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Abstract

In this study, a new methodology integrating spatial coastal vulnerability index (CVI) and
hot spot analysis was proposed for a comprehensive and holistic coastal infrastructure
(natural, built-up and socioeconomic) vulnerability assessment and determination of its
spatial distribution. The Selguk-Kusadasi coastal region, which is located on the Aegean
coast of Turkey, was chosen as the case study area. For calculation spatial CVI, eight
physical variables (geomorphology, coastal slope, relief, mean seal level, mean tide range,
mean wave high, shoreline erosion and accretion) were used. Spatial CVI analyses were
performed using basic methods of geographical information systems. CVI results were
classified as 1 to 5 across the study area. The spatial distribution of vulnerabilities of
coastal infrastructures has statistically tested with hotspot analysis. In conclusion; over
55% of infrastructure falls within high or very high vulnerability classes. It is seen that
57% of the infrastructure in the build-up category, 59% of the natural environment, and
more than 42% of the socio-economic infrastructure are located in areas falling into the
high or very high vulnerability classes. Additionally, $1.1 billion worth of land assets and
a population of approximately 143.000 people are located in areas that fall into the high
or very high vulnerability classes. Statistically significant clusters of high vulnerability
for historical sites, tourism, roads, land value, population density, and urban areas were
determined by hot spot analysis. According to the results of the developed integrated
method, suggestions were presented for the preparation of coastal infrastructure vulner-
ability adaptation strategies.
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1 Introduction

Sea level rise (SLR) is recognized as a global problem that can cause serious environmen-
tal and socio-economic challenges, particularly in coastal environments, as highlighted by
the 6th Assessment Report of the International Panel on Climate Change (IPCC), which
predicts a rise to 2 m by 2100 under the very high greenhouse gas emission scenario (SSP5-
8.5) due to deep uncertainty regarding ice sheet processes (IPCC 2023; IPCC 2022; IPCC
2021). It is emphasized that the possibility of the approaching and rising above 15 m in
2300 should not be ignored (IPCC 2023). For every centimetre of SLR, thousands of hect-
ares of land would be lost on the land side of the shoreline (Lewsey et al. 2004). Moreover,
the relative SLR, which includes land subsidence, seems likely to reach 1 m well before
2150 in the most densely populated coastal areas and 4 m in the coming centuries (Vernim-
men 2023). Additionally, the population density within 150 km of the coast is currently at
approximately 44% of the world’s population, with expectations of a 25% increase by 2050
(Zhao et al. 2022).

The low elevation coastal zone (LECZ) in the world covers 2.3% of the total surface area
of the coastal countries, and while 625.2 million people lived in the LECZ regions of the
world in 2000, it is estimated that this population will reach between 879.1 and 948.9 mil-
lion in 2030 and between 1052.8 and 1388.2 million in 2060 (Neumann et al. 2015). Coastal
areas are vulnerable to SLR due to its effects such as coastal flooding, coastal erosion,
saltwater intrusion, rising coastal water, submergence of low-lying wetlands and dry land,
loss of coastal habitats, degradation of coastal ecosystems, storm damage due to its rising
frequency and intensity (Lewsey et al. 2004; Wang and Marsooli 2021). It is estimated that
the population living in coastal areas, social structure, economic structure, coastal ecosys-
tems and coastal infrastructures will increasingly continue to be negatively affected by the
threats arising from SLR (Tang et al. 2013; Rani et al. 2015; Shen et al. 2016; Wang and
Marsooli 2021).

The acceleration of SLR amplifies the cumulative impact on coastal communities, and
scientific endeavours, particularly in coastal vulnerability research, appear to be increas-
ing in order to reduce risks and secure the continued existence of vulnerable populations
(Bukvic 2020; Sarkar 2022; Minunno 2023). Existing research on coastal vulnerability pri-
marily employs four methods: index-based, indicator-based, GID-based decision support
systems, and dynamic computer models (Pethick and Crooks 2000; Rani et al. 2015; Ram-
ieri et al. 2011; Dey and Mazumder 2023). There is a consensus that the coastal vulnerability
index (CVI) is the most effective, straightforward, and commonly used quantitative method
to assess coastal vulnerability to SLR (Djouder and Boutibal 2017; Koroglu et al. 2019;
Fernandez-Macho et al. 2020; Lopes et al. 2022; Kovaleva et al. 2022).

The foundation of the CVI method, which is widely used in coastal vulnerability research,
was laid by Gornitz (1990) (Fernandes-Macho 2020, Kovelava et al. 2020; Beeharry et al.
2022). It is an index-based semi-quantitative method that is used to assess the relative vul-
nerability of coastal areas to climate change, particularly to SLR associated hazards such as
erosion and inundation (Gornitz 1990, 1991; Gornitz and White 1992; Gornitz et al. 1994).
Thieler and Hammar-Klose (2000) modified the initial CVI index which was developed by,
resulting in it being a useful tool that utilized across various territorial scales. Numerous
modified CVI formulations have been proposed, integrating additional physical variables
to better represent specific coastal areas. An appreciable number of coastal vulnerability
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researches have then utilized the CVI method (Lewsey et al. 2004; Mani Murali 2013; Tang
et al. 2013; Rani et al. 2015; Behera et al. 2019; Wang and Marsooli 2021; Beeharry et al.
2022; Kovaleva et al. 2022; Dey and Mazumder 2023; Charuka et al. 2023). Most of these
researches used remote sensing and geographical information systems GIS tools (Rani et al.
2015). While the CVI and its modifications, utilize physical variables to assess SLR impacts
(Koroglu et al. 2019; Fernandez-Macho et al. 2020), recent research emphasizes the need
to integrate socio-economic factors (Mani Murali et al. 2013; Rani et al. 2015; Shen et al.
2016). One of the first studies to evaluate physical and socio-economic variables together
is Boruff et al. (2005). Various others modified the index by including socio-economic vari-
ables of the coastal areas (Mani Murali et al. 2013; Shen et al. 2016; Djouder and Boutiba
2017; Behera et al., 2019; Koroglu et al. 2019; Charuka et al. 2023; Dey and Mazumder
2023). Most researches utilize the standart CVI formulation and classify the result using
1-5 scale (very low to very high vulnerability) (Koroglu et al. 2019; Dey and Mazumder
2023). However, some of them expand the CVI method by adding analytic hierarchy pro-
cess (AHP) ( Mani Murali et al. 2013; Rani et al. 2015; Charuka et al. 2023). In addition,
there are methodological differences in the selection of the study area to be analysed for
coastal vulnerability. Some have determined a linear buffer zone up to a certain distance
from the coastline, such as 0.5 km, 5 km from the coastline (Rani et al. 2015; Kantamaneni
2016; Behera et al. 2019), while others used administrative borders such as district or neigh-
bourhood borders (Charuka et al. 2023). However, when boundaries are determined stati-
cally, such as administrative boundaries or a selected buffer zone, especially in studies that
integrate the CVI with social dimension, this may reduce the accuracy of the analyses (Mani
Murali et al. 2013). Furthermore, a notable gap in prior research lies in the absence of sta-
tistical reliability testing for the distribution of coastal vulnerability across the studied area
(Koroglu et al. 2019). Still, The CVI methodology remains a widely accepted approach for
identifying vulnerable coastal areas, guiding further investigation and adaptation planning
(Koroglu et al. 2019; Lopes et al. 2022).

Although there is much research on coastal vulnerability, a few focus on coastal infra-
structure vulnerability due to SLR (Kantamaneni 2016; Shen et al. 2016). Some studies
have focused on coastal infrastructure vulnerability but most of their examinations were
based on flood scenarios (Tang et al. 2013; Shen et al. 2016). However, there is still a limited
understanding of how the relationship between sea level rise and the impact on coastal infra-
structure affects society’s adaptation response. Nazarnia et al. (2020) encouraged research-
ers to develop integrated assessment methods for making urban systems, such as coastal
infrastructures (roads, water, and power lines, etc.), resilient to the effects of SLR. Charuka
et al. (2023) also stressed the importance of the determination of the areas with high vulner-
ability using integrated methods for the investment of coastal defence infrastructure.

