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This study aims to analyse the vulnerability of yacht marinas in Bodrum to sea level rise (SLR) com-
pound impacts using seven spatial physical and eight socio-economic parameters. A new integrated
marina vulnerability index (IMVI) was developed as a composition of the physical coastal vulnerability
index (PCVI) and non-physical marina vulnerability index (MVI). To determine vulnerability values,
coastal vulnerability index approach was used. A geo-database was created using spatial and tabular
data collected from different data source. The PCVI parameters were converted to a 1-5 scale by using
geographic information systems analysis (GIS) (subset, buffer, slope, reclass, map algebra), and PCVI
values were calculated. The MVI parameters were converted to a 1-5 scale by using the natural break
classification method, and MVI values were calculated. Both PCVI and MVI results were presented
as maps and tabular values using a scale of 1 (Very Low Vulnerability) to 5 (Very High Vulnerability).
The results provide comparative vulnerability analyses of seven marinas, using the PCVI and MVI,
individually and, their combination with IMVI. The results showed that the physical vulnerability of
marinas was generally higher than their socio-economic vulnerability. While the physically very high
vulnerability marinas are Turgutreis, Yalikavak and Ortakent, the marina with very high socio-economic
vulnerability is Ortakent. According to IMVI results, Turgutreis, Yalikavak and Milta are the most vul-
nerable both physically and socio-economically. The study could provide a new perspective on studies
on climate impacts focused on SLR, not only for marinas but also for commercial ports.

1. Introduction.

Climate change poses a significant risk of exacerbating coastal

economic activity in coastal areas (Kuleli, 2010). According to
the IPCC (2022), the SLR, which is continuing and accelerat-
ing, will damage coastal ecosystems and coastal infrastructures,

hazards by amplifying the frequency and severity of coastal
storms, accelerating the pace of sea level rise (SLR), worsening
coastal erosion processes, and inundating low-lying coastal ar-
eas (New Jersey Department of Environmental Protection, 2011).
The SLR is known one of the biggest global problem of cli-
mate change that can cause environmental, social, economic
challenges for coastal communities (Sierra et al., 2016; IPCC,
2022). It threatens countries with high population densities and
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particularly in low-lying zones.

Infrastructure located in coastal areas as a result of socio-
economic development are vulnerable to climate impacts, par-
ticularly the SLR (IPCC, 2022; Innocenti and Musco, 2023;
Sierra et al., 2023). As a coastal infrastructure, yacht mari-
nas are vulnerable to SLR-induced climate impacts such as ris-
ing coastal waters, coastal erosion, and coastal flooding due to
their role in the socio-economic development, particularly for
economies engine by maritime recreational activities (Kuleli
and Bayazit, 2023). Vulnerability is defined as “the propen-
sity or predisposition to be adversely affected” (IPCC, 2014).
Vulnerability encompasses a variety of concepts and elements
including sensitivity or susceptibility to harm and lack of capac-
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ity to cope and adapt (IPCC, 2014). Determining the vulnera-
bility level of infrastructures to SLR-induced climate impacts
is significant for planning and establishing adaptation strategies
for coastal communities. Although there are many studies on
coastal vulnerability, a few of them focused on the vulnerability
of transportation infrastructures including seaports, airports etc.
are limited (Sierra et al., 2016; Monioudi et al., 2018; Kanta-
maneni, 2016). Since seaports are located in coastal areas, they
will experience impacts associated with coastal hazards due to
the SLR (Becker et al., 2013; Messner et al., 2013; Sanchez-
Arcilla et al., 2016; Sierra et al., 2023). Therefore, recently nu-
merous number of studies have focused on assess seaport vul-
nerability to the SLR-induced climate change impacts (Messner
et al., 2013; Becker et al., 2018; Christodoulou, 2019), while
there is a lack of studies focusing on yacht marinas (Lazarus and
Ziros, 2021). According to Lazaruz and Ziros (2021), "Mari-
nas, and the yachts within them, constitute hotspots of exposure
to coastal hazard concentrations of high-value economic assets
densely packed behind concrete breakwaters”. Yacht marinas
are crucial component of maritime tourism which is a highly
dynamic sector and has cumulative direct and indirect effects on
coastal region’s economy (Perez-Labajos and Blanco, 2006).

In previous studies four different methods were applied when
evaluating vulnerability of a coastal area and infrastructures
within the coastal area. These are index-based; indicator-based;
GID-based decision support systems and dynamic computer mod-
els (Ramieri et al, 2011; Rani, et al., 2015; Dey and Mazumder,
2023). Previous studies on vulnerability of facilities and infras-
tructures such as roads, airports, seaports, fire stations, touristic
assets due to SLR-induced climate impacts have assessed the
vulnerability mostly based on climate projections, flood mod-
elling, inundation risk and storm risksbased on SLR scenarios
(Mase et al. 2013; Chhetri et al., 2015; Sanchez-Arcilla et al.,
2016; Monioudi et al., 2018; Christodoulou et al., 2019; Iza-
guirre et al., 2020; Sierra et al., 2023). According to Koroglu et
al. (2019), the CVI is one of the simplest and commonly used
methods to assess coastal vulnerability to the SLR-induced im-
pacts such as coastal erosion. It is also recognized as a use-
ful tool that contribute the decision making process in adap-
tation and planning for climate resilient policies (Koroglu et
al., 2019). Therefore, in this study, the CVI method, devel-
oped first by Gornitz (1991), then by Gornitz et al. (1994) and
Thieler and Hammar-Klose (2000) was used to analyse coastal
vulnerability of yacht marinas. The original CVI is composed
to six physical variables, however currently studies on the as-
sessment of coastal vulnerability have been utilized integrated
approaches by modifying the CVI using non-physical (social,
economic etc.) parameters in addition to the physical param-
eters (Mani Murali et al., 2013; Djouder and Boutiba, 2017;
Behera, 2019; Koroglu et al., 2019; Charuka et al., 2023; Dey
and Mazumder, 2023). There is a need for integrated index-
based vulnerability assessment which include both physical and
socio-economic characteristics of coastal areas to assess impor-
tant infrastructures.

