung Unggat, Kemboja, and Kampung Bugis 
Villages), the hazard index was categorized as the lowest to intermediate level and under the present condition the highly 

(2)Population =

∑n

i=1
BixPj
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exposed area was not found (Fig. 4A). It may due to the existence of natural habitat (Fig. 5A) and low exposure of wind, 
wave, surge potential and shoreline type. (Fig. 5B–F).

3.1.2  Seribu Islands

Figure 6 shows the spatial distributions of proxy drivers of the coastal hazard index in the Seribu Islands. Seribu Islands 
consist of more than 100 islands with 11 inhabitants [49], where administratively, one village may consist of two or more 
islands. In this paper, we limit our assessment to inhabitants’ islands, consisting of only five villages: Pulau Tidung, Pulau 
Pari, Pulau Kelapa, Pulau Untung Jawa, and Pulau Panggang. Among five villages, Pulau Kelapa has four proxies catego-
rized as very high exposure, such as surge potential, shoreline types, and wind and wave exposure. Meanwhile, Pulau 
Tidung and Pulau Pari have three proxies categorized as very high exposure: shoreline type, wind, and wave exposure.

Moreover, Pulau Untung Jawa and Pulau Panggang were the least exposed among those islands. Regarding the natural 
habitat, all the coastal villages were protected by a natural ecosystem (Fig. 1), where the rank was predominantly low 
exposure. Pari Islands has the densest natural habitats among the five villages; 40% of the area was clustered as very 
low exposure (Fig. 6A). Moreover, the elevation was categorized as intermediate and tended to be similar in the whole 

Fig. 4  Coastal hazard index in Bintan Island (A) and Seribu Island (B)
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region. Further, Pulau Harapan and Pulau Panggang were two villages with low exposure in shoreline types, whereas their 
primary shoreline type was seawall. The seawalls were mainly built in those two villages because Harapan is the leading 
tourist destination, and Pramuka Islands (Part of Panggang Village) is the capital city of the Seribu Islands.

Supplementary Materials (A.2) shows that all villages were primarily categorized as very dense population areas, 
whereas Pulau Kelapa and Pulau Panggang were the densest areas. The dense population was found in Pulau Kelapa, 
where nearly 2400 people live within 250  m2 areas, followed by Panggang island, where about 2200 people live within 
250  m2 of land. Pulau Kelapa, in particular, faces a severe risk of climate hazards since this area was categorized as the 
highest exposure village and, at the same time, has the highest population density.

3.2  The role of coastal ecosystems at present and under SLR projection

The results of the models revealed that natural habitats are critical for minimizing the hazard exposure for both pilot sites. 
Also, we identified that habitats offer coastal defence for areas whose exposure is fundamentally strong caused by vari-
ous proxies (e.g., wave, tidal, storm surge, etc.) and are just as crucial for keeping other territories’ exposure minimal. For 
instance, the Seribu Islands have every island’s most severely exposed shoreline, and more than 70% of Bintan’s coastline 
was categorized as medium to severe risk. Yet, coral reefs, mangroves, large seagrass beds, and terrestrial plants protect 

Fig. 5  The rank distribution of each parameter in the coastal hazard in Bintan Island
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more than 73 km of the Seribu island’s coastlines and 317 km of the Bintan Islands (Figs. 4, 7, 8, 9, 10). Also, our findings 
indicate that if these habitats vanish, more than half of the Bintan and Seribu Islands coastline will be severely exposed 
to climate hazards (Figs. 7 and 9).

The research also illustrates the possible significance of ecosystems in limiting elevated coastal hazard exposure 
owing to SLR throughout the study areas. Since modeled SLR predicts a rise in exposure at all pilot sites, our findings 
imply that the existence of coastal natural habitat can dramatically lower the length of the most susceptible coastline 

Fig. 6  The rank distribution of each parameter in the coastal hazard on Seribu Island
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for all regions by up to 9.6 fold in Bintan (Fig. 7B) and 2.1 fold in Seribu Islands (Fig. 9B). In the SLR scenario, for example, 
the share of the highly exposed shoreline between Bintan and Seribu Islands grows in average around 86.2% and 93.6%, 
and when combined with habitat loss, practically the two-third of the island is severely exposed.

In comparison, if ecosystems are preserved, only 34% and 42% of the Bintan and Seribu Islands shoreline will be highly 
exposed in the future (Figs. 7B and 9B). The disparity in exposure with and without ecosystems shows that the existence 
of ecosystems on the island can lower possible rises in exposure to hazards related to the SLR by 24% or more (Figs. 7B 
and 9B). Although these projections are relative and involve some assumptions and simplifications of the assessment, 
they generally apply to all islands in the nation’s territory (to varied degrees), implying that habitats play an important 
role in minimizing future risks.

The qualitative results remained consistent if a more extreme SLR scenario—the year 2100—was considered. The 
hazard level generally rises with SLR and habitat loss, while the risk increases with greater SLR. We also noticed that the 
likelihood of ecosystems offering protection is diminished in a more severe SLR scenario. According to our findings, the 
length of shoreline at high risk is reduced by 56–96% under the 2040 SLR scenario (Fig. 3B) and by 29–49% under the 
2100 SLR scenario due to the coastal defence provided through natural habitat (Supplementary A.3).

3.2.1  Bintan Islands

Figure 7 illustrates the highly exposed village of Bintan under four scenarios. Meanwhile, Fig. 8 shows the example condi-
tion of the highest hazard index within the study areas. According to Fig. 7A, with the current natural habitat extended, 
only six villages were highly exposed to climate hazards. Still, if all coastal habitats were gone, 27 villages would be 
exposed (i.e., about 79% of coastal villages would be affected). Moreover, using the modeled SLR with the current natu-
ral habitat extension, nearly 19 villages will be highly exposed. Still, when the coastal ecosystem diminishes, 31 villages 
(91%) will be severely exposed to coastal hazards (Fig. 7B). Moreover, without coastal habitat and under SLR projection, 
more than fifty percent of the coastline will be highly exposed to the 18 coastal villages in Bintan Region. Further, Teluk 
Bakau, Pengudang, Malang Rapat, Berakit, Tanjung Uban Utara, and Kawal will be the most severely affected since more 
than 85% of the villages will be highly exposed.