Considering the gaps in the literature, a new methodology that integrates a spatial CVI
analysis into the coastal infrastructure (natural, built and socioeconomic) for a comprehen-
sive and holistic coastal vulnerability assessment was proposed in this study. The study area
is Selcuk-Kusadasi, which has a unique natural, historical, cultural, and economic value
and is located in the Aegean coasts of Turkey. For the assessment of coastal infrastructure
vulnerability across the study area, coastal vulnerability level of each grid calculated using
the Gornitz (1990)’s CVI formula. To do this, eight physical variables (geomorphology,
coastal slope, relief, mean seal level, mean tide range, mean wave hight, shoreline erosion
and accreation) were used and the data obtained from different sources. The spatial CVI
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analyses performed by basic GIS methods (subset, buffer, slope, reclass, map algebra etc.),
CVI results showed the vulnerability levels from 1 (very low) to 5 (very high) across the
study area. The study area boundary was redefined by removing areas with CVI-1 to make
a dynamic, more realistic, and time-saving assessment. Natural (cropland, wetland etc.),
built (coastal infrastructures such as ports, roads, tourism sites etc.), and socioeconomic
(population density, land price etc.) infrastructures of study area were determined according
to quality, quantity and location information and a geographical database was created. The
spatial distribution of coastal vulnerabilities of different types of coastal infrastructures was
obtained. Finally, the statistical reliability test of the distribution of the coastal infrastruc-
tures across the area with different vulnerability level was examined via hot spot Analyses,
for the first time in this study. Findings provided not only the distribution of vulnerable
coastal infrastructures but also their patterns formed in some locations with different lev-
els of vulnerability. This study proposes a novel integrated approach that combines spatial
Coastal Vulnerability Index (CVI) analysis with the assessment of natural, built, and socio-
economic infrastructure across the Kusadasi-Selcuk region in Turkey. This approach aims to
overcome limitations in existing methods by providing a more comprehensive and spatially
explicit understanding of coastal infrastructure vulnerability to SLR, ultimately informing
the development of targeted adaptation strategies for vulnerable areas.

2 Study area

Kusadasi-Selcuk coastal area, located in the Aegean Sea of Turkey, is a dynamic and versa-
tile coastal region characterized by its natural beauty, historical significance, urban devel-
opment, and a combination of various economic activities (Fig. 1). Although tourism and
related industries dominate the economic landscape in the study area, other sectors such as
agriculture and manufacturing also maintain their importance (KCoC 2015; SCoC 2015).
The Kusadasi-Selcuk coastal region, situated on the Aegean coast of Turkey, is character-
ized by a varied coastline encompassing sandy beaches and rocky cliffs (Kahraman 2011).
Kusadasi, a city with a population of 130,835 (TURKSTAT 2023) and an area of 264 km?
(MoEUCC 2023), boasts a thriving tourism sector alongside agriculture and manufacturing
(KCoC 2015). Its natural beauty, historical significance, and proximity to cultural heritage
sites like Ephesus contribute to its popularity as a summer tourism destination.

Selcuk, with a population of 38,151 in the year 2022 (TURKSTAT 2023) and an area
of 295 km? (SCoC 2015), hosts a significant portion of the cultural and natural assets that
make Kusadasi an important tourism city. Notable attractions in Selcuk include the ancient
city of Ephesus (UNESCO World Heritage), the Temple of Artemis, the House of the Virgin
Mary, and various other cultural sites (SCoC 2016). Tourism-related sectors play a vital
role in Selcuk’s economy, alongside agricultural activities (SCoC 2015). The study area is
well-connected by various modes of transport, including highways (Izmir-Selcuk), railways
(Selcuk-Camlik stations on Izmir-Aydin line), air travel (Izmir’s Adnan Menderes Airport
and Selcuk’s Efes Airport), and maritime transport (Kusadasi port and marina). Given the
coastal morphology, historical and cultural assets, and spatial distribution, it’s understood
that the Kusadasi and Selcuk coastal areas need to be studied as a whole. Therefore, the
coastal boundary within the study area has been defined as the approximately 67 km stretch
of coastline between Karasu Bay within Dilek Peninsula National Park in the south and
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Fig. 1 Kusadasi-Selcuk coastal region as case study area

Yoncakdy Beach located at the northern end of Pamucak Beach. The Kusadasi-Selcuk case
study provides a microcosm where broader theoretical frameworks and practical solutions
can be developed. The selection of Kusadasi-Selcuk as a study area is thought to be aligned
with the research objectives and methodology. Coastal vulnerability, intertwined socio-
economic framework, cultural heritage, and global representation converge to provide a
research field that enriches the depth and applicability of the study.

3 Data and methods

The data, data sources and methodologies used to achieve the research objectives was
described in this section. The collection and preparation of data along with the methods used
to obtain meaningful insights and achieve the purpose of the research was given in detail.
This section is divided into two subheadings: Data and Method. The information and data
used is detailed in the Data subheading, and the approaches and methods used are explained
in the Method subheading.

3.1 Data
In this study, the data used were organized into two main categories. The first category
pertains to the dataset used to calculate the CVI. This dataset encompasses the key vari-

ables required for calculating the CVI, which is a significant metric for the vulnerability
index. The second category includes the dataset used to assess the vulnerability of build-

@ Springer



Natural Hazards

up infrastructures, natural environment infrastructures, and socio-economic infrastructure
using CVI classes, and hot spot analysis. The data and data sources used in this research and
which form the basis of our study were comprehensively presented in Table 1. The Table 1
encompasses a comprehensive set of variables that were utilized to assess both the coastal
vulnerability index and the vulnerability of coastal infrastructure in the study area.

Coastal Slope and relief: Derived and extracted through processing from the Shuttle
Radar Topography Mission (SRTM) dataset (NASA JPL 2013; SRTM 2018). The SRTM
dataset provides elevation data with a horizontal resolution of approximately 30 m for most
of the world, making it one of the highest quality global digital elevation models (DEM)
available.

Relative Sea Level Change: Relative sea level change data (3.3 1.1 mm/yr) was obtained
from various sources (Kuleli 2010; TUDES 2022; SLE 2022; Caldwell 2015; Zlotnicki et
al. 2019; CMS 2021).

Shoreline Erosion/Accretion: Shoreline erosion/accretion rates were determined using
the Digital Shoreline Analysis System (DSAS) on Sentinel-2 imagery (ESA 2023) from
2018 to 2023, along with digitized shorelines from Google Earth (2014). This approach
allowed us to calculate End Point Rate (EPR) values in meters/year for coastal erosion and
accretion areas.

Mean Tide Range: Data for mean tide range, which falls within the range of study area,
was sourced from TUDES (2022), Sayre et al. (2021), Sayre et al. (2018), and ECU (2022).

Mean Wave Height: Mean wave height data, range in the study area, and was collected
from various sources, including Ozhan and Abdalla (2002), CMS (2022), Sayre et al. (2021),
Sayre et al. (2018), and ECU (2022).

Landuse/Landcover: Information on landuse/Landcover (LC/LU) was derived from the
CORINE Coastal Zone 2018 dataset and Akbas et al. (2011). CORINE Coastal Zone 2018
dataset is a specialized subset of the larger CORINE dataset, focusing specifically on land
cover and land use information in coastal regions of Europe. The CORINE Coastal Zone
2018 dataset typically maintains a spatial resolution of around 100 m. The CORINE dataset
was developed to support environmental policy planning and decision-making at regional,
national, and European levels. It categorizes the Earth’s surface into more than 40 land
cover classes, including forests, urban areas, agriculture, wetlands, water bodies, and more.

Geology: Geological data was extracted from Geoscience Map Viewer presented at
the Mineral Research and Exploration (MTA) of the Directorate General and Akbas et al.
(2011). Further details can be found at http://yerbilimleri.mta.gov.tr/Default.aspx.