In this study, the objective is to analyse the vulnerability
of yacht marinas to SLR-induced climate impacts, in a com-
parative manner. To do this, an integrated marina vulnerabil-

ity index (IMVI) was developed by combining physical coastal
vulnerability index (PCVI) including seven physical parameters
and non-physical marina vulnerability index (MVI), including
eight non-physical (socio-economic) marina parameters. Seven
marinas, Yalikavak, Turgutreis, Ortakent, Bitez, Gumbet, Milta
and Bodrum Kale were analysed in the study area, Bodrum. To
determine vulnerability values, the CVI methodology, devel-
oped by Gornitz (1991), was utilized. A geo-database was cre-
ated using spatial and tabular data collected from different data
source. The PCVI parameters, which are geology, coastal slope,
relief, relative sea level change, shoreline erosion/accretion, mean
tide range, mean wave height were converted to a 1-5 scale by
using geographic information systems analysis (subset, buffer,
slope, reclass, map algebra), and PCVI values were calculated.
The M VI parameters which are (berthing capacity, berthing length,
service area (land), gross mooring capacity, berthing/mooring
fees, berthing income, number of employees, and number of
services) were converted to a 1-5 scale by using the natural
break classification method, and MVI values were calculated.
Results were presented as maps and tabular values using a scale
of 1 (Very Low Vulnerability) to 5 (Very High Vulnerability).
According to the results, each marina was evaluated compara-
tive to the others based on PCVI, MVI and IMVI values. In
this study, for the first time an integrated coastal vulnerability
index specific to marinas has been developed and applied for
a marina-dense coastal area. Marina-specified socio-economic
parameters have been used for marina vulnerability assessment,
in addition to the physical CVI assessment. As a benchmarking
tool, the IMVI can be utilized when prioritization of strategies
and funds for adaptation solutions to SLR due to climate change
impacts for marinas and other ports.

2. Study Area.

The study area encompasses seven yacht marinas in Bo-
drum which is a Peninsula in south-western the Aegean Sea
(Fig. 1). Bodrum is a coastal district as a part of Aegean Region
of Turkiye, with 125 km of coastline, covers an area of 689 km?.
It is characterized by its unique geographical features, including
its coastline, natural bays, and historical significance, attracting
both local and international visitors. The resident population is
198,335 in 2023 (TURKSTAT, 2023), however, the number of
visitors reach 1 million stays in the tourist season (from May
to December), and might be 2 million visitors. Its economy is
based on tourism and maritime tourism forms the basis of its
recreational resources.

As an Aegean coastal destination, Bodrum is a yacht marina-
dense area. Turgutreis, Yalikavak, and Milta are five-anchor-
awarded marinas, operated by the private sector. Bodrum Kale,
Gumbet, Bitez, and Ortakent have different sizes and functions,
operated by the Municipality. Turgutreis, situated on the west-
ern coast of the peninsula, is one of the largest marinas in the
region, catering to a diverse range of vessels and offering var-
ious amenities and services. Yalikavak, located to the north,
is another prominent marina known for its modern infrastruc-
ture and high-end facilities. Milta and Bodrum Kale marinas,
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Figure 1: Study area map, the Bodrum Peninsula and seven
yacht marinas.
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situated closer to the town center of Bodrum, attract both lo-
cal boaters and international visitors with their convenient lo-
cations and historical surroundings. Gumbet and Bitez mari-
nas, positioned in relatively sheltered bays, cater to smaller ves-
sels and provide a more tranquil setting compared to the larger
marinas. Ortakent marina, located towards the eastern end of
the peninsula, offers a more secluded experience with its pic-
turesque surroundings and smaller scale.

Bodrum provides a wide range of services and facilities for
maritime and coastal tourism activities in the region. Apart
from those marinas studied in this paper, there are several small
piers and docking areas for small crafts and fishing boats, a
cruise port, a shipyard complex covering more than 50 boats
and yacht producer and there are marine suppliers in the area,
contributing significantly to the local economy. In addition,
the study area has geographic and economic importance for the
Mediterranean region where the majority of the World’s yacht
activity takes place (EC 2016(a); EC 2016(b)). It meets a signif-
icant demand not only for regional yachting activities but also
at the international level.

Despite its importance in the yachting and cruise industry,
seaports and marinas in Bodrum Peninsula is physically vul-
nerable to climate change impacts, particularly the SLR (Kuleli
and Bayazit, 2023). The vulnerability of yacht marinas to SLR
is of significant concern due to their proximity to the coast and
the potential impacts on infrastructure, operations, and the lo-
cal economy. So, Bodrum with its diverse array of marinas,
and socio-economic importance makes it an ideal study area
for assessing not only the physical but also the socio-economic
vulnerability of marinas to the SLR.