Therefore, in Fig. 8, we only limit the visualization of the coastal habitat, hazard index, and population in the most 
affected areas, such as Malang Rapat, Teluk Bakau, and Kawal village. In those villages, the most dominant coastal habitats 
were seagrass and coral reefs, while mangroves can only be found in Kawal. Moreover, Kawal was the densest population 
among the three visualized villages, as shown in Fig. 8B. As seen in Fig. 8B, the role of natural habitat is crucial since the 
loss of natural habitat could make the whole of Kawal village highly exposed to climate hazards.

3.2.2  Seribu Islands

Figure 9 shows the hazard index status in Seribu Island under four scenarios. Among six villages, Kelapa Island and Tidung 
Island were the most exposed to climate hazards. Moreover, Fig. 9A revealed that coastal habitat played an essential role 
since it reduced the length of the highly exposed coastline by nearly 21-fold (i.e., Pari Island). Moreover, under modeled 
SLR, coastal habitat could reduce the length of the highly exposed coastline by twofold (i.e., Pari Island) (Fig. 9B). Moreo-
ver, among six villages, Pulau Tidung and Pulau Kelapa were the most affected areas. At the same time, Pulau Untung 
Jawa was the least affected village.

Figure 10 shows the spatial distribution of natural capital, hazard index, and population in Kelapa Village, the most 
highly exposed coastline on Seribu Island. As seen in Fig. 10A, Kelapa village has all types of coastal habitats; among 
those islands, Kelapa Island has the densest population, as shown in Fig. 10B. Kelapa Island has the lowest expo-
sure (Fig. 10B-left), but if all coastal habitat is destroyed, most of the island will be highly exposed to coastal hazards 
(Fig. 10B-right). Moreover, since the island has the densest population, the role of the ecosystem will be a vital approach 
to reducing the risk.

3.3  The role of natural habitat for local communities

We identified that approximately 32% of Bintan and Seribu Islands presently receive safeguards from marine habitats; 
without these ecosystems, they will be most vulnerable to coastal disasters. If coastal habitats are gone, the proportion 
of the most susceptible living there will nearly triple or rise by an order of magnitude for the major Bintan and Seribu 
populated islands. According to the results of the model, many island inhabitants benefit from the coastal protection 



Vol:.(1234567890)

Research Discover Applied Sciences           (2024) 6:462  | https://doi.org/10.1007/s42452-024-06164-x

of these ecosystems. For instance, approximately 4% and 8% of Bintan and Seribu Island’s population is estimated to 
be presently residing in regions at highest risk; yet, if habitats are gone, roughly eleven and forty percent of the islands’ 
inhabitants will be at most elevated danger (Fig. 11).

Fig. 7  The ratio of highly exposed coastline in each coastal village in Bintan Island under the present (A) and future conditions (B)
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As shown in Figs. 7, 8, and 11A, Malang Rapat, Teluk Bakau, and Kawal villages have the highest risk of climate haz-
ards due to the highest risk of hazard index and the highest ratio of vulnerable people within Bintan Island. Moreover, 
Pulau Kelapa and Pulau Pari within Seribu Islands are found to be the highest-risk areas of climate hazard since they 
have the highest risk of hazard index and the highest proportion of vulnerable groups (Figs. 9 and 11B). Our study also 
identifies the locations where ecosystems protect socially susceptible communities. For instance, approximately 6.5% 
of the population in Bintan Island in 2022 is under five, while nearly four percent are old (> 65), and 25% live in poverty. 
Meanwhile, in Seribu Islands, 18% of the population is younger than five years old, 3% is elderly, and nearly 40% is living 

Fig. 8  The spatial distribu-
tion of natural habitat in the 
highest exposure coastline 
(A) and the overlaid image 
of the highest exposure and 
the coastal population within 
500 m (B) in Bintan
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in poverty. By looking at these vulnerable communities and the hazard index level, Seribu Island seems more at a higher 
risk than Bintan Island.

4  Discussion

There has been a significant increase in studies investigating the positive effects of natural ecosystems on coastal protec-
tion in the past few years (e.g. [9, 63–65]). However, there is limited evidence on how these ecosystems are connected to 
the vulnerable groups that will gain the most from them. Additionally, there is a lack of evidence on how the integration 
of socio-ecological science has translated into practical measures for restoring and conserving these ecosystems for 
risk reduction. Increasing sea levels, coastal populations, and area development threaten aquatic environments. Thus, 
developing new strategies incorporating nature-based solutions within a wider socio-ecological setting is crucial, as it 
offers straightforward and understandable tools for stakeholders to consider alternative options. To address this need, we 
proposed a modeling technique that assesses where coastal ecosystems are most important to society under present-
day and future SLR scenarios. Our models demonstrate the significant risk reduction provided by the ecosystems in both 
present-day and future SLR scenarios (Figs. 4, 5, 6, 7, 8, 9, 10). Furthermore, our findings point to specific locations where 
this ecosystem-based risk reduction is particularly crucial (Figs. 7, 8, 9, 10). Therefore, preserving the existing distribu-
tion of current natural habitats and preventing future habitat loss should be prioritized in public policy for disaster risk 
reduction (DRR) and climate change adaptation.

Previous research has shown that ecosystems are essential in mitigating climate hazards (e.g., [66–68]). Further-
more, given a future SLR scenario, we projected that coastal habitats might reduce shoreline extent and the affected 
vulnerable people to coastal risks at two pilot locations by more than 50% (Figs. 4, 7B and 9B). Because the capacity 

Fig. 9  The ratio of highly 
exposed coastline in each 
coastal village in Seribu 
Islands under the present (A) 
and future conditions (B)
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of habitats to serve as coastal defence relies on their physical feature, distribution, and prevailing conditions, it isn’t 
easy to generalize their protective capabilities. We applied prior research findings (i.e., [9]) by modifying methodolo-
gies and approaches for illustrating geographical variation in reducing risk to assist planning and decision-making. 
Also, we highlighted lowland areas with relatively erodible soil materials and various ecosystems as critical sites to 
put first for conservation if we want to sustain coastal protection advantages in the future, mainly due to sea-level 
rises. For instance, our assessment of Pari Island (Fig. 9A) revealed that it poses a severe threat to climate hazards if 
it loses its marine ecosystem. Previous research also reported that Pari Island experienced a massive abrasion and 
frequent coastal flooding that caused lower life quality standards [49]. Thus, our research can contribute to better 

Fig. 10  The spatial distribu-
tion of natural habitat in the 
highest exposure coastline 
(A) and the overlaid image 
of the highest exposure and 
the coastal population within 
500 m (B) in Seribu island
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assessing and adopting nature-based solutions in the two study sites and other regions by identifying the scenarios 
under which habitats may be of utmost importance for coastal resilience.