Urban, Cropland, Woodland and Forest, Grassland, Heathland and Scrub, Open Space
with Little or No Vegetation, Wetland, Water, Build-up Area, Settlements: Extracted from the
CORINE Coastal Zone LC/LU and the Global Human Settlement Layer (GHSL) dataset
available at https://ghsl.jrc.ec.europa.eu/ghs_buS2023.php.

Leisure, Amenity, Historic, Roads, Public Transport, Tourism: The classification scale
made by Open Street Map (OSM) according to these “key values” was used. Data sourced
from OSM and https://wiki.openstreetmap.org/wiki/Main_Page.

Land Square Meter Unit Price Information on land square meter unit prices was gathered
from e-Government Gateways of various municipalities, including Kusadasi, Selcuk, Tire,
Torbali, Menderes, and Soke. Land Square Meter Unit Price is a value that is determined
every year by the Municipality and shows only the land price. This value does not include
the monetary value of infrastructure and superstructure.
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Table 1 The data and data sources

Variables
( a’n )

Data source

V1
V2
V3

V4

V5

Vo6

v7

V8

To calculate CVI
Coastal slope
Relief

Relative sea level
change

Shoreline erosion /
accretion

Mean tide range
Mean wave height
Landuse/Landcover

Geology

To evaluate coastal
infrastructure

Land Cover: CLC
Urban

Cropland

‘Woodland and Forest
Grassland

Heathland and Scrub
Open space with little
or No Vegetation
Wetland

Water

Build-up Area
Settlements

Leisure

Amenity

Historic

Roads

Public Transport
Tourism

Land square meter unit
price

Population
Population density

Data sources
Processing from Shuttle Radar Topography Mission (SRTM) dataset
From SRTM (NASA JPL, 2013; SRTM, 2018)

3.3+ 1.1 mm/yr from Kuleli (2010), TUDES (2022), SLE (2022),
Caldwell (2015), Zlotnicki et al.(2019), CMS (2021)

-1 - +1 m/yr from Sentinel-2 images from Copernicus, 10 m resolution
and Google Earth

(0.15-0.16) 0.2-0.3 m from TUDES (2022), Sayre et al. (2021), Sayre et
al. (2018), ECU (2022)

(0.62) 1.1-2.0 m from Ozhan and Abdalla (2002), CMS (2022), Sayre et
al. (2021), Sayre et al. (2018), ECU (2022)

CORINE 2018

Akbas et al. (2011)

Akbas et al. (2011)
Data sources

CORINE (2018) Coastal Zone LC/LU

Pesaresi and Politis (2023) GHSL - Global Human Settlement Layer,
GHS built-up surface grid

https://www.openstreetmap.org
https://wiki.openstreetmap.org/wiki/Main_Page

e-Government Gateway Kusadasi Municipality:
https://www.turkiye.gov.tr/kusadasi-belediyesi-arsa-rayic

e-Government Gateway Selcuk Municipality:
https://www.turkiye.gov.tr/selcuk-belediyesi-arsa-rayic-degeri-sorgulama
e-Government Gateway Tire Municipality:
https://www.turkiye.gov.tr/tire-belediyesi-arsa-rayic-degeri-sorgulama
e-Government Gateway Torbali Municipality:
https://www.turkiye.gov.tr/torbali-belediyesi-arsa-rayic-degeri-sorgulama
Menderes Municipality:
https://e-belediye.menderes.bel.tr/ebelediye/Sorgulamalslemleri/
ArsaRayicDegerleri

Soke Municipality:

https://odeme.soke.bel.tr/web/guest/5
https://www.nufusune.com/kusadasi-ilce-nufusu-aydin

Obtained by processing the neighbourhood polygon map and the neigh-
bourhood population
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Population: Population data were obtained from Turkish Statistical Institute (TUIK) on
the basis of neighbourhoods included in the study area. from https://www.nufusune.com.

Population Density Population density was determined through processing neighbour-
hood polygon maps and neighbourhood population data.

3.2 Methods

The research methodology was presented through a flowchart shown in Fig. 2. This flow-
chart summarizes the sequence of methodological steps applied in the study and provides an
overview of the methodological framework used in our research.

In this study, a five-step methodological approach was applied;

- Dynamic boundary detection to determine the border on the land side of the coast in the
study area,

- Selection variables for CVI calculation and selection coastal infrastructure classes. Con-
verting data obtained from different sources into GIS geo-database,

- Calculation of CVI values (GIS based analyses),

- Determining the spatial distribution and quantities of infrastructures within areas with CVI
values (GIS based analyses),

- Hot Spot Analysis for Reliability. Determining the distribution of infrastructures within
areas with CVI values according to their statistical importance.

3.2.1 Determining the dynamic boundary on the land side and CVI grid size of the
study area

There is no generally accepted standard size for the grid sizes used in CVI analyses. Grid
sizes used in research vary depending on the size and scale of the study area. While in some
studies the grid size is preferred as 500 m, in some studies it can be 1 km or more (Gzam et
al. 2006; Hegde and Reju 2007; Torresan et al. 2008; Abuodha and Woodroffe 2010; Hastuti
et al. 2022,; Simac et al. 2023). In this research, SRTM 30 m grid size, which is used for
elevation and slope analysis, was preferred for CVI analyses. On the other hand, there is
no generally accepted standard distance for the landward border of the coast for areal CVI
analyses. In some studies, the limit on the land side of the coast is preferred as 1 km, while in
other studies, 250-500 m is preferred (Mullick et al. 2019; Meddah et al. 2023; Roukounis
et al. 2023; Rani et al. 2015; Kantamaneni 2016; Behera et al. 2019). This study adopted a
novel approach to define the landward boundary for CVI analysis. Instead of relying on a
fixed distance, we delineated a dynamic boundary based on the elevation data. Specifically,
we considered the area up to 30 m above the land elevation, which is a key CVI variable.
This approach offers several advantages compared to the traditional fixed distance method.
Firstly, it accounts for the diverse coastal geomorphology and topography of the study area,
ensuring a more accurate representation of the landward extent potentially vulnerable to
coastal hazards. Secondly, using a set elevation provides objectivity and standardization,
eliminating the subjectivity associated with choosing a specific fixed distance. Instead of
a fixed distance, using the land elevation up to 30 m allows for a dynamic boundary that
adapts to the specific topography of the coastline. This can capture the nuanced variations
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Fig. 2 The research methodology flowchart
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in vulnerability due to local slopes and elevations, which could provide a more accurate
assessment.

3.2.2 Selection variables for CVI calculation and selection coastal infrastructure
classes. Converting data obtained from different sources into GIS geo-database

According to the CVI classes in Table 2, the methods for acquiring each variable utilized in
the calculation of the CVI were explained in the following paragraphs.

Coastal Slope: The coastal slope variable was derived from the SRTM dataset using the
following Eq. 1 (Young 2022);

; Ah

%Slope = Exl()() 1)
The coastal slope was calculated using the difference in elevation between two points
divided by the horizontal distance separating them. Where Ah corresponds to rise, which is

Table 2 The percentage breakdown of infrastructures classified under different Coastal Vulnerability Index
classes for the regions of Kusadasi and Selcuk

Ranking of Coastal Vulnerability Index Variables

Variable Unit Very Low Low Moderate High Very High
1 2 3 4 5

1 Coastal slope % >12 8-12 4-8 2-4 <2
(Lopez et al.
2016)

2 Relief m >30 21-30 11-20 6-10 0-5
(Gornitz 1991)

3 Relative sea level mm/yr <-1 -1.0-0.9 1.0-2.0 2.1-4.0 >4.0
change
(Gornitz 1991)

4  Shoreline ero- m/yr >2.0 1.0-2.0 -1-+1 -1.1--2.0 <-2.0

sion / accretion
(Gornitz 1991)

5 Mean tide range m <1.0 1.0-1.9 2.0-4.0 4.1-6.0 >6.0
(Gornitz 1991)

6 Mean wave m <l1.1 1.1-2.0 2.0-2.25 2.25-2.60 >2.60
height
(Thieler and
Hammar-Klose
2000)

7 Landuse/ Bare areas Shuru- Forest Agriculture  Urban and
Landcover pland, industrial
(Satta et al. 2015) grasslands, infrastruc-

sparse ture
vegetation

8 Geology Plutonic, Low grade Most sedi- Coarse, Fine, con-
(Gornitz 1991) volcanic, high- metamor-  mentary poorly solidated

medium grade  phics, rocks sorted, un- sediment,
metamorphics  sand-stones consolidated ice

and con- sediments

glomerates,

metamor-

phics rocks
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the change in elevation (vertical distance) between two points, and Ad corresponds to run,
which is the horizontal distance between those two points. The slope map was reclassified
according to the ranges of CVI values in Table 2, and a new slope raster image consisting
of values ranging from 1 to 5 was obtained. Flatter slopes, indicating higher vulnerability to
erosion, were assigned higher CVI scores according to the classification in Table 2.