3. Material and Methods.

In this study an integrated marina vulnerability index method-
ology was used based on coastal vulnerability index (CVI) ap-
proach, to determine vulnerability level of yacht marinas to

SLR-induced climate impacts. In this section, the data, methods
and techniques used for the required analyses to meet the aim
of this study were explained. The workflow of the methodology
used in this study shown as in the Figure 2.

Figure 2: Workflow of the study methodology.
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The data used for the analyses of marina vulnerability are
divided into two groups, physical (spatial) and non-physical
(socioeconomic). As shown in Table 1, seven physical and eight
socio-economic parameters were obtained from different data
sources and used in the analyses.

3.1. Physical parameters.

Seven physical parameters including geology, coastal slope,
relief, relative sea level change, shoreline erosion/accretion, mean
tide range, mean wave height were used to determine the PCVI
and to calculate the PCVI values, which indicate physical vul-
nerability level of yacht marinas to SLR-induced climate im-
pacts. To calculate the PCVI values, the data were extracted
by the grids of 30x30 meter in size, and 1 km inland from the
coastline was considered.

3.1.1. Geology.

The geology variable identifies generalized rock type and is
present for all coastal grid cells within the database. Geological
data was extracted from Geoscience Map Viewer presented at
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Table 1: Data table.

Parameters Data Source
Physical Geology Processing and digitising from Mineral Research and Exploration General
parameters Directorate (MTA) GeoScience Map Viewer
Coastal Slope Processing from Shuttle Radar Topography Mission (SRTM) dataset
Relief From SRTM (NASA JPL, 2013; SRTM, 2018)
Relative sea level change  3.3%1.1 mm/yr from Kuleli (2010), Caldwell et al. (2015), Zlotnicki et al.
(2019), CMS (2021), TUDES (2022), SLE (2022)
Shoreline -1 - +1 m/yr from Landsat 8 images from USGS (2022)
erosion/accretion
Mean tide range 0.2-0.3 m from TUDES (2022), Sayre et al. (2018, 2021), ECU (2022)
Mean wave height 1.1-2.0 m from Ozhan & Abdalla (2002), Sayre et al. (2018, 2021), CMS
(2022), ECU
(2022)
Non- Berthing capacity Marina Survey
physical Berthing length Marina Survey and Google Earth
parameters - -
Service area (Land) Marina Survey and Google Earth
Gross mooring capacity Marina Survey
Berthing/mooring fees Marina Survey
Berthing income Marina Survey
Number of employees Marina Survey

Number of services

Marina Survey and The Yacht Harbour Association (TYHA)

Source: Authors.

the Mineral Research and Exploration of the Directorate Gen-
eral (MTA) and Akbas et al. (2011).

3.1.2. Coastal slope.

The coastal slope is one of the determinant variables that
significantly impacts vulnerability to periodic flooding, SLR,
and erosion in a coastal area (Rani et al., 2015). Therefore,
measuring and assessing the coastal slope is important in as-
sessing vulnerability which is determined by dividing the amount
of elevation change by the amount of horizontal distance cov-
ered, then multiplying the result by 100. Slope percent was
calculated and reclassified, using the Space Shuttle Radar To-
pography (SRTM) data set (1 arc-second, 30 meters) (SRTM,
2018).

3.1.3. Relief.

Gornitz (1991) stated that the hazard decreases progressively
for higher average elevations. Relief is the variation in eleva-
tion or height of the land surface along coastal areas. Higher re-
lief values often indicate areas that are more resilient to coastal
erosion and inundation, as they may feature elevated landforms
that provide natural protection against wave action, storm surges,
and SLR. Relief was calculated and reclassified, using the Space
Shuttle Radar Topography (SRTM) data set (SRTM, 2018) (1
arc-second, 30 meters) (USGS, 2020).

3.1.4. Relative sea level change.

Relative sea level change is a variable that is determined
based on the change in annual mean water elevation over time
(Emery and Aubrey, 1991). It is measured using water level
monitoring stations located along a coasts, usually placed on
piers, measure the sea level relative to a nearby geodetic bench-
mark. The relative sea level change data provides historical
records (such as last 50-100 years). In this study, the data was
obtained the National Sea Level Monitoring System of Turkiye
(TUDES, 2023)

3.1.5. Shoreline erosion/accretion.

To assess coastal erosion and accretion, End Point Rate (EPR)
values were calculated using Sentinel-2 images (10m resolu-
tion) from ESA (2023). Images from August 30, 2023 and Au-
gust 20, 2018, along with a 2014 shoreline from Google Earth,
were analysed with Digital Shoreline Analysis System (DSAS)
software. This approach reveals erosion and accretion rates in
meters/year. Shorelines were analysed for erosion and accretion
using transects (500m long, 250m apart) generated by DSAS
software. This free tool calculates shoreline dynamics based on
historical data (Thieler et al., 2005; Himmelstoss, 2021). The
EPR which divides shoreline movement by the time between
data points, was chosen for its simplicity and data efficiency
(Himmelstoss, 2021).