The literature on coastal protection often focuses on the biological and physical aspects, which lead to the risk mitiga-
tion given by natural habitat over the community and economic advantages [27, 69]. In Indonesia, coastal vulnerability 
studies mainly focused on the physical parameters, neglecting the role of natural capital and without considering future 
climate scenarios [29, 30, 70]. This study addressed this gap by integrating hazard index, climate projections, popula-
tion statistics, and natural habitat datasets. Our study identifies areas where the most socially vulnerable populations, 
including the elderly, children, and impoverished communities on small islands, coexist with habitats that reduce risk. 
Poverty and age are key indicators of social vulnerability to coastal hazards during and after natural disasters, a trend 
observed in resource-rich and resource-poor nations (e.g. [5, 71],). For instance, a significant proportion of the victims 
affected by Hurricane Katrina in Louisiana were elderly individuals, constituting approximately 60% of the total casualties 
[9]. Similarly, the fatality rate in Hurricane Sandy increased with age, with individuals aged 65 and above accounting for 
more than 30% of the fatalities [72]. Low-income households in rural Sri Lankan communities that rely only on natural 
resources are more susceptible to financial losses caused by climate hazards and are subject to more severe crises [71].

Furthermore, the prevalence of elderly individuals is higher on certain remote Indonesian islands due to the migration 
of working-age individuals to the capital city for better employment opportunities. In disasters, nature-based solutions 
such as fisheries for nutrition can provide significant benefits, mainly when local resources are the sole means of com-
munity support. Such self-sufficiency is crucial for DRR and sustainable development in island nations like Indonesia, 
where many vulnerable populations remain beyond the immediate reach of emergency aid following a disaster [73]. For 

Fig. 11  Vulnerable communities in Bintan Island (A) and Seribu Island (B)
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the safety of small island populations, developing coastal resilience has become a priority and a national goal, mainly 
because the destruction caused by most hydrometeorological disasters accounts for 99.1% across Indonesia [40]. Building 
capacity and offering direction about when and in which location to employ sustainable coastal protection are critical 
components of continuous national and island-level planning initiatives.

Between 2011 and 2021, Bintan experienced over seventy climate-related disasters [46]; meanwhile, tidal flooding and 
tornados were the most common disasters in Seribu Islands, which occurred more frequently in recent years [49]. The 
approach to reducing the risk of those hazards differed between the two study locations. In Bintan, the local authority 
focused on developing infrastructure like seawalls, drainage systems, and fire-fighting infrastructure and implementing 
soft approaches such as rescue programs and community participation in disaster response [46]. However, the ecosystem-
based approach has not been considered yet in Bintan’s strategic planning for climate change adaptation [46]. Moreo-
ver, local authorities did not see the importance of coastal habitat restoration at a village level since massive oil spills 
from the South China Sea frequently destroyed coastal habitats in the northern part of Bintan. On the other hand, local 
government in Seribu Islands employed a combination of hard infrastructure, soft approaches, and ecosystem-based 
approaches (e.g., mangrove restoration). However, in the densely populated island, local inhabitants did massive land 
reclamation, which could potentially destroy coastal habitats, such as coral reefs and seagrass [49].

Our study addresses this situation through an index-based assessment for risk mapping by simulating the worst-case 
scenario of natural habitat destruction. This proposed index has a big potential to extend to the whole Indonesian region 
so that it can be used to support planning documents at the national level. However, among the seven parameters, 
shoreline type (Fig. 2) remained the biggest challenge since it’s not available in the national database, nor will it be a 
huge bias if we did it only through a land use map. Moreover, several challenges occur in mapping the shoreline type, 
such as environmental variability, which includes tidal (i.e., daily high/low tide) and seasonal variations (vegetation 
growth, sediment deposition, and erosion), coastal development, extreme weather, which causes severe disasters, and 
remote sensing technology limitations. Therefore, in our study, we conducted a field survey of the most vulnerable areas 
to identify the real condition of shoreline type while remaining area using the open street map. Thus, decision-makers 
could use this simulation result as a basis for the development of risk reduction policies, particularly in small islands. As 
confidence and ownership of outcomes are critical for their adoption, decision-makers must be empowered to interact 
directly with the inputs and outputs of simulation [9, 74].

Index-based assessment (i.e., InVEST-CVM model) has been implemented in different countries such as the Bahamas-
United States [27, 75], Oman [33], China [34, 76, 77] and East Africa [78]. However, this assessment has not been applied in 
Southeast Asia, including Indonesia [79]. As coastal ecosystems in the region are degrading, assessing coastal vulnerability 
by considering the existence of coastal habitats is crucial. This initial assessment can help the government understand 
the role of coastal ecosystems in reducing risks. By using various models, we can determine the most suitable natural 
habitats and address the time needed for project feasibility evaluation. This research serves as a positive example for 
other nations and communities on how simple models that integrate ecological, social, and physical aspects can guide 
the implementation of ecosystem-based initiatives for coastal risk reduction.