Relief: The Relief variable represents the elevation of coastal land, indicating the varia-
tion in height above sea level. The elevation data was derived from the SRTM dataset. The
SRTM coastal land elevation data was reclassified based on predefined ranges, as delineated
in Table 2.

Relative sea-level change: The raw data obtained from the sources outlined in Table 1,
which pertains to relative sea level change, was transformed into a raster format. The raster
data representing relative sea level change was reclassified based on the CVI ranges detailed
in Table 2. Post-reclassification, a raster image was generated, showing the CVI categories
between 1 and 5 to relative sea level change.

Shoreline Erosion / accretion: To detect erosion and accretion on the shoreline, 176 tran-
sects perpendicular to the shoreline, 500 m long, 250 m apart, were created using the Digital
Shoreline Analysis System (DSAS) software. The DSAS is a free software designed for the
quantitative analysis of coastal changes based on digitized shoreline data and it facilitates
the examination of shoreline dynamics, erosion, and accretion patterns, offering a com-
prehensive toolset for researchers and coastal management professionals (Himmelstoss et
al. 2021). The calculation of the End Point Rate (EPR) involves dividing the distance of
shoreline movement by the temporal interval between the oldest and most recent shoreline
data points. The EPR is favoured for its computational simplicity and minimal reliance on
merely two shoreline dates (Himmelstoss et al. 2021). A shoreline dataset including base-
line, transect, and shoreline and intersect data was used to calculate the relationship between
shoreline change statistics.

Mean Tide Range: The raw data obtained from the sources outlined in Table 1, which
pertains to mean tide range, was transformed into a raster format. The raster data represent-
ing mean tide range change was reclassified based on the CVI ranges detailed in Table 2.
Post-reclassification, a raster image was generated, showing the CVI categories between 1
and 5 to mean tide range change.

Mean Wave Height: The raw data obtained from the sources outlined in Table 1, which
pertains to mean wave height, was transformed into a raster format. The raster data rep-
resenting mean wave height change was reclassified based on the CVI ranges detailed in
Table 2. Post-reclassification, a raster image was generated, showing the CVI categories
between 1 and 5 to mean wave height.

Lanuse/Landcover: The landform variable refers to the physical characteristics of the
land surface within the coastal zone. It plays a crucial role in determining the vulnerability
of a particular area to erosion and inundation due to sea level rise. Some common landform
examples include; bare areas, shrubland, grasslands, sparse vegetation, forest, agriculture,
urban and industrial infrastructure. Each landuse type is assigned a score within the CVI
framework, ranging from 1 to 5. The higher vulnerability scores are assigned to landforms
with low elevation, gentle slopes, and unconsolidated sediments, while lower scores are
assigned to landforms with higher elevation, steeper slopes, and more resistant materials.

Geology: Geology is another important variable within the CVI calculation, providing
insights into the long-term evolution and composition of the coastal landscape. Each geo-
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morphic feature type is assigned a score within the CVI framework (Table 2), reflecting its
inherent vulnerability to sea level rise and associated coastal hazards. More resistant fea-
tures like bedrock coasts receive lower vulnerability scores, while features prone to erosion
or flooding receive higher scores.

3.2.3 Calculation of CVI values

The second phase entails the preparation of the CVI variables. The CVI approach, a key
component of this study, is widely used as an index-based methodology for determin-
ing coastal vulnerability related to sea-level rise. Many of the CVI methods commonly
employed for assessing vulnerability in coastal zones have their roots in the work of Gornitz
(1990, 1991), who conducted comprehensive evaluations of the United States coastline on a
national scale, as noted by Koroglu et al. (2019). Subsequently, Shaw et al. (1998) and Gor-
nitz (1991) incorporated the geology variable into CVI calculations, enhancing the index’s
precision. Following the selection and preparation of CVI variables, CVI values were cal-
culated using the following equation (Gornitz 1991);

a,: Coastal slope.

a,: Relief.

a;: Relative sea level change.

a,: Shoreline erosion / accretion.

as: Mean tide range.

a4: Mean wave height.

a;: Landform.

ag: Geomorphology

CVI:\/CL]X(IQX(I3XCI,4X...XCLR )
n

Each variable (a: to as) was assigned a score between 1 and 5 based on its vulnerability class
as defined in Table 2. The current analysis assigns standard formula and equal weight to all
CVl variables. The sum of these scores represents the CVI value for each grid cell within the
study area. CVI values were then classified into five categories based on their vulnerability
levels, as outlined in Table 2;

CVI 5: Very high (Red or dark red).

CVI 4: High (Orange).

CVI 3: Moderate (Yellow).

CVI 2: Low (Green or light green).

CVI 1: Very Low (Dark green).

3.2.4 Determining the spatial distribution and quantities of infrastructures within
areas with CVI values

The CVI results were transformed from a raster image into vector polygons, with each poly-
gon categorized by its corresponding CVI value (1-5) using the raster to polygon process.
Using the attribute selection process, we separated the newly created vector polygons based
on their CVI value. This allowed us to analyse infrastructure within each CVI class indepen-
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dently. Finally, the polygon-line-point intersect process was applied. This overlaid each CVI
class polygon onto its corresponding infrastructure dataset. By doing this, we identified all
infrastructure components located within each CVI zone, enabling further analysis of their
vulnerability based on their location and surrounding CVI value.

Hot spot analysis for reliability. determining the distribution of infrastructures within
areas with CVI values according to their statistical importance:

This research employed hot spot analysis (Getis-Ord Gi*) to reveal spatial patterns in
coastal infrastructure vulnerability. This technique identifies statistically significant clusters
of high or low vulnerability within spatial data. Rooted in spatial autocorrelation principles
(Getis and Ord 1992, 2010; Ord and Getis 1995), it unveils pronounced clustering beyond
visual inspection. Our aim was to delineate areas with concentrated vulnerability exceeding
random expectations. hot spot analysis provides Z-scores and p-values for cluster signifi-
cance. Z-scores indicate standard deviations from the mean, with positive values denoting
high values surrounded by similar values (hot spots) and negative values indicating low
values surrounded by similar values (cold spots) (Esri 2023a, b). Larger magnitudes imply
stronger clustering.

P-values measure evidence against random spatial patterns (Esri 2023a, b). Small p-val-
ues (<0.05) suggest statistically significant non-random patterns, while large p-values sug-
gest potential randomness. Therefore, a significant positive Z-score with a small p-value
identifies a hot spot, while a significant negative Z-score with a small p-value indicates a
cold spot. Non-significant results suggest random chance might explain the observed pat-
tern. This analysis prioritizes intervention and adaptation strategies, directing resources to
areas with elevated coastal infrastructure risks. This analysis informs the prioritization of
intervention and adaptation efforts, efficiently directing resources toward areas facing ele-
vated coastal infrastructure risks.

4 Results

The research findings and results were given across three subsections. Firstly, the distribu-
tions of the eight CVI variables and the spatial patterns of the calculated CVI classes were
presented through maps and graphs. Secondly, the results regarding the amount and spatial
distribution of infrastructures within areas corresponding to CVI values were explained.
These results have allowed for a better understanding of how the infrastructures were dis-
tributed concerning their vulnerability. Thirdly, reliability results were given showing the
distribution of infrastructures within CVI areas according to their statistical significance
with hot spot analysis. These assessments have provided information about the statistical
significance of the spatial distribution of infrastructure vulnerability.