S. Bayazit & T. Kuleli. / Journal of Maritime Research Vol XXI. MT24 (2024) 54—-66 58

3.1.6. Mean tide range.

Mean tide range simply means the difference in height be-
tween high and low tides. It closely connected to the risks of
both permanent and occasional flooding along coastlines. A
larger tidal range often means stronger tidal currents, which can
lead to more significant erosion and sediment movement along
the coastline. Coastlines with high tidal ranges, typically ex-
ceeding 4 meters, are more prone to vulnerability compared to
those with smaller tidal ranges (Gornitz, 1991). According to
Shaw et al., (1998) and Gornitz (1991) if a coastal area has a
high tidal range, it is considered as a highly vulnerable area. In
this study, the mean tide range was obtained from National Sea
Level Monitoring System of Tiirkiye, shortly TUDES (TUDES,
2023).

3.1.7. Mean wave height.

Mean wave height is an indicator of wave energy and it
plays a pivotal role in driving coastal sediment transport, ero-
sion/accretion rate. It is a key factor in understanding coastal
dynamics (Chakaruka et al., 2023). Mean wave height data
within the research area was gathered from diverse sources,
such as Ozhan et al. (2002), CMS (2022), and Sayre et al.
(2018, 2021).

3.2. Non-physical parameters.

Eight non-physical parameters including berthing capacity,
berthing length, service area (land), gross mooring capacity,
berthing/mooring fees, berthing income, number of employees,
and number of services were used to determine the MVI and to
calculate the MVI values, which indicate socio-economic vul-
nerability level of yacht marinas to SLR-induced climate im-
pacts. To calculate the MVI values, the data of the following
parameters were collected from primary and secondary sources.
Primarily sources are marina managers and authorities in the
study area. A simple Word document, which includes a data
table with blanks was sent to the marina managers, by e-mail.
The necessary data was collected from seven marinas through
both e-mail, telephone, and official correspondence. Also, cross
check was applied for service area on land, gross mooring ca-
pacity and berthing length using Google Earth Pro’s distance
and space calculate tool. Secondary sources which are marina
websites and The Yacht Harbour Association (TYHA) were uti-
lized for applying cross-checks for the data related to the num-
ber of services provided by each marina. Finally, all collected
data and information were added to the geodatabase which was
created before for the computation of the operations of PCVI in
GIS.

3.2.1. Berthing capacity.

This parameter refers to the maximum number of boats or
yachts that a marina can accommodate theoretically at any given
time, measured in number of yachts (n.). A higher berthing ca-
pacity means the marina can generate more revenue by accom-
modating more vessels. It also indicates the level of demand
for boating services in the region. Regions with marinas with
large berthing capacities can attract more visitors and yachting

enthusiasts, contributing to local economies through increased
tourism spending and related services.

3.2.2. Berthing length.

It represents the linear distance along the waterfront where
boats and yachts can be safely moored, measured in meters
(m.). A longer berthing length indicates a greater capacity to
accommodate vessels of various sizes and types. It is a criti-
cal factor in determining the marina’s capability to host larger
boats and cater to diverse boating needs. Moreover, a suffi-
cient berthing length enhances the marina’s attractiveness to
boat owners and visitors, supporting economic activities such
as tourism, recreation, and marine services. Additionally, an
extensive berthing length signifies potential for increased rev-
enue generation through berthing fees and related services, con-
tributing to the overall economic vitality of the marina and its
surrounding region.

3.2.3. Service area (Land).

This represents the land allocated for marina operations, in-
cluding amenities such as restaurants, repair shops, fuel sta-
tions, retail outlets, and recreational areas, measured in square
meters. The size of this area is critical for offering diverse ser-
vices, enhancing user experience, and attracting visitors. In re-
gions with high demand for commercial land, a larger service
area provides a competitive edge. It allows for the development
of upscale amenities, attracting high-end clientele and stimulat-
ing economic activity.

3.2.4. Gross mooring capacity.

This represents the spatial sea area allocated for marina ac-
tivities, including manoeuvring, berthing, and anchoring areas,
measured in square meters. Similar to the concept of the ser-
vice area on land, it determines the available space for boats
and yachts to dock safely at sea within the marina. It’s cru-
cial for accommodating boats and yachts safely at sea, ensur-
ing smooth operations, and enhancing safety. A larger capacity
attracts more boat owners and visitors, supporting maritime ac-
tivities and stimulating economic growth in the region.

3.2.5. Berthing/mooring fees.

These are the charges imposed on boat owners for utilizing
berthing or mooring facilities at the marina. Revenue generated
from berthing/mooring fees constitutes a significant portion of
the marina’s income. The fee structure can influence the ma-
rina’s competitiveness and attractiveness to boat owners, im-
pacting its overall financial performance. Additionally, lower
fees may attract more boaters and stimulate economic activity
in the region by encouraging increased boat traffic and visitor
spending. Price policies may vary from marina to marina de-
pending on factors such as boat size, boat type, length of stay
and service quality. For this reason, in order to obtain standard
data that can be measured and compared, the mooring fee con-
sidered an annual fee was requested from marinas for an area
of 30 m? sea zone.
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3.2.6. Berthing income.

This represents the total income generated by the marina
from berthing fees charged to boat owners. Berthing income is
a crucial revenue stream for marina operators, supporting oper-
ational expenses, maintenance costs, and investment in facility
upgrades. A steady and growing berthing income contributes
to the financial sustainability of the marina and its ability to
withstand economic fluctuations. Moreover, it indirectly ben-
efits the regional economy by supporting jobs, infrastructure
development, and tourism promotion efforts. Marina income
was determined based on the calculation made by the authors,
not on data received directly from the marinas. This parameter
is obtained by multiplying the sea area allocated by the marina
management for berthing and mooring uses for boats and yachts
by the annual mooring fee.