However, index-based assessments, including this proposed index, still need to be improved in validating the result. 
The research mentioned above on index analysis for the coastal area (e.g. [27, 29, 30, 70, 75],), also did not mentioned 
validation assessment in their research. Nevertheless, the validation is still a crucial step. Therefore, we did a simple 
qualitative validation approach due to the unavailability of the spatial distribution of climate hazard magnitude at the 
village level. We interviewed 21 respondents from local communities in each pilot site’s highest exposed coastal village 
and discussed it with local authorities. The result stated that all of the respondents in Bintan Island agreed that those four 
villages (Berakit, Malang Rapat, Teluk Bakau, and Kawal) and four islands (Panggang, Pramuka, Kelapa, and Pari) are often 
hit by climate hazards such as tornados, flooding, tidal flooding, and forest fire (Supplementary A.4 and A.5). However, 
this qualitative validation approach was not still enough; thus for future research of index assessment there is a need to 
develop on how to validate the result using a quantitative approach.

Since natural capital is not considered in Bintan’s disaster risk reduction strategy, there was a massive destruction 
of coastal natural capital, particularly in Kawal Village, as shown in Fig. 12. The figure shows a substantial transforma-
tion from mangrove to open land area. If this trend of land clearing continues without effective mangrove protec-
tion measures, mangroves, and associated coastal habitats will disappear. This finding supports a previous study by 
Setiawati et al. 2023a [46], revealing that the open land on Bintan Island has nearly doubled, while the mangrove 
forest has decreased by 15% between 1990 and 2020. Moreover, as seen in Figs. 7 and 11A, Kawal village is one of 
the coastal villages most exposed to climate hazards; nearly half the population is categorized as vulnerable. If the 
coastal habitat continues to deteriorate, almost 90% of the Kawal population will face severe impacts by climate 
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hazards (Fig. 7). Therefore, it is imperative to provide local policymakers with an initial simulation highlighting the 
potential consequences for their people and assets if the coastal habitat disappears.

In the Seribu Islands, local authorities and communities are seriously concerned about using natural resources 
to mitigate climate-related disasters [49]. However, their priority remains to enhance hard infrastructure to combat 
erosion and coastal flooding [49]. For instance, the local authorities constructed seawalls along the coastline at the 
densest village (i.e., Panggang and Kelapa Villages). The seawall construction not only minimizes the risk of climate 
hazards but also restricts massive land reclamation within the area [49]. However, among five villages, Pari will face 
severe climate hazards if they fail to protect their natural ecosystem (Fig. 7A). Even though this island has a community 
that is actively involved in mangrove restoration, abrasion still occurs and coastal flooding is getting worse year by 
year (Supplementary A.5). This phenomenon explains that the restoration technique has yet to be optimal because 
most of the mangrove forest on the island has a typically very dense area with short trees and small diameters. This 
excessive density hinders the growth of the trees and their ability to break up ocean waves. Therefore, addressing 
the technique for optimum mangrove restoration in the future is crucial.

Fig. 12  The visualization of mangrove cover in Kawal Village in 2011 (A), 2016 (B), and 2022 (C) from Google Earth Time Slider. Meanwhile, 
the “D” picture shows a station 5 mangrove observation plot during the field visit on July 16, 2023, in Kawal Village
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5  Conclusion

Our study emphasizes the importance of considering coastal habitats and the impacts of climate change on vulnerable 
communities of small islands in Indonesia. We found that coastal habitat is crucial in protecting the coastline of Bintan 
Island and Seribu Islands from coastal hazards and rising sea levels. Here are the key findings of this study:

• Currently, the existing coastal habitat provides protection for approximately one-third of the shoreline length of both 
locations.

• Under the projected SLR in 2040, the coastal habitat could safeguard about 50% and 96% of Seribu and Bintan Island’s 
highly exposed coastal areas, respectively.

• The coastal habitat could save about 33% and 63% of the most vulnerable communities along the Bintan and Seribu 
Islands coastal regions

This initial assessment is crucial as the first step to introducing the role of coastal habitat in reducing the risk of climate 
hazards quantitively, and it could be an effective tool to address habitat degradation within the study areas. However, 
we acknowledge some limitations in this study, including using a global data set for winds, storm surges, and waves, the 
fact that there is no future projection for coastal populations, and the qualitative approach for validation. Future stud-
ies should consider incorporating more model scenarios for this assessment, such as determining the specific ratio at 
which the coastal habitat is reduced, future projection of the coastal population, and economic valuation of the coastal 
habitat. Moreover, the development of a method to conduct validation for index-based approaches needs to be consid-
ered in the future. Further, the tools could be used to advocate for nature-based solutions for disaster risk reduction to 
policymakers and local communities.

Author contributions MS: Conceptualization, data curation, formal analysis, funding acquisition, investigation, methodology, supervision, 
validation, visualization, writing–original draft, writing–review, and editing. MN: Conceptualization, investigation, methodology, visualization, 
writing–original draft. HR: Methodology, Writing–original draft. UC: Conceptualization, Writing–review, and editing. AM: Conceptualization, 
Funding Acquisition, Writing–review and editing. LA: Investigation, Validation, Investigation, TE: Conceptualization, NA: Conceptualization, 
Writing–review and editing, IS: Investigation, Validation. NH: Conceptualization, Investigation, Writing–review and editing, BP: Investigation. 
YD: Investigation, AO: Investigation, Validation. SS: Project Administration, Investigation, JR: Investigation, validation, S W: Investigation, 
validation, UH: Writing–review and editing.

Funding The Asia Pacific Network for Global Change Research (APN) supported this work under the CRRP2022-06MY-Muslim project.

Data availability All input datasets are available by request to the corresponding author.

Declarations 

Consent for publication The article contains no such material that may be unlawful, defamatory, or which would, if published, in any way 
whatsoever, violate the terms and conditions as laid down in the agreement. All authors are given their concern for publication of this research.

Competing interests The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License, which 
permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you give appropriate credit to 
the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the licensed material. You 
do not have permission under this licence to share adapted material derived from this article or parts of it. The images or other third party 
material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If 
material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:// creat iveco 
mmons. org/ licen ses/ by- nc- nd/4. 0/.

References

 1. Cutter SL. The vulnerability of science and the science of vulnerability. Ann Assoc Am Geogr. 2003;93(1):1–12. https:// doi. org/ 10. 1111/ 
1467- 8306. 93101.