Spatial distribution of CVI variables: The coastline length in the case study area where
CVI classes and variables were calculated was approximately 67 km. The size of the area
for which spatial CVI values were calculated was approximately 247km?. This area covers
a dynamic region from the coastline to where the CVI-2 border ends and the CVI-1 border
begins on the land side. The CVI-1 value means very low vulnerability and extends to dis-
tant inland areas not spatially related to the coast.

Slope variations: As can be seen from the map in Fig. 3(a), the majority of the coastal
area in the Kusadasi-Selcuk region falls into the CVI-5-4-3 categories, which means that
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it is Moderate to High Vulnerable. In particular, Pamucak (Efes) Beach, which is approxi-
mately 9 km long, and the Kucuk Menderes delta located behind this beach, have a very flat
slope and continue up to a distance of approximately 22 km on the land side. In addition,
Kusadasi district centre and the 13 km coastal area located to the south of the district cen-
tre are also in the CVI-5 class, a large area with a very flat slope. However, there are also
some areas in the CVI-1 and CVI-2 categories, which means that they are Very Low and
Low Vulnerable. These areas are mainly located in the high flatlands near the coast and the
mountainous parts of the hinterland, respectively.

Relief- elevation variations: Similar to the slope distribution, in the same places, as can
be seen from the map in Fig. 3(b), the majority of the coastal area in the Kusadasi-Selcuk
region falls into the CVI-5-4-3 classes in terms of the spatial distribution of land elevation,
which means that it is Moderate to Very High Vulnerable. The areas with the highest eleva-
tions (CVI-1 and CVI-2) are located further inland.

Relative sea level change variations: The map in Fig. 4(a) shows that the relative sea level
change in the Kusadasi-Selcuk coastal region varies between 3.02 mm/yr and 3.24 mm/yr
from north to south. This range of relative sea level change falls within CVI-4 class (High
Vulnerability). Areas classified as CVI-4 in terms of relative sea level change are more
likely to be adversely affected by sea level rise than areas with lower CVI classes.

Shoreline erosion / accretion variations: The map in Fig. 4(b) shows that there is a lot of
variation in shoreline erosion/accretion rates along the Kusadasi-Selcuk coast. Some areas
are experiencing erosion, while others are accreting. The rates of erosion and accretion
vary from —1.0 m per year to +1.8 m per year. The map shows that the shoreline in the
Kusadasi-Selcuk region is mostly in the CVI-2 and CVI-3 classes, which means that it is
low to moderately vulnerable to erosion. The minimum erosion rate is -1.0 m/yr, which falls
within the range of CVI-3 (Moderate Vulnerable). However, the maximum accumulation
rate is + 1.8 m/year, and although it exceeds the upper limit of CVI-3, it does not fall within
the lower limit of CVI-2. Therefore, CVI class was accepted as 3 (Moderate Vulnerability)
for shoreline erosion/accretion ratio.

Mean tide range variations: Analysis of the literature presented in Table 1 reveals a mean
tide range of 0.2—0.3 m within the study area, characterizing microtidal conditions. This
value aligns with the CVI-1 (Very Low) classification scheme (Fig. 4(c)).

Mean wave height variations: Based on the literature reviewed in Table 1, the mean wave
high variable within the study area exhibits values ranging from 1.1 to 2.0 m, indicative
of low wave energy conditions. This value corresponds to the CVI-2 (Low) classification
scheme (Fig. 4(d)).

Landuse/Landcover variations: The map in Fig. 3(c) shows that the majority of the
Kusadasi-Selcuk coastal region is covered by agriculture. There is also a significant amount
of urban and industrial infrastructure along the coast. The forested areas are mainly located
in the hills and mountains to the north and east of the coastal plain. The large amount of
agricultural land means that the region is at risk of erosion and flooding. The urban and
build-up infrastructure along the coast is also at risk of damage from storms and sea level
rise. The forested areas in the hills and mountains can help to protect the coast from erosion,
but they are also at risk of wildfires.

Geology variations: The map in Fig. 3(d) shows that the geology of the coastal region
is varied, with a mix of different types. The most vulnerable areas are the fine, sand dune,
consolidated and unconsolidated sediments, which are classified as CVI-5 and are shown
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in red on the map. The least vulnerable areas are the plutonic, volcanic, and high-medium
grade metamorphic rocks, which are classified as CVI-1 and are shown in dark green on the
map. The most common rock types are sedimentary rocks, which are classified as CVI-3 and
are shown in yellow on the map.

CVI variations: As can be seen from the pie chart in Fig. 5 and map in Fig. 6, it was
determined that the total area classified as CVI 5 accounted for 35%, while CVI 4 covered
13%, CVI 3 comprised 15%, and CVI 2 represented 37%.

The map in Fig. 7 shows that the most vulnerable places in the Selcuk region, on the
northern side of the study area, against sea level rise are the Kucuk Menderes River delta
and the low-lying areas around Pamucak (Ephesus) Beach which is about 9 km length.
Kucuk Menderes delta and its wetland, which starts from Pamucak (Ephesus) beach, is a
low-lying area with a length of approximately 22 km on the land side and a width of 7 km
in some places, and a very large area in this region is seen to have CVI of 5, which means
they are very highly vulnerable. Another highly vulnerable area on the north side, indicated
by CVI 4 to 5 values, is concentrated around the district centre of Selcuk and the Ephesus
Ancient city. This is because these areas are low-lying, have gentle slopes, and are made

CVI AREA (%)

15%

mCVI5S mCvi4  CVI3 mCvl2

Fig.5 Spatial distribution of CVI classes in percentage
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Fig. 6 Spatial distribution of CVI classes

up of sandy sediments. The map shows that the most vulnerable areas (CVI-5, red) are the
delta of the Kucuk Menderes River and the area around Pamucak Beach. These areas are
low-lying and have sandy soils, which makes them more vulnerable to SLR.
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Fig. 7 Spatial distribution of CVI classes in Selcuk region

The Selcuk town-district centres and Ephesus Ancient City are also in areas with rela-
tively high CVI values (CVI-4 and CVI-5). These areas are more likely to be damaged by
SLR, coastal storms and flooding. The map also shows the location of the Kucuk Menderes
River and its delta. The river is a major source of sediment for the Selcuk coast, and its delta
is an important area for wildlife. The delta is also a relatively vulnerable area, as it is low-
lying and has sandy soils. The areas with the lowest CVI values (CVI-1 and CVI-2, light
green) are the areas along the coast that are protected by cliffs or other natural barriers such
as high elevation. These areas are less vulnerable to SLR and other coastal hazards. Overall,
the map shows that the Selcuk coastal region is a relatively vulnerable area to SLR and other
coastal hazards. The most vulnerable areas are the delta of the Kucuk Menderes River and
the area around Pamucak Beach. The Selcuk district centres and Ephesus Ancient City are
also in areas with relatively high CVI values.

The map in Fig. 8 shows that the Kusadasi district centre, located in the southern part of
the study area, was also determined as CVI-4 and 5 (High and Very High). This is because
some parts of the city are built on reclaimed land and are close to the sea. Some important
areas in the district centre, especially the marina, cruise port and the famous Ladies Beach,
are at a very high vulnerability level. It has been determined that the areas around Guzel-
camli, Sogucak and Karaova, located further south of the Kusadasi district centre, have
CVI-5 and 4 (High and Very High) values. These regions are more vulnerable because
the land elevation is lower and the slopes are flatter. However, this region, which is in the
CVI-5 class and where the second houses and pedestrian roads are located, has a coastline
of approximately 13 km and a width of 1.5 km in some places on the land side.
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The spatial distribution of infrastructure vulnerability within areas with CVI values. In
this section, the analysis identified varying vulnerability levels within Kusadasi and Selcuk
infrastructure across different CVI zones (Fig. 9).