3.2.7. Number of employees.

This refers to the total workforce employed by the marina,
including administrative staff, maintenance personnel, security
guards, and service providers. The number of employees re-
flects the marina’s operational scale and its contribution to lo-
cal employment opportunities. A higher number of employees
indicate a larger workforce supporting marina operations and
servicing the needs of boat owners and visitors. Additionally,
marinas can serve as significant employers in coastal commu-
nities, stimulating economic growth and enhancing livelihoods.
The number of employees in the marina may vary depending
on the intensity of use in summer and winter seasons. In this
study, the total number of full-time workers throughout the year
was considered.

3.2.8. Number of services.

This represents the variety and quality of services offered
by the marina to boat owners and visitors, measured by num-
bers (n.). The quality of services is out of the scope. Services
may include boat maintenance and repair, bunkering, provision-
ing, concierge services, recreational activities, and hospitality
amenities. A diverse range of services enhances the marina’s
appeal to customers and contributes to a positive user experi-
ence. It also promotes local economic development by creating
opportunities for service providers and entrepreneurs to estab-
lish businesses within or around the marina, thereby enriching
the region’s tourism and hospitality as well as ship repairing
and maintenance sectors.

Once the data collected, then a geodatabase was created that
includes all data collected by using a GIS software. The phys-
ical data have spatial feature that were stored, prepared, pro-
cessed, and reclassified in GIS platform, while socio-economic
marina data are tabular so prepared and processed in a spread-
sheet then transferred to the GIS platform. The GIS methods
and tools including subset, buffer, slope, reclass, map algebra
and DSAS were used for the analyses. Analyses were car-
ried out on boundaries covered along the coastline with a 1 km
buffer zone from the shoreline.

The index values were calculated based on the CVI for-
mulation which will be explained in the next paragraphs. Pa-
rameter index values from 1 to 5 were determined using data

classification methods such as equal interval and natural breaks
according to the nature of the data and analysis. The physical
parameters were classified from 1 to 5 using five equal interval
breaks. Parameter index values show its vulnerability levels (1:
Very Low, 2: Low, 3: Moderate, 4: High, 5: Very High). The
data of non-physical parameters were classified using Jenks op-
timization (natural breaks), from 1 to 5 by dividing them into
five intervals. Natural breaks is statistical data classification
method which divide data into classes using an algorithm which
calculates groupings of data values based on the data distri-
bution (Jenks, 1967). All data classifications were performed
in the GIS platform. Table 2 shows the unit and the intervals
that match the vulnerability level of each parameter a marina
has. Ranking or scoring criteria of physical parameters were
obtained from Gornitz (1990) and Gornitz (1991). Except geol-
ogy parameter, the physical parameters from the table were ob-
tained from previous study of the authors (Kuleli and Bayazit,
2023).

3.3. Calculation of integrated marina vulnerability index (IMVI).

The calculation procedure of the IMVI provides a new in-
dex based marina vulnerability assessment model, modified from
the CVL It is a composition of as a result of integration of
both physical and non-physical (socio-economic) parameters.
The CVI approach was utilized because it is recognized the
most simplistic and commonly used methodology in coastal
vulnerability researches (Koroglu et al., 2019). Most of the vul-
nerability assessments were done by adapting Gornitz (1990)’s
methodology (Rani et al., 2015). Several CVI modifications by
integrating the geophysical and socioeconomic parameters in
order to obtain a multi-scale vulnerability assessment have been
studied for coastal areas (Nageswara Rao et al., 2009; Mani
Muralli et al., 2013; Rani et al., 2015).

The IMVI values are obtained as a result of the arithmetic
mean of the physical coastal vulnerability index (PCVI), and
non-physical marina vulnerability index (MVI). Therefore, be-
fore calculating the IMVI values the PCVI and MVI were cal-
culated, separately, using the CVI method, and then combined.

Formulation of the PMVI and M VI are shown in the Equa-
tion 1 and 2.

X X X X X X
PCVIz\/p' P2 X p3 1;4 Ps X pe X P7 (1

where PCVI is the physical vulnerability index value, each
p denotes parameter value obtained from relevant scale (1-5)

give in Table 2;
p1= Geology
p2= Coastal slope
p3= Relief

ps= Relative sea level change
ps= Shoreline erosion / accretion
pe= Mean tide range