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1111/1467-8306.93101
https://doi.org/10.1111/1467-8306.93101


Vol:.(1234567890)

Research Discover Applied Sciences           (2024) 6:462  | https://doi.org/10.1007/s42452-024-06164-x

 2. Medici B, Engdahl NB, Langman JB. A basin-scale groundwater flow model of the Columbia Plateau regional aquifer system in the 
Palouse (USA): insights for aquifer vulnerability assessment. Int J Environ Health Res. 2021;15:299–312.

 3. Duci D, Sellerino M. Vulnerability mapping of groundwater contamination based on 3D lithostratigraphical models of porous aquifers. 
Sci Total Environ. 2013;447:315–22. https:// doi. org/ 10. 1016/j. scito tenv. 2012. 12. 090.

 4. Medici G, Langman J. Pathways and estimate of aquifer recharge in a flood basalt terrain; a review from the south Fork Palouse River 
Basin (Columbia River Plateau, USA). Sustainability. 2022;14(18):11349. https:// doi. org/ 10. 3390/ su141 811349.

 5. Setiawati MD, Jarzebski MJ, Fukushi K, Heat vulnerability index development and application in Medan City, Indonesia. In: Djalante R, 
Bisri MBF, Shaw R (eds) Integrated research on disaster risks. Disaster risk reduction. Springer, Switzerland; 2021. pp. 87–110. https:// 
doi. org/ 10. 1007/ 978-3- 030- 55563-4_6

 6. Anugrah R, Setiawati MD. Integrated study on tsunami impact assessment in Cilacap, Indonesia: Method, approach, and practice. 
In: Chatterjee U, Akanwa AO, Kumar S, Singh SK, Dutta Roy A (eds) Ecological footprints of climate change. Springer, Cham, 2022. 
https:// doi. org/ 10. 1007/ 978-3- 031- 15501-7_ 23

 7. Ngcamu B. Climate change effects on vulnerable populations in the Global South: a systematic review. Nat Hazards. 2023;118:977–91. 
https:// doi. org/ 10. 1007/ s11069- 023- 06070-2.

 8. UNISDR. Economic Losses, Poverty & DISASTERS 1998–2017. 2018. https:// www. preve ntion web. net/ files/ 61119_ crede conom iclos 
ses. pdf. Accessed 18 Sept 2023.

 9. Silver J, Arkema K, Griffin R, Lashley B, Lemay M, Maldonado S, Moultrie S, Ruckelshaus M, Schill S, Thomas A, Wyatt K, Verutes G. 
Advancing coastal risk reduction science and implementation by accounting for climate. Ecosyst Climate Front Mar Sci. 2019;6:556. 
https:// doi. org/ 10. 3389/ fmars. 2019. 00556.

 10. Martyr-Koller R, Thomas A, Schleussner C, Nauels A, Lissner T. Loss and damage implications of sea-level rise on small Island develop-
ing States. Curr Opin Environ Sustain. 2021;50:245–59. https:// doi. org/ 10. 1016/j. cosust. 2021. 05. 001.

 11. Herbert E, Boon P, Burgin A, Neubauer S, Franklin R, Ardón M, Hopfensperger K, Lamers L, Gell P. A global perspective on wetland 
salinization: Ecological consequences of a growing threat to freshwater wetlands. Ecosphere. 2015;6(10):1–43. https:// doi. org/ 10. 
1890/ ES14- 00534.1.

 12. Nevermann H, Gomez J, Fröhle P, Shorki N. Land loss implications of sea level rise along the coastline of Colombia under different 
climate change scenarios. Clim Risk Manag. 2023;39: 100470. https:// doi. org/ 10. 1016/j. crm. 2022. 100470.

 13. Law M, Huang D. Light limitation and coral mortality in urbanised reef communities due to sea-level rise. Clim Change Ecol. 2023;5: 
100073. https:// doi. org/ 10. 1016/j. ecochg. 2023. 100073.

 14. Desmet K, Kopp R, Kulp S, Nagy D, Oppenheimer M, Rossi-Hansberg E, Strauss B. Evaluating the economic cost of coastal flooding. 
Am Econ J Macroecon. 2021;13(2):444–86.

 15. Kron W. Coasts: the high-risk areas of the world. Nat Hazards. 2013;66:1363–82. https:// doi. org/ 10. 1007/ s11069- 012- 0215-4.
 16. Chávez V, Lithgow D, Losada M, Silva-Casarín R. Coastal green infrastructure to mitigate coastal squeeze. J Infrastruct Preserv Resil. 

2021;2:1–12. https:// doi. org/ 10. 1186/ s43065- 021- 00026-1.
 17. Rangel-Buitrago N, Williams A, Anfuso G. Hard protection structures as a principal coastal erosion management strategy along the 

Caribbean coast of Colombia. A chronicle of pitfalls. Ocean Coast Manag. 2017;156:58. https:// doi. org/ 10. 1016/j. oceco aman. 2017. 
04. 006.

 18. Reguero BG, Beck MW, Bresch D, Calil J, Meliane I. Comparing the cost effectiveness of nature-based and coastal adaptation: a case study 
from the Gulf Coast of the United States. PLoS ONE. 2018;13: e0192132. https:// doi. org/ 10. 1371/ journ al. pone. 01921 32.

 19. Inácio M, Barboza F, Villoslada M. The protection of coastal lagoons as a nature-based solution to mitigate coastal floods. Curr Opin Environ 
Sci Health. 2023;34: 100491. https:// doi. org/ 10. 1016/j. coesh. 2023. 100491.

 20. Sunkur R, Kantamaneni K, Bokhoree C, Ravan S. Mangroves’ role in supporting ecosystem-based techniques to reduce disaster risk and 
adapt to climate change: a review. J Sea Res. 2023;196: 102449. https:// doi. org/ 10. 1016/j. seares. 2023. 102449.

 21. Narayan S, Beck MW, Reguero BG, Losada IJ, van Wesenbeeck BK, Pontee NI, Sanchirico JN, Ingram JC, Lange G, Burks-Copes KA. The 
effectiveness, costs and coastal protection benefits of natural and nature-based defences. PLoS ONE. 2016;11: e0154735. https:// doi. org/ 
10. 1371/ journ al. pone. 01547 35.