The percentage breakdown of infrastructures under different CVI classes for the Kusa-
dasi and Selcuk was presented in Table 3. Over 41% of the total infrastructure falls within
the very high vulnerability class (CVI 5), signifying a remarkable risk from coastal hazards.
While high vulnerability (CVI 4) infrastructure accounts for 13.84%, the combined percent-
age of highly vulnerable infrastructure reaches a worrying 55%. Conversely, only 17.34%
and 27.66% of the infrastructure are classified as moderate vulnerability (CVI 3) and low
vulnerability (CVI 2), respectively.

The infrastructures within the CVI-5 class had the highest rates in Kusadasi and Selcuk.
These include leisure facilities, historical sites, roads, tourism-related infrastructures, urban
build-up areas, cropland areas, wetland areas, water bodies, open spaces with little or no
vegetation, and the distribution of total infrastructure. Leisure facilities (71.43%) were the
most vulnerable within the CVI-5 class. This can be attributed to their proximity to coastal
areas, making them vulnerable to coastal hazards such as erosion and storm surges. Histori-
cal sites (44.44%) were also significantly vulnerable. Their cultural and historical impor-
tance makes them valuable assets, but their location near the coast exposes them to risks
associated with sea level rise. Roads (29.94%) were another infrastructure category highly
vulnerable to coastal hazards. As vital transportation networks, they could exposed to the
impacts of erosion and flooding, which can disrupt connectivity and mobility. Tourism-
related infrastructures (29.23%) include hotels, resorts, and recreational facilities that attract
visitors to the coastal areas. Due to their proximity to the coast, they face risks from sea-
level rise, storms, and other coastal hazards, which can negatively impact tourism activities.
Urban build-up areas (33.48%) and cropland areas (37.75%) also exhibited considerable
vulnerability. Their proximity to the coast makes them vulnerable to flooding and erosion,
affecting urban development and agricultural activities. Wetland areas (90.84%), water bod-
ies (94.34%), and open spaces with little or no vegetation (91.64%) had the highest vulner-
ability rates within the CVI-5 class. These ecosystems provide valuable ecological services
but are highly vulnerable to coastal hazards due to their location along the coast.

Moving to the CVI-4 class, infrastructures with the highest rates were amenity facilities
(38.08%) and population density (28.59%). These factors indicate that areas with higher
population density and amenities face relatively higher vulnerability to coastal hazards.

Within the CVI-3 class, public transportation infrastructures (42.86%) had the highest
rates. This suggests that transportation systems, such as buses or trains, face significant
vulnerability, potentially impacting the movement of people in coastal areas. In the CVI-2
class, Woodland and Forest areas (81.88%), Grassland areas (49.72%), and Heathland and
scrub areas (69.89%) exhibited the highest rates of vulnerability. These natural ecosystems
are critical for biodiversity and provide valuable ecosystem services. However, their vul-
nerability to coastal hazards, such as erosion and inundation, can have severe ecological
consequences.

An analysis of the spatial distribution of CVI for land square meter unit price was con-
ducted to estimate the monetary value of land within different CVI classes. This approach
effectively expresses the vulnerability in terms of potential economic losses. Applying the
CVI to land values, a monetary distribution was generated. This analysis aimed to estimate
the economic significance of varying vulnerability levels. Within the CVI class 5 (highest
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Fig. 9 The spatial distribution of infrastructures within different CVI classes; leisure (a), amenity (b),
historic (c¢), roads (d), public transport (e), tourism (f), urban, build-up area (g), population density (h)

and land square meter unit price

@ Springer



Natural Hazards

Table 3 CVI variables and classes

No Infrastructure CVI5 CVI4 CVI3 CVI2
1 Build-Up Leisure 71.43 14.29 1429  0.00

2 Amenity 32.56  38.08 16.28 13.08
3 Historic 44.44 7.41 14.81 33.33
4 Roads 29.94 16.96  28.61 24.49
5 Public Transport 2143 2143  42.86 14.29
6 Tourism 2923 2846 2462 17.69
7 Urban - Buildup Area 33.48 11.87  26.77  27.88
8 Cropland 37.75 17.89 14.07  30.29
1 Natural Woodland and Forest 2.80 3.56 11.77 81.88
2 Grassland 3364 508 11.55 49.72
3 Wetland 90.84  6.00 2.47 0.69

4 Water 9434  4.01 1.44 0.21

5 Heathland and scrub 1346  4.39 12.26 69.89
6 Open spaces with little or no vegetation ~ 91.64 1.71 1.90 4.75

1 Socio-economic  Population Density 24.17 28.59 2414  23.10
2 Land Square Meter Unit Price 19.60 12.50  21.63 46.28

Distribution of Total Infrastructure 41.16 13.84 17.34 27.66

vulnerability), representing 19.6% of the land area, the monetary value (USD $) reached
approximately $660.7 million. Similarly, class 4 (high vulnerability) held 12.5% of the land
area, translating to a monetary value of roughly $421.3 million. Class 3 (medium vulner-
ability), encompassing 21.63% of the land, was valued at $729.1 million. Notably, the com-
bined value of land classified as very high (CVI-5) and high vulnerability (CVI-4) reached
approximately $1.08 billion. These findings highlight the varying levels of vulnerability
for different infrastructures within each CVI class. Understanding these vulnerabilities is
important for effective adaptation strategies in Kusadasi and Selcuk.

Hot Spot Analysis results for reliability. The distribution of infrastructures within areas
with CVI values according to their statistical importance: in this section, the spatial distri-
bution of hot spot results of infrastructures in the study area was provided with a detailed
overview. Hotspots (areas with statistically significant high CVI values) are concentrated
near Kusadasi (north), Selcuk (south), and the Aegean Sea (west). Conversely, cold spots
(low vulnerability) are found centrally and in the east.

An analysis of the map in Fig. 10(b) shows numerous hot spots with high CVI values,
signifying areas where historical sites have more vulnerability. Hot spots of high vulner-
ability for historical sites are concentrated in the north (Kusdasi) and central areas (Selcuk)
compared to the south.

Figure 10(c, d) shows leisure and public transport infrastructure throughout Kusadasi-
Selcuk. Unlike other features, vulnerability for these areas is scattered (no red/blue clus-
ters). This means vulnerability varies across these sectors, requiring custom solutions rather
than location-specific interventions.

Figure 10(e) shows tourism areas vulnerable to coastal hazards (red/pink) along the west
and north coastlines of Kusadasi and Selcuk. These areas likely contain hotels, restaurants,
and recreational facilities at high risk. Cold spots (blue) in the east and south indicate lower
vulnerability.
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Figure 10(f) shows areas where roads are vulnerable to coastal hazards. hot spots (red)
highlight areas with high confidence, like Selcuk, Ephesus, Pamucak Beach, and the south-
ern coast near Kusadasi. These areas likely have critical roads at risk. Cold spots (blue)
around Kusadasi and inland areas show lower vulnerability. This suggests coastal roads near
Selcuk and Pamucak Beach are more susceptible to coastal hazards.

Figure 10(g, h) shows areas vulnerable to coastal hazards due to high land value and
population density. Hotspots (red) highlight areas with very high confidence, like Pamucak
Beach, the Menderes Delta, and inland areas near the delta. These areas have both valu-
able land and high populations, making them potentially more susceptible. Coldspots (blue)
inland show lower vulnerability due to lower land value and population density. This sug-
gests a link between coastal proximity, valuable land, and high populations creating zones
of greater vulnerability.

Figure 10(i) highlights coastal areas (red) with concentrated development, potentially
vulnerable to coastal hazards (Selcuk, Kusadasi, and south Kusadasi). These areas are likely
densely populated and have critical infrastructure, making them more susceptible. Inland
areas (blue) show lower vulnerability due to lower development. This clustering suggests
higher vulnerability along the coast due to concentrated populations and assets.

Hot spots warrant priority attention in coastal hazard adaptation strategies, as they repre-
sent areas with potentially high human and economic losses in the event of coastal events.
Cold spots, while less vulnerable overall, may still require protective measures depending
on specific contexts and projected hazard intensities.