p7= Mean wave height

2

mp Xmp Xmz Xmyg Xms Xmg Xny Xmg
MVI=\/ 7



Table 2: Vulnerability levels in 1-5 scale and ranges corresponding to parameter values.
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Parameters Unit  Very Low (1) Low (2) Moderate (3) High (4) Very High (5)
Plutonic, Low gradeill
TaPEEY metamorphics, Most Coarse, poorly . .
. : sand-stones and : sorted, Fine, consolidated
Geology - high-medium sedimentary . : :
ade c onglomeraltcs. roilin unclonsolldated sediment, ice
grac . metamorphics sedunents
& metamorphies
5 rocks
E Coastal Slope % >12 8-12 4-8 2-4 <2
& Relief m =30 21-30 11-20 6-10 0-5
& Relativesealevel mm/yr <-1 -1.0-0.9 1.0-2.0 2.1-4.0 >4.0
'@ change
‘2 Shoreline m/yr =2.0 1.0-2.0 -1-+1 -1.1--2.0 <2
A&  erosion/accretion
Mean tide range m <1.0 1.0-1.9 2.0-4.0 4.1-6.0 >6.0
Mean wave m <1.1 1.1-2.0 2.0-2.25 2.25-2.60 >2.60
height
Mean wave m <1.1 1.1-2.0 2.0-2.25 2.25-2.60 >2.60
height
Berthing capacity  n. <=35 35.000001-200 200.000001-260  260.000001-425 425.000001-620
Berthing length ~ m <=208 208.000001- 1,264.000001- 1.566.000001- 2.611.000001-
1,264 1,566 2,611 4,030
@  Service area Sq.m.  0,000000 n/a 0,000001-9,750 9,750-10,000 10,000-25,000
£ (Land)
g  Gross mooring Sqm. <=3,730 3.730.000001- 34.026.000001- 51.294.000001- 75.000.000001-
o capacity 34,026 51,294 75,000 170,598
-—-: Berthing/mooring € per <=11 11.000001-14 14.000001-45 45.000001-79 79.00001-255
-2 fees 30
= sqm
E" Berthing income € <=294.670 294,670.000001- 741.037.000001- 1,020,780.000001- 7.676,910.000001-
'2.9 741,037 1,020,780 7,676,910 25,836,200
Number of n. 5-7 7.000001-10 10.000001-31 31.000001-76 76.000001-102
employees
Number of n =3 3.000001-4 4.000001-5 5.000001-28 28.00001-33
services

(% per cent; mm/yr; milimeteyr/year, m/yr; meter/year: m. meter, Sgm. Squave meter; €: euro; n. number)

Source: Authors.

where MVI is the marina vulnerability index value, each m
denotes parameter value obtained from relevant scale (1-5) give
in Table 2;

m; = Berthing capacity

mp= Berthing lenght

m3= Service area (Land)

my= Gross mooring capacity

ms= Berthing/mooring fees

mg= Berthing income

m7= Number of employees

mg= Number of services

Next step is to calculate the IMVI). It is calculated using
arithmetic mean of the PCVI and MVI shown as below:

PCVI+ MVI
IMVI = ———— 3
The IMVI values determined using the Equation 3 were also
classified in GIS platform, from 1 to 5 using five equal interval

breaks. The result of the IMVI indicate the vulnerability level

of the marina according to both physical and socioeconomic
variables to SLR-induced climate change impacts. The find-
ings of the PCVI, MVI and ultimately IMVI results were used
to make a comparative assessment which are discussed in the
results and discussion section.

4. Results and Discussion.

In this study, we assessed the vulnerability level of each
marinas comparatively to climate change impacts derived from
SLR. As highlighted in the methodology section, IMVI model,
was developed and applied to seven marinas located in Bo-
drum (Turkiye). Marinas in the research area are Yalikavak,
Turgutreis, Ortakent, Bitez, Gumbet, Milta and Bodrum Kale.
The IMVI values were determined using the PCV) including
seven physical parameters (geology, coastal slope, relief, rel-
ative sea level change, shoreline erosion/accretion, mean tide
range, mean wave height) and the MVI, including eight non-
physical (socio-economic) marina-specific parameters (berthing
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Table 3: Non-physical (socio-economic) parameter values corresponding by each marina.
Berthing | Berthing | Service G Berthing / Berthing N. of N. of
i length area T s income employees | service

Bdpactly = capacity fees
Bitez 260 1264 0 34026 30 1020780 10 3
Blotriam 230 1566 0 67367 11 Taleat 31 5
Kale
Gumbet 200 1027 0 51294 14 718116 7 4
Milta 425 2611 25000 75000 255 19125000 102 28
Ortakent 35 208 0 3730 79 294670 5 3
Turgutreis 532 3468 9750 129181 200 25836200 76 31
Yalikavak 620 4030 10000 170598 45 7676910 95 33
Parameter units are as illustrated in Table 2.

Source: Authors.
Table 4: Parameter index values of the MVI in 1-5 scale.
Berthing Berthing | Service Grog= Bcrthtng Berthing N. of N. of
capacity length area i R income employees | service
P £ capacity fees

Bitez 3 2 1 2 3 3 2 1
Bodrum
Kale 3 3 1 4 1 2 3 3
Gumbet 2 2 1 3 2 2 1 2
Milta 4 4 5 4 5 5 5 4
Ortakent 1 1 1 1 4 1 1 1
Turgutreis 5 5 3 5 5 5 4 5
Yalikavak 5 5 4 5 3 4 5 5
Parameter index values showed levels of vulnerability which are 1: Very low, 2: low; 3: moderate; 4: high, 5: very
high corresponding to the relevant ranges as illustrated in Table 2.

Source: Authors.

capacity, berthing length, service area (land), gross mooring ca-
pacity, berthing/mooring fees, berthing income, number of em-
ployees, number of services). As a result, the relative vulnera-
bility levels of each marina were detected according the values
of the PCVI, MVI and their combination which is IMVI. In this
section, the results obtained from the application of the IMVI
methodology (see Fig. 2) were presented.