 22. Yanagisawa H, Koshimura S, Miyagi T, Imamura F. Tsunami damage reduction performance of a mangrove forest in Banda Aceh, Indonesia 
inferred from field data and a numerical model. J Geophys Res. 2010;115:C06032. https:// doi. org/ 10. 1029/ 2009J C0055 87.

 23. Smith C, Gittman R, Neylan I, Scyphers S, Morton J, Fodrie F, Grabowski J, Peterson C. Hurricane damage along natural and hardened 
estuarine shorelines: using homeowner experiences to promote nature-based coastal protection. Mar Policy. 2017;81:350–8. https:// doi. 
org/ 10. 1016/j. marpol. 2017. 04. 013.

 24. Brodie G, Holland E, N’Yeurt A, Soapi K, Hills J. Seagrasses and seagrass habitats in Pacific small island developing states: potential loss of 
benefits via human disturbance and climate change. Mar Pollut Bull. 2020;160:11157. https:// doi. org/ 10. 1016/j. marpo lbul. 2020. 111573.

 25. Barbier EB, Koch E, Silliman B, Hacker S, Wolanski E, Primavera JEA. Coastal ecosystem-based management with nonlinear ecological 
functions and values. Science. 2008;319:321–3. https:// doi. org/ 10. 1126/ scien ce. 11503 49.

 26. Rodríguez-Díaz CE. Maria in Puerto Rico: natural disaster in a colonial archipelago. Am J Public Health. 2018;108:30–2. https:// doi. org/ 10. 
2105/ AJPH. 2017. 304198.

 27. Arkema KK, Griffin R, Maldonado S, Silver J, Suckale J, Guerry AD. Linking social, ecological, and physical science to advance natural and 
nature-based protection for coastal communities. Ann N Y Acad Sci. 2017;1399:5–26. https:// doi. org/ 10. 1111/ nyas. 13322.

 28. Sambah AB, Miura F. Remote sensing and spatial multi-criteria analysis for tsunami vulnerability assessment. Disaster Prev Manag. 
2014;23:271–95. https:// doi. org/ 10. 1108/ DPM- 05- 2013- 0082.

 29. As-Syakur AR, Rachman HA, Nandika MR, Setiawati MD, Manessa MDM, Dewi A, Pratama R. Coastal vulnerability assessment for the 
megacity of Jakarta, Indonesia under enhanced sea-level rise and land subsidence. In: Chatterjee U, Shaw R, Setiawati MD, Banerjee S, 
editors. Developments in weather and climate science- climate change, community response and resilience. Amsterdam: Elsevier; 2023. 
p. 433–50.

 30. Husnayaen RA, Osawa T, Parwata I, As-syakur AR, Kasim F, Astarini I. Physical assessment of coastal vulnerability under enhanced land 
subsidence in Semarang, Indonesia, using multi-sensor satellite data. Adv Space Res. 2018;61:2159–79.

https://doi.org/10.1016/j.scitotenv.2012.12.090
https://doi.org/10.3390/su141811349
https://doi.org/10.1007/978-3-030-55563-4_6
https://doi.org/10.1007/978-3-030-55563-4_6
https://doi.org/10.1007/978-3-031-15501-7_23
https://doi.org/10.1007/s11069-023-06070-2
https://www.preventionweb.net/files/61119_credeconomiclosses.pdf
https://www.preventionweb.net/files/61119_credeconomiclosses.pdf
https://doi.org/10.3389/fmars.2019.00556
https://doi.org/10.1016/j.cosust.2021.05.001
https://doi.org/10.1890/ES14-00534.1
https://doi.org/10.1890/ES14-00534.1
https://doi.org/10.1016/j.crm.2022.100470
https://doi.org/10.1016/j.ecochg.2023.100073
https://doi.org/10.1007/s11069-012-0215-4
https://doi.org/10.1186/s43065-021-00026-1
https://doi.org/10.1016/j.ocecoaman.2017.04.006
https://doi.org/10.1016/j.ocecoaman.2017.04.006
https://doi.org/10.1371/journal.pone.0192132
https://doi.org/10.1016/j.coesh.2023.100491
https://doi.org/10.1016/j.seares.2023.102449
https://doi.org/10.1371/journal.pone.0154735
https://doi.org/10.1371/journal.pone.0154735
https://doi.org/10.1029/2009JC005587
https://doi.org/10.1016/j.marpol.2017.04.013
https://doi.org/10.1016/j.marpol.2017.04.013
https://doi.org/10.1016/j.marpolbul.2020.111573
https://doi.org/10.1126/science.1150349
https://doi.org/10.2105/AJPH.2017.304198
https://doi.org/10.2105/AJPH.2017.304198
https://doi.org/10.1111/nyas.13322
https://doi.org/10.1108/DPM-05-2013-0082


Vol.:(0123456789)

Discover Applied Sciences           (2024) 6:462  | https://doi.org/10.1007/s42452-024-06164-x Research

 31. Arkema KK, Guannel G, Verutes G, Wood SA, Guerry A, et al. Coastal habitats shield people and property from sea-level rise and storms. 
Nat Clim Change. 2013;3:913–8.

 32. Langridge SM, Hartge EH, Clark R, Arkema K, Verutes GM, et al. Key lessons for incorporating natural infrastructure into regional climate 
adaptation planning. Ocean Coast Manag. 2014;95:189–97.

 33. Al Ruheili A, Boluwade A. Towards quantifying the coastal vulnerability due to natural hazards using the InVEST coastal vulnerability 
model. Water. 2023;15:380.

 34. Ai B, Tian Y, Wang P, Gan Y, Luo F, Shi Q. Vulnerability analysis of coastal zone based on InVEST model in Jiaozhou Bay China. Sustainability. 
2022;14:6913.

 35. Narayanan D, Karthi N, Balamurugan S, et al. Integrated ecosystem-based risk reduction into environmental-economic accounting in 
Gujarat coastal zones. In: Chatterjee U, Shaw R, Setiawati MD, Banerjee S, editors., et al., Developments in weather and climate science- 
climate change, community response and resilience. Amsterdam: Elsevier; 2023.