Recommendations for preparing adaptation strategies by using results; integrating
multiple analyses for coastal infrastructure vulnerability adaptation strategy; A Coastal
Infrastructure Vulnerability Adaptation Strategy (CIVAS) for Kusadasi-Selcuk was recom-
mended by integrating insights from three key analyses: Spatial Coastal Vulnerability Index
(SCVI), Spatial Distribution of Infrastructure (SDI) within CVI Classes, and Hot Spot Dis-
tribution Analysis of Infrastructures. In this section, based on the results of these analyses,
recommendations were presented for the preparation of adaptation strategies.

The IPCC report Climate Change 2022: Impacts, Adaptation and Vulnerability (IPCC,
2022) outlined various adaptation strategies for coastal infrastructure vulnerability. The
report presented a comprehensive assessment of the current state of knowledge on the
observed impacts and projected risks of climate change, as well as potential adaptation
options but did not categorize them specifically for each infrastructure type.

Vulnerability assessment as one of the key considerations has been emphasized when
selecting and implementing adaptation strategies for coastal infrastructure by this IPCC
report. However, vulnerability assessment alone is not sufficient to prepare an effective and
site-specific coastal infrastructure vulnerability adaptation strategy. Therefore, CIVAS for
Kusadasi-Selcuk requires combining the insights from these three key analyses.

During the preparation of the CIVAS for the Kusadasi-Selcuk coastal region, the follow-
ing questions arose regarding the utilization of analysis results: How to use the results of the
Spatial Coastal Vulnerability Index (SCVI) analysis, the spatial distribution of infrastructure
within SCVI classes, and the hot spot analysis of infrastructure distribution according to
SCVI classes (with and without cluster)?

Using the Results of Spatial Coastal Vulnerability Index (SCVI) Analysis: The results of
the SCVI analysis, which assesses the vulnerability of the coastal region, can be effectively
utilized in the adaptation strategy. The vulnerability levels of different infrastructure types
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can categorize as CVI-5, CVI-4, CVI-3, and CVI-2, and determine. These vulnerability
levels provide valuable insights into the vulnerability of each infrastructure type to coastal
hazards.

Using the Results of Spatial Distribution of Infrastructure within SCVI Classes: The
spatial distribution of infrastructure within the SCVI classes offers crucial information for
the adaptation strategy. By analysing this distribution, it is possible to identify areas with
concentrated vulnerable infrastructure and prioritize adaptation efforts accordingly. Under-
standing the specific locations and concentrations of infrastructure within each vulnerability
class enables tailored adaptation measures to be implemented effectively.

Using the Results of Hot Spot Analysis: The analysis of dispersed infrastructure in the
hot spot analysis provides valuable insights for the adaptation strategy. Even though no
distinct hot spots can identified, the following key points can considered:

- Individual Vulnerability: Each infrastructure element, regardless of its location, possesses
its own vulnerability level. Understanding these individual vulnerabilities is crucial for
developing appropriate adaptation strategies.

- Cumulative Impact Assessment: While individually less impactful, the combined vulner-
abilities of dispersed infrastructure can create significant challenges. Assessing these
cumulative impacts helps prioritize adaptation efforts.

- Network Interdependency Analysis: Infrastructure often functions as interconnected net-
works, even if physically dispersed. Analysing these network dependencies helps iden-
tify critical nodes and prioritize their protection.

- Importance of Individual Infrastructure: Even dispersed infrastructure can hold high indi-
vidual importance due to its unique function. Protecting critical assets remains crucial
in the adaptation strategy.

- Multi-Scale Approach: A multi-scale approach is necessary when dealing with dispersed
infrastructure. Understanding regional trends and broader vulnerabilities helps plan for
large-scale coastal processes and potential future changes. In addition, specific adapta-
tion strategies summarized below can be recommended according to the vulnerability
levels of different infrastructure types (CVI-5, CVI-4, CVI-3, CVI-2);

Build-up Infrastructure:

- Elevating beach access points, boardwalks, and recreational facilities.

- Implementing flood-proofing measures, such as flood barriers and elevating electrical
systems.

- Choosing drought-resistant landscaping and native plants.

- Diversifying tourism offerings towards inland areas and promoting responsible tourism
practices.

Natural Environment Infrastructure:
- Documenting and prioritizing cultural heritage sites for protection.
- Implementing protective measures, including flood barriers and shoreline stabilization.

- Considering relocation as a last resort, with proper documentation and potential recon-
struction elsewhere.

@ Springer



Natural Hazards

Socio-economic Infrastructure:

- Elevating roads and railway lines in vulnerable areas.

- Constructing flood-resistant bridges and tunnels where necessary.

- Implementing early warning systems and evacuation plans for vulnerable transportation
networks.

- Considering alternative routes or modes of transport for low-lying areas.

Tourism Infrastructure:

- Diversifying tourism offerings towards less vulnerable inland areas.
- Investing in eco-tourism practices that protect coastal ecosystems.
- Implementing measures to reduce water consumption and energy use in tourism facilities.

Urban and Built-up Areas:

- Implementing green infrastructure solutions, such as rain gardens and permeable
pavements.

- Improving drainage systems and flood defences.

- Enforcing stricter building codes and land-use planning regulations.

- Elevating critical infrastructure like hospitals and emergency services.

Cropland:

- Choosing salt-tolerant crop varieties and adjusting agricultural practices.

- Implementing soil conservation measures, such as cover crops and terracing.

- Exploring options for managed retreat of agricultural land in severely affected areas.

Woodland and Forests, Grassland, Wetlands, etc.:

- Managing coastal ecosystems for their natural ability to buffer against storms and erosion.
- Considering nature-based solutions, such as planting salt marshes.

Water Infrastructure:

- Implementing water conservation measures to manage scarcity.
- Investing in desalination plants in water-scarce regions.
- Upgrading water treatment facilities to handle changes in salinity and storm runoff.

Thus, by integrating the results of SCVI analysis with the spatial distribution of infrastruc-
ture and hot spot analysis outcomes, stakeholders can develop comprehensive adaptation
strategies tailored to address the varying levels of vulnerability and prioritize actions to
safeguard critical coastal infrastructure from potential hazards.
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5 Discussion

In this study, a new methodology integrating spatial coastal vulnerability index (CVI) and
hot spot analysis was proposed for a comprehensive and holistic coastal infrastructure (natu-
ral, built-up and socioeconomic) vulnerability assessment and determination of its spatial
distribution. For the assessment of coastal infrastructure vulnerability across the study area,
coastal vulnerability level of each grid calculated using the CVI method. The spatial CVI
analyses were performed by basic GIS methods (subset, buffer, slope, reclass, map algebra
etc.). Natural (cropland, wetland etc.), built (coastal infrastructures such as ports, roads,
tourism sites etc.), and socioeconomic (population density, land price etc.) infrastructures
of study area were determined according to quality, quantity and location information and
a geographical database was created. The spatial distribution of coastal vulnerabilities of
different types of coastal infrastructures was obtained. Finally, the statistical reliability test
of the distribution of the coastal infrastructures across the area with different vulnerability
level was examined via hot spot Analyses, for the first time in this study. The analysis
results, as detailed in the results section, revealed extensive areas with high to very high
vulnerability. These areas were particularly concentrated around the Kucuk Menderes delta,
Pamucak Beach, Selcuk town, and Ephesus Ancient City. Furthermore, the integration of
socioeconomic data to the research demonstrated the significant potential impact on land
assets and population density within these vulnerable zones.

As a result of the analysis it seen that areas with high to very high vulnerability are
concentrated around Selcuk town, Ephesus Ancient City, Kusadasi district centre, Pamucak
Beach, and the Kucuk Menderes delta. The Kucuk Menderes delta is under the influence
of SLR up to the inner regions, approximately 22 km away on the land side. Over 55% of
infrastructure falls within high or very high vulnerability classes. It is seen that 57% of the
infrastructure in the build-up category, 59% of the natural environment, and more than 42%
of the socio-economic infrastructure are located in areas falling into the high or very high
vulnerability classes. Additionally, $1.1 billion worth of land assets and a population of
approximately 143,000 people are located in areas that fall into the high or very high vul-
nerability classes. Statistically significant clusters of high vulnerability for historical sites,
tourism, roads, land value, population density, and urban areas were determined by hot spot
analysis results.