Physical dynamics are the geo-physical characteristics of
their location, while the non-physical parameters characterize
the market economic value and regional importance of each
marina. Non-physical parameters were used to calculate the
MVI values, which indicate the socio-economic vulnerability
of marinas. Table 3 shows the data of non-physical parameters
which was gathered from different sources (Table 1).

Using the findings shown in Table 3, vulnerability levels
in socioeconomic terms were assigned on a 1-5 scale ranking
corresponding to the range within which these values meet (See
Table 2). Table 4 shows the results of parameter index values
that contribute to the M VI values.

The results in Table 4 are non-physical parameter index val-
ues, ranked from 1 to 5 which were determined according to the

ranges (see table 2) corresponding to data in Table 3. The first
column of the Table 4 shows the name of marinas. MVI was
calculated using the parameter index values shown in the row
corresponding to the marina. However, the results presented
in Table 4 can also provide information about the relative sta-
tus of each marina with respect to a parameter. For example,
Ortakent is a small-scale marina that generates low income de-
spite its high mooring fees. On the other hand, Turgutreis is
relatively one of the most valuable marinas in the region ac-
cording to socio-economic parameter values. For this reason,
from a socio-economic perspective, Turgutreis can be consid-
ered a much more vulnerable marina than Ortakent if adequate
precautions are not taken. In previous studies that conducted
socio-economic vulnerability index for a coastal area or infras-
tructure, it was accepted that as the capacity and number of
coastal infrastructures and their criticality level for a coastal re-
gion increase, the level of social vulnerability will also increase
(Cutter et al., 2003; Mahapatra et al., 2015; Tano et al., 2018).
In this study, similar logic was used when determining parame-
ter ranges and corresponding vulnerability ranks. If a marina’s
income, yacht capacity or number of services provided are rel-
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atively higher than others, its socio-economic vulnerability is
also high.

The results showed that the location of the marinas and the
areas in their immediate surroundings had high and very high
vulnerability in terms of seven physical parameters. Particu-
larly the slope and elevation results, it was seen that the marina
areas are evaluated as flat or low plains. Ortakent, Turgutreis
and Yalikavak are the marinas located in the lowest sloping ar-
eas while Gumbet and Bitez have highest elevation and slope.
The slope and elevation of coastal land are considered one of
the most influential factors determining vulnerability to SLR-
induced climate change impacts, and exposure to hazards such
as inundation, and coastal flooding (Dawson et al. 2009; Kaliraj
and Chandrasekar 2012; Minar et al. 2013; Kuleli and Bayazit,
2023). According to the geology findings, it was observed that
the locations where marinas are located have andesite rock type.
However, Milta is the unseparated quaternary; Bitez marble;
Gumbet andazite; Ortakent, Turgutreis and Yalikavak are un-
separated quaternary and pyroclastic rocks; Yalikavak has also
unseparated quaternary soils. The index values of each physi-
cal parameter for each grid was calculated accordingly the scale
given in Table 2. And the PCVI results were illustrated as a map
(Figure 3)

Figure 3 is the result map that include both PCVI and MVI
findings, obtained from the spatial analyses of parameters’ in-
dex values of seven physical and eight non-physical parameters
using various GIS methods (as highlighted in method section)
in accordance with the Equation 1 and Equation 2. The map
shows two result: First, spatial distribution of physical coastal
vulnerability index (PCVI) toward the hinterland of seven mari-
nas, according to the 1-5 scale. The boundaries cover along the
coastline with a 1 km buffer zone from the shoreline. There
is no standard buffer zone determination criteria in coastal re-
search, so in line with the scope and purpose of this study, it was
considered that an area of 1 km would be sufficient. Second, as
point-display distribution of marina socio-economic vulnerabil-
ity (MVI) of seven marinas, according to the 1-5 scale.

The round icon in Figure 3 indicates the geographical lo-
cation of each marina examined. However, the color of the
round icon indicates the colours corresponding to the MVI val-
ues of marinas determined according to eight socio-economic
parameters. Each colour in the round icon indicates a differ-
ent level of socio - economic vulnerability. Meaning of col-
ors are the level of vulnerability to SLR-induced impacts, red:
MVI=5, very vulnerability; orange: MVI=4; high vulnerabil-
ity; yellow: MVI=3; moderate vulnerability; green: MVI=2;
low vulnerability; dark green: MVI=1; very low vulnerability.
Accordingly, Turgutreis is very highly vulnerable (round icon,
red; MVI=5) in socio-economic terms. Yalikavak and Milta
are highly vulnerable (round icon, orange; MVI=4) in socio-
economic terms. Gumbet, Bitez and Ortakent are marinas with
low and very low vulnerable in terms of socio-economic param-
eters. These results point out that marinas with relatively higher
socio-economic regional and sectoral value, such as Turgutreis,
Yal:kavak and Milta, are prone to be more vulnerable to the
threats of SLR caused by climate change. However, the level of
socio-economic vulnerability is a finding that will gain mean-

Figure 3: Integrated marina vulnerability map, including phys-
ical coastal vulnerability (PCVI) and non-physical (socio-
economic) marina vulnerability (MVI) for seven marina in the
study area.

Source: Authors.

ing with the physical vulnerability level of the area where the
marina is located, according to the physical coastal dynamics.