 36. Hughes A. Understanding the drivers of Southeast Asian biodiversity loss. Ecosphere. 2017;8: e01624.
 37. Barbier E. Valuing ecosystem services for coastal wetland protection and restoration: progress and challenges. Resources. 2013;2(3):213–30.
 38. Hu P, Zhou Y, Zhou J, Wang G, Zhu G. Uncovering the willingness to pay for ecological red lines protection: Evidence from China. Ecol 

Indic. 2022;134: 108458.
 39. Boutwell JL, Westra JV. The role of wetlands for mitigating economic damage from Hurricanes. J Am Water Resour Assoc. 2016;52:1472–81.
 40. BNPB. Geoportal data bencana Indonesia.2023. https:// gis. bnpb. go. id/. Accessed on 19 Sept 2023.
 41. Gan C, Oktari R, Nguyen H, Yuan L, Yu X, Kc A, Hanh T, Phung D, Dwirahmadi F, Liu T, Musumari P, Kayano R, Chu C. A scoping review of 

climate-related disasters in China, Indonesia and Vietnam: disasters, health impacts, vulnerable populations and adaptation measures. 
Int J Disaster Risk Sci. 2021;66: 102608.

 42. World Bank. Strengthening the disaster resilience of Indonesian cities – a policy note Disaster Risk Reduction and Management in 
Indonesia. Barkeley Review. 2019. https:// docum ents1. world bank. org/ curat ed/ en/ 74858 15695 15561 529/ pdf/ Stren gthen ing- the- Disas 
ter- Resil ience- of- Indon esian- Cities- A- Policy- Note. pdf. Access on 19 Sept 2023.

 43. World Bank. Indonesia – Disaster Risk Finance and Insurance Project. 2021. https:// docum ents. world bank. org/ en/ publi cation/ docum 
ents- repor ts/ docum entde tail/ 31660 16115 43685 552/ indon esia- disas ter- risk- finan ce- and- insur ance- proje ct. Accessed 19 Sept 2023.

 44. Nasution B, Kurniawan R, Siagian T, Fudholi A. Revisiting social vulnerability analysis in Indonesia: an optimized spatial fuzzy clustering 
approach. Int J Disaster Risk Sci. 2020;51: 101801.

 45. BPS Bintan. Bintan dalam angka 2022 [bintan regency in figure 2022]. 2022. Bintan: BPS Bintan.
 46. Setiawati MD, Nandika M, Supriyadi IH, Iswari MY, Prayudha B, Wouthuyzen S, Adi NS, Djamil YS, Hanifa NR, Chatterjee U, Muslim AM, 

Eguchi T. Climate change and anthropogenic pressure on Bintan Islands. Indonesia Reg Stud Mar Sci. 2023;66: 103123.
 47. Nandika MR, Rachman HA, Eguchi T, Setiawati MD, Chatterjee U, Adi NS, Husain B, Muslim AM. Sentinel-1 SAR imaging for detection and 

analysis of oil spills in the coastal waters of Bintan: A case study and environmental monitoring application. IEEE APSAR. Bali, 2023.
 48. BPS Seribu Islands. Seribu Islands regency in figures. Jakarta: BPS Seribu Island. 2022.
 49. Setiawati MD, Chatterjee U, Djamil YS, Alifatri LO, Nandika MR, Rachman HA, Supriyadi I, Hanifa NR, Muslim AM, Eguchi T, Prayudha B, 

Oktaviani A, Adi NS, Renyaan J, Sulha S, Wouthuyzen S, Pal S, Islam A, Alam E, Kamrul Islam MD. Seribu islands in the megacities of Jakarta 
on the frontlines of the climate crisis. Front Environ Sci. 2023;11(1280268):2023.

 50. Bintan Government. Rencana Pembangunan Jangka Menengah Daerah (RPJMD) Kabupaten Bintan Tahun 2021–2026. [Bintan Regency 
Regional Medium Term Development Plan 2021–2026]. Bintan: Bintan Government. 2021.

 51. Seribu Island Government. Mid-term strategic plan (Reinstra) of Seribu Islands Regency 2023–2026. Jakarta: Seribu Island Government; 
2023.

 52. FAO and UNESCO. Soil Map of the Worlds 1976. https:// www. fao. org/ filea dmin/ user_ upload/ soils/ docs/ Soil_ map_ FAOUN ESCO/ new_ 
maps/ IX_ petit. jpg. Accessed on 15 July 2024.

 53. BPTP. STRATEGI PENGEMBANGAN PERTANIAN DI KEPULAUAN SERIBU. Jakarta: Balai Pengkajian Teknologi Pertanian (BPTP). 2018.
 54. Cannaby H, Palmer M, Howard T, Bricheno L, Calvert D, Krijnen D, Wood D, Tinker J, Bunney C, Harle J, Saulter AOC, Bellingham C, Lowe J. 

Projected sea level rise and changes in extreme storm surge and wave events during the 21st century in the region of Singapore. Ocean 
Sci. 2016;12:613–32.

 55. Gornitz V. Vulnerability of the east coast USA to future sea level rise. J Coast Res. 1991;9:201–37.
 56. Shaw J, Taylor R, Forbes D, Ruz M-H, Solomon S. Sensitivity of the coasts of Canada to sea-level rise. Bull Can Pet Geol. 1998;505:1–79.
 57. Koch EW, Barbier EB, Silliman BR, Reed DJ, Perillo GM, et al. Non-linearity in ecosystem services: temporal and spatial variability in coastal 

protection. Front Ecol Environ. 2009;2009(7):29–37.
 58. Gornitz VM, Daniels RC, White TW, Birdwell KR. The development of a coastal risk assessment database: vulnerability to sea-level rise in 

the US southeast. J Coast Res. 1994;12:327–38.
 59. Swamee PK, Tyagi A. Describing water quality with aggregate index. J Environ Eng. 2000;126:451–5.
 60. Landwehr JM, Deininger RA. A comparison of several water quality indexes. J Water Pollut Control Fed. 1976;48:954–8.
 61. Sharp R, Tallis HT, Ricketts T, Guerry AD, Wood SA, Chaplin-Kramer. "InVEST +VERSION+ User’s Guide. Stanford University: Stanford, CA. 