The observed concentration of high vulnerability around the Kucuk Menderes delta con-
curred with established the literature of review for CVI and IPCC report (IPCC 2022),
which emphasizes the vulnerability of low-lying deltaic regions to sea level rise due to their
low elevation and gentle slopes ( Simav et al. 2013; Simav et al. 2015; Hamid et al. 2019;
Anfuso et al. 2021; Nguyen et al. 2016; Kantamaneni et al. 2019). However, This study’s
integration of socio-economic data revealed a critical aspect: the vulnerability translates
into significant potential risks for land assets and population density within the delta. This
finding highlights the critical need to consider socio-economic factors alongside physical
characteristics in vulnerability assessments, as emphasized by previous research (VanZo-
meren and Acevedo-Mackey 2019; Posen et al. 2023; Koks et al. 2023; Tragaki et al. 2018).
This comprehensive approach allows for more informed decision-making regarding adap-
tation strategies and resource allocation. A review of the extant literature reveals a lack
of hot spot analyses examining the spatial distribution of coastal infrastructure within the
framework of CVI classifications. Nonetheless, Torresan et al. (2012) employed hot spot
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analysis to delineate areas of heightened vulnerability to climate change and coastal hazards
within the Northern Adriatic Sea region, though their focus was not on coastal infrastructure
specifically.

Compared to studies relying solely on CVI (Hegde and Reju 2007; Pendleton et al. 2004;
Pantusa et al. 2018; Koroglu et al. 2019), integration in this research of CVI, spatial analy-
sis, and hot spot analysis provided a more nuanced understanding of vulnerability across
different infrastructure types and locations.

While previous studies provided valuable insights for the broader Aegean coast (Hereher
2013; Chaparria and Peris 2021; Pantusa et al. 2018; Ruzi¢ et al. 2019), our research delved
deeper by offering site-specific vulnerability assessments for individual infrastructure ele-
ments within Kusadasi-Selcuk. This multifaceted approach, unlike broader regional assess-
ments, allowed us to achieve a level of granularity not previously achieved. For instance,
while the CVI analysis identified general vulnerabilities in Selcuk town, Ephesus Ancient
City, and Kusadasi district centre (CVI 4-5), the spatial distribution analysis revealed pock-
ets of high vulnerability within these areas, even in locations with moderate CVI scores.
This is exemplified by the concentration of vulnerable leisure facilities around Pamucak
Beach, despite its moderate CVI (3). This granular understanding, further refined by hot
spot analysis, pinpointed statistically significant clusters of highly vulnerable historical
sites, tourism facilities, and roads in specific locations. These findings highlight the limita-
tions of relying solely on CVI and underscore the value of our site-specific approach in iden-
tifying critical infrastructure at risk, even in seemingly less vulnerable areas. Furthermore,
our detailed analysis pinpointed the specific vulnerabilities of critical infrastructure, such as
vulnerable sections of historical sites vulnerable to erosion, enabling us to propose targeted
nature-based solutions. This approach allows for highly localized adaptation measures that
are more likely to be effective and sustainable.

While CVI analysis of a spatial area offers valuable regional insights, it may mask local-
ized vulnerabilities within moderate-risk zones. In this research, identified infrastructure
clusters with high vulnerability even within areas with moderate CVI scores, for example
vulnerable sections of roads prone to flooding, or historical sites and leisure infrastructure.
This granularity is crucial for crafting targeted adaptation strategies that go beyond broad
assessments. The application of hot spot analysis provided statistically robust validation of
the spatial distribution patterns of infrastructure vulnerability across different types (built-
up, natural, and socioeconomic). This information can inform targeted interventions and
prioritize adaptation efforts in these areas, potentially improving upon the broader-scale
approaches often employed in traditional vulnerability assessments. Furthermore, the study
introduced the concept of “no clusters,” “fragmented clusters,” and “densely clustered” vul-
nerability patterns, each requiring different adaptation strategies. Thus, the importance of
network interdependency between infrastructures has emerged. With network interdepen-
dency, it is necessary to analyse how interconnected infrastructure networks work even if
they are physically dispersed. Network interdependency analysis is a very important guide
for identifying critical nodes (e.g. important transport links) and prioritizing their protection.

This study significantly advances coastal vulnerability assessment through several novel
approaches. It utilizes a dynamic boundary tailored to the specific coastline, providing a
more accurate picture of vulnerable zones. By considering all types of infrastructure (nat-
ural, built, and socio-economic) and their interactions, the study offers a comprehensive
understanding of vulnerability. Additionally, it employs advanced statistical analysis and
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pioneering hot spot analysis to strengthen confidence in the identified vulnerable areas
and reveal valuable patterns in infrastructure vulnerability. Highlighting the importance of
network interdependencies, the study emphasizes the need to protect critical nodes, even
if physically dispersed. Furthermore, it integrates physical and socio-economic data for
deeper insights and focuses specifically on coastal infrastructure vulnerability, informing
crucial decisions. For instance, our analysis revealed that over $1.1 billion worth of land
assets and a population of 143,000 in Kusadasi-Selcuk are located in high or very high
vulnerability zones. This highlights the critical need to consider socio-economic factors
alongside physical characteristics when prioritizing adaptation strategies. Recognizing the
vital role of localized context, the study emphasizes the importance of place-specific assess-
ments and integrates socio-economic factors to tailor interventions and build resilience for
local communities.

While this research provides some insights and perspectives into coastal infrastructure
vulnerability and spatial distribution, it has also some limitations. Data availability restricted
the analysis to infrastructure types like roads, buildings, and historical sites. Future stud-
ies could benefit from incorporating a wider range of elements, such as wastewater treat-
ment plants, communication networks, and power grids. This would provide a more holistic
understanding of infrastructure vulnerability and potential cascading effects during coastal
hazards. The dynamic boundary definition used in this research may require further refine-
ment in future applications, particularly as sea level rise projections evolve. For example, by
incorporating dynamic elevation data and considering future land-use changes in the bound-
ary definition process. This could enhance the adaptability and accuracy of the approach
in the face of evolving sea level rise projections and coastal dynamics. Integrating mul-
tiple analyses offers a comprehensive assessment, but further site-specific evaluations may
be needed. The analysis considers current infrastructure distribution and vulnerability, but
future development trends should be incorporated for long-term planning. For example, by
conducting detailed engineering assessments of critical infrastructure elements could be
identified as highly vulnerable. This could provide a deeper understanding of their specific
vulnerabilities and inform the development of tailored adaptation strategies.

6 Conclusion

In conclusion, an integrated novel methodology for assessing coastal infrastructure vulner-
ability was used in this study. This methodology integrated the spatial CVI analysis with
comprehensive data on natural, built, and socioeconomic infrastructure in a coastal zone.
Basic GIS methods and statistical techniques were employed to provide a detailed under-
standing of vulnerability patterns across the study area. The integration of socioeconomic
data revealed the potential risks posed to land assets and population density within vul-
nerable zones. This finding underscored the importance of considering both physical and
human dimensions in vulnerability assessments. Additionally, hot spot analysis was used
to examine the spatial distribution of coastal infrastructure vulnerability, offered valuable
insights for targeted interventions and adaptation strategies. By focusing on site-specific
infrastructure vulnerability assessments within the Kusadasi-Selcuk region, the study pro-
vided a granular understanding of vulnerability across different infrastructure types and
locations, going beyond broader regional assessments. This localized approach allowed for
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the identification of critical infrastructure at risk, even in seemingly less vulnerable areas,
and enabled the proposal of targeted adaptation measures. However, data availability con-
straints and the static nature of the CVI methodology were highlighted as limitations of the
study. Future research could benefit from incorporating a wider range of infrastructure ele-
ments and adopting more dynamic approaches to define study areas and assess vulnerability.
Nonetheless, it is thought that this study can make significant contributions to the field of
coastal infrastructure vulnerability assessment by providing innovative methodologies and
insights that can support policy-making and resilience-building efforts in coastal areas.
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