In the study area, the PCVI value of the region examined as
a buffer area of 1 km from the coastline is expressed with pixel
values spread over the study area on the map (see Fig. 3). The
meanings of these values on the colour scale show the physi-
cal vulnerability level of the location and surroundings of each
marina. Red: PCVI=5, very vulnerability; orange: PCVI =4;
high vulnerability; yellow: PCVI =3; moderate vulnerability;
green: PCVI =2; low vulnerability; dark green: PCVI =1; very
low vulnerability. According to the PCVI results, Turgutreis,
Yalikavak and Ortakent were found to be very highly vulnera-
bility marinas, depending on the physical coastal characteristics
of their location (PCVI=5). Milta and Bodrum Kale are high
vulnerability (PCVI=4). Gumbet and Bitez are vulnerable at
moderate level (PCVI=3).

The higher PCVI of a marina means that the marina is lo-
cated in a vulnerable coastal area that is susceptible to coastal
hazards such as coastal flooding, coastal erosion, saltwater in-
trusion, rising coastal water, storm damage due to its rising fre-
quency and intensity (Wang and Marsooli, 2021). Marinas that
are superior in socio-economic indicators such as the facilities
they offer and the income and employment they provide can be
considered vulnerable in terms of exposure to these hazards that
may occur (Tano et al., 2018). Rising population density, port
and tourism activities increase the level of socio-economic vul-
nerability (Rani et al., 2015). Therefore, the high MVI values
have the effect of increasing the overall vulnerability level of
marinas.

Figure 3 does not include the IMVI values, because the as-
sessment of IMVI results would be beneficial for specific cases
when prioritization is a need due to limited budget or time for
immediate adaptation. IMVI results show physical coastal vul-
nerability outcomes induced (magnified or reduced) by the level
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Table 5: Vulnerability levels of marinas based the PCVI, MVI and IMVI values in 1-5 scale.

Coastal vulnerability Marina vulnerability Integrated marina
in physical terms In socioeconomic terms vulnerability

57(;1‘:;1 z Level MVI Value Level E;:ﬁ:g Level
Bitez 3 Moderate 2 Low
Bodrum Kale 4 High 3 Moderate 3 Moderate
Gumbet 3 Moderate 2 Low _
Milta 4 High 4 High 4 High
Ortakent
Turgutreis
Yalikavak

Source: Authors.

of socio-economic vulnerability. So it may also provide the
degree of exposure of a marina to the SLR-induced climate
change impacts of physical spatial and socio-economic factors.
Table 5 shows the summary of PCVI and M VI values and then
the combination of both values that determined the IMVI val-
ues.

The results of this study, as summarized in the Figure 3
provide a comparative analysis of the level of vulnerability of
marinas to climate change impacts especially the SLR, based
on both their physical and non-physical dynamics. According
to the findings in the scientific literature, considering not only
physical factors but also socioeconomic variables is significant
in the vulnerability assessment process (Poompavai and Rama-
lingam 2013; Jana and Bhattacharya 2013; Rani et. al., 2015).
Physical vulnerability in an area are usually used to give a quick
indication of coastal vulnerability (Palmer et al., 2011). How-
ever, socio-economic features of coastal infrastructures are also
needed for a holistic vulnerability assessment that provides im-
plications for both natural and human systems. For instance; it
was observed that Yalikavak, Turgutreis and Milta showed con-
sistency both physical and socio-economic vulnerability levels.
It means that, these top three marinas are superior than others
in terms of socio-economic parameters such as yacht capacity
(both in the sea and the land), number of services and employ-
ment it proves in the region, incomes, are also marinas with
high and very high physical vulnerability. So it might mean that
preventive and protective actions and plans should be required
for these marinas for the hazards due to climate change impacts.
On the other hand, Ortakent is notable as a marina with very
high physical vulnerability but very low non-physical vulnera-
bility. It means that Ortakent has a less socio-economic impor-
tance for the region according to the eight parameters used in
this study. Other marinas have similar situation are Bitez, Bo-
drum Kale and Gumbet marinas, but less distance between the

results of PCVI and MVI. In this case, IMVI results (Table 5)
can provide information to decision makers about which mari-
nas with high levels of physical vulnerability should be priori-
tized in adaptation plans and strategies. For example, a priority
ranking can be made among marinas showing similar levels of
physical vulnerability, according to criteria such as contribution
to the regional economy and sectoral importance.

Although it provided important findings, this study has lim-
itations. The most important factor determining the boundaries
of the study is the availability of common data required for the
comparative analysis of the selected marinas. Additionally, this
research conducted on a peninsula scale can also be conducted
on a larger scale for areas with different geographical and ad-
ministrative borders. Future studies reproduce the IMVI model
in this study by adding different non-physical variables related
to marinas.

Conclusions.

In conclusion, the key infrastructure such as seaports, roads,
and commercial and touristic sites are prone to threats by ero-
sion, coastal flooding, and storm surges etc. due to SLR-induced
climate impacts. Although the coastal zone is a financial engine
for economic development, the zone and infrastructures within
the coastal zone are vulnerable to SLR. This study presents a
new integrated index methodology, the IMVI to assess the rel-
ative vulnerability level of yacht marinas. The IMVI approach
can be modified by future studies and can be used as decisive
criteria for adaptation strategies toward resilience in the econ-
omy and the community. It has the potential to advance the
current understanding of determining the vulnerability to SLR-
driven climate impacts not only for marinas but also for trans-
portation infrastructures such as commercial cargo ports and
shipyards.
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