2018.
 62. Guannel G, Arkema K, Ruggiero P, Verutes G. The power of three: coral reefs, Seagrasses, and mangroves protect coastal regions and 

increase their resilience. PLoS ONE. 2016;11: e0158094.
 63. Liquete C, Zulian G, Delgado I, Stips A, Maes J. Assessment of coastal protection as an ecosystem service in Europe. Ecol Indic. 

2013;30:05–217.
 64. Spalding M, Ruffo S, Lacambra C, Meliane I, Hale L, Shepard C, Beck M. The role of ecosystems in coastal protection: Adapting to climate 

change and coastal hazards. Ocean Coast Manag. 2014;90:50–7.
 65. Beck MW, Losada IJ, Menéndez P, Reguero BG, Díaz-Simal P, Fernández FB. The global flood protection savings provided by coral reefs. 

Nat Commun. 2018;9:2186.
 66. McVittie A, Cole L, Wreford A, Sgobbi A, Yordi B. Ecosystem-based solutions for disaster risk reduction: lessons from European applications 

of ecosystem-based adaptation measures. Int J Disaster Risk Sci. 2017;32:42–54.

https://gis.bnpb.go.id/
https://documents1.worldbank.org/curated/en/748581569515561529/pdf/Strengthening-the-Disaster-Resilience-of-Indonesian-Cities-A-Policy-Note.pdf
https://documents1.worldbank.org/curated/en/748581569515561529/pdf/Strengthening-the-Disaster-Resilience-of-Indonesian-Cities-A-Policy-Note.pdf
https://documents.worldbank.org/en/publication/documents-reports/documentdetail/316601611543685552/indonesia-disaster-risk-finance-and-insurance-project
https://documents.worldbank.org/en/publication/documents-reports/documentdetail/316601611543685552/indonesia-disaster-risk-finance-and-insurance-project
https://www.fao.org/fileadmin/user_upload/soils/docs/Soil_map_FAOUNESCO/new_maps/IX_petit.jpg
https://www.fao.org/fileadmin/user_upload/soils/docs/Soil_map_FAOUNESCO/new_maps/IX_petit.jpg


Vol:.(1234567890)

Research Discover Applied Sciences           (2024) 6:462  | https://doi.org/10.1007/s42452-024-06164-x

 67. Chabba M, Bhat M, Sarmiento J. Risk-based benefit-cost analysis of ecosystem-based disaster risk reduction with considerations of co-
benefits, equity, and sustainability. Ecol Econ. 2022;198: 107462.

 68. Busayo E, Kalumba A, Afuye G, Olusola A, Ololade O, Orimoloye I. Rediscovering South Africa: flood disaster risk management through 
ecosystem-based adaptation. Environ Sustain Indic. 2022;14: 100175.

 69. Baptist M, Dankers P, Cleveringa J, Sittoni L, Willemsen P, van Puijenbroek M, de Vries B, Leuven J, Coumou L, Kramer H, Elschot K. Salt 
marsh construction as a nature-based solution in an estuarine social-ecological system. Nat Based Solut. 2021;1: 100005.

 70. Yulianto F, Wibowo M, Yananto A. Coastal vulnerability assessment using the machine learning tree-based algorithms modeling in the 
north coast of Java, Indonesia. Earth Sci Inform. 2023;16:3981–4008.

 71. Silva M, Kawasaki A. Socioeconomic vulnerability to disaster risk: a case study of flood and drought impact in a rural Sri Lankan com-
munity. Environ Econ. 2018;152:131–40.

 72. Diakakis M, Deligiannakis G, Katsetsiadou K, Lekkas E. Hurricane Sandy mortality in the Caribbean and continental North America. Disaster 
Prev Manag. 2015;24:132–48.

 73. Abrash Walton A, Marr J, Cahillane M, Bush K. Building community resilience to disasters: a review of interventions to improve and measure 
public health outcomes in the Northeastern United States. Sustainability. 2021;13:11699.

 74. Omukuti J. Country ownership of adaptation: Stakeholder influence or government control? Geoforum. 2020;113:26–38.
 75. Lemay M, Schueler K, Hori T, Guerrero R, Argimon MC. Climate-resilient coastal management and infrastructure program, Project Profile 

(BH-L1043). Inter-American Development Bank, Washington DC, 2017.
 76. Sajjad M, Li Y, Tang Z, Cao L, Liu X. Assessing hazard vulnerability, habitat conservation, and restoration for the enhancement of mainland 

China’s coastal resilience. Earth’s Fut. 2018;6:326–38.
 77. Lu J, Zhang Y, Shi H, Lv X. Coastal vulnerability modelling and social vulnerability assessment under anthropogenic impacts. Front Mar 

Sci. 2022;9:1015781.
 78. Ballesteros C, Esteves L. Integrated assessment of coastal exposure and social vulnerability to coastal hazards in East Africa. Estuaries 

Coast. 2021;44:2056–72.
 79. Noor N, Abdul MK. Coastal vulnerability: a brief review on integrated assessment in Southeast Asia. J Mar Sci Eng. 2022;10(5):595.

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


	Application of coastal hazard index to advance nature based protection for coastal communities in the small islands
	Abstract
	Article Highlight
	1 Introduction
	2 Materials and methods
	2.1 Study area
	2.2 Data
	2.2.1 Shoreline type
	2.2.2 Coastal habitat
	2.2.3 Relief
	2.2.4 Wind, wave, and storm surge
	2.2.5 SLR

	2.3 Methods
	2.4 Hazard index
	2.4.1 Habitat rank
	2.4.2 Rank of other variables

	2.5 Habitat and SLR scenario
	2.5.1 Habitat scenario
	2.5.2 SLR scenarios

	2.6 Risk to vulnerable people

	3 Result
	3.1 Coastal hazard spatial distribution and its drivers
	3.1.1 Bintan
	3.1.2 Seribu Islands

	3.2 The role of coastal ecosystems at present and under SLR projection
	3.2.1 Bintan Islands
	3.2.2 Seribu Islands

	3.3 The role of natural habitat for local communities

	4 Discussion
	5 Conclusion
	References


