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Abstract: Small fishing harbours substantially contribute to coastal economies as they support not
only fishing but also tourism activities. They are located at the land-sea interface and are considered
vulnerable infrastructure affected by the increased human activities but also by the impacts of climate
change, including rising sea levels and extreme weather events. In this paper, the 16 existing fishing
shelters of Cyprus are used as a case study to develop a complex vulnerability index for assessing the
shelters’ vulnerability. The index incorporates physical, environmental, technical and socioeconomic
variables, which are quantified and scored to denote the current state of vulnerability. The results are
validated through on-site visits, questionnaires answered by local fishermen and targeted interviews
with representatives of the port authorities. Furthermore, climate change projections are taken
into account for the physical variables to evaluate the impact of climate change on vulnerability
changes. The study highlights the complex interactions between a variety of factors characterising
the fishing shelters and driving vulnerability. The proposed index can assist decisionmakers with
prioritising interventions, allocating funding and designing adaptation pathways that reduce the
shelters’ vulnerability while increasing their resilience.
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1. Introduction

Seaports play a crucial role in the worldwide economy, enabling global trade [1,2]
while fostering development, employment and connectivity. However, they are vulnerable
to a range of factors due to their location, infrastructure condition, operational dependencies
and climate change. According to the Intergovernmental Panel on Climate Change (IPCC)
definition of vulnerability, seaport vulnerability refers to the degree to which a seaport is
susceptible to or unable to cope with adverse effects from various hazards, including those
associated with climate change. The seaports’ level of exposure, sensitivity and adaptive
capacity determine the degree of their vulnerability [3].

Seaports are lying in the land-sea interface, thus being affected by sea level rise, storm
surges, flooding and extreme weather events [4]. These hazards jeopardise the structural
condition of the seaport itself, the undisrupted operation of the supply chain and the
lives of adjacent coastal communities [5-7]. Additional factors that contribute to seaports’
vulnerability include (i) the design and condition of seaport infrastructure and facilities [8],
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(ii) the extent to which seaports rely on external systems, such as telecommunications,
power and water supply [2], as well as (iii) socioeconomic aspects including the contri-
bution of port activities to regional or national economies and their relation to adjacent
communities’ prosperity [9].

Understanding seaport vulnerability is the first step for assessing risks, developing
adaptation strategies, and implementing measures to enhance resilience [4,10] through
actions such as integrating climate change considerations into port planning and design,
monitoring and improving port infrastructure, implementing emergency response plans
and fostering collaboration among stakeholders to address vulnerabilities. Assessments of
seaport vulnerability are typically conducted via the selection of appropriate indicators and
the development of vulnerability indices. Measuring vulnerability indicators and indices,
although a controversial issue among policy and academic communities [11], constitutes a
rapid and consistent method for conceptualising vulnerability [12,13], especially to identify
vulnerable people, regions or sectors at local scales [11].

Vulnerability assessments of seaport infrastructure and its functions are limited [14],
especially when compared to similar assessments for coastal areas. Indeed, targeted
searches in the Scopus database, undertaken in the context of this work, reveal that the
search term “coastal vulnerability” returned 7640 publications until 2022, whereas the
search term “port vulnerability” returned 1280 publications for the same time period.
However, publications related to port vulnerability keep increasing, albeit for 2016-2020,
only 1/3 of the publications assess port vulnerability, while only half of these incorporate
climate change. Several assessments at the single-port scale are found in the literature
(e.g., [15-18]), which despite their importance at the local scale do not allow for comparisons
of vulnerability among ports [8]. Vulnerability, risk and resilience assessments at the multi-
port scale have followed an upward trend over the years (e.g., [4,8,19,20]). However,
most efforts at determining seaport vulnerability focus on large commercial ports rather
than small craft harbours. Kontogianni et al. [21] proposed a vulnerability index for
small harbours, applied in Lesvos island, Greece, without considering specific climate
change projections.

Small harbours initially designed as fishing shelters but also used as berthing locations
for tourist boats play a vital role in the livelihood of coastal communities dependent on
fishing and tourism as a livelihood. They provide infrastructure and services that support
fishing and tourism operations, facilitate seafood distribution to consumers and enhance
business development in the surrounding areas. The need to assess these small harbours’
vulnerability becomes imminent when considering climate change and the rapid growth of
blue economy, which is estimated to reach USD 2.5-3 trillion by 2030 [22]. In particular, the
seafood sector is considered the fastest growing food industry and coastal tourism is the
fastest growing tourism sector [23].

In an attempt to contribute to the growing body of literature related to seaport vulner-
ability, a framework for assessing the vulnerability of fishing harbours, hereafter fishing
shelters, is proposed and applied in the fishing shelters of Cyprus. The framework is based
on the appropriate selection of variables and the development of an index that describes
the various physical, environmental, technical and socioeconomic aspects of the shelters’
current vulnerability. Furthermore, the climate change projections taken into account allow
for monitoring changes in vulnerability and planning targeted interventions, seeking to
reduce vulnerability and increase resilience. The proposed index is anticipated to facilitate
funding allocation and adaptation planning while providing input for climate-smart marine
spatial plans that consider land-sea interactions.

2. Materials and Methods
2.1. Vulnerability Framework

The methodological framework for assessing the vulnerability of the 16 fishing shelters
of the Republic of Cyprus consists of six (6) consecutive steps, as shown in Figure 1. Step 1
involves selecting the case study and defining its boundaries: in this case, the 16 Republic of
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Cyprus fishing shelters. Step 2 refers to developing the suggested vulnerability index (VI),
hence selecting the appropriate vulnerability variables and their inclusion into sub-indices
to easily monitor which aspects affect alterations in vulnerability. During Step 3, values
are assigned to each variable and subsequently transformed into discrete scores from 1
to 5 according to a predefined scale. The current VI is calculated for each fishing shelter
by aggregating the variables’ scores. To validate the current variables’ scores and total VI,
Step 4 comprises the validation of these results through the physical inspection of the
shelters, the completion of questionnaires by representatives of the fishermen in each
shelter, as well as targeted interviews with experts from the authorities who are responsible
for managing the shelters. Subsequently, V1is re-calculated in Step 5 by considering climate
change projections to assess the effect of climate change on Cypriot fishing shelters. In
Step 6, once both current and future vulnerability are determined, decision-makers and
stakeholders are in place to determine the most vulnerable shelters, the aspects of the
shelters contributing to their vulnerability as well as changes in future patterns. Thereby,
they are capable of properly allocating funding for targeted interventions that reduce
vulnerability. The results can also serve as input for climate-smart marine spatial planning
(MSP) that incorporates vulnerability at the land—sea interface.

Figure 1. Flow diagram describing the methodology followed for assessing the vulnerability of the
16 fishing shelters of the Republic of Cyprus, through the development of a vulnerability index (VI),
to support decision-makers and serve as an input for marine spatial planning (MSP).

2.2. Study Area (Step 1)

Cyprus is an island country located in the eastern part of the Mediterranean Sea, at
the cross-road of Asia, Europe, and Africa. It is the third largest and third most populous
island in the Mediterranean, after Sicily and Sardinia, extending over 9251 km?, with an
Exclusive Economic Zone (EEZ) 7.5 times larger than the island’s terrestrial area. The
Republic of Cyprus was established in 1960 and has been a member of the European Union
(EU) since 2004. The capital and largest city of Cyprus is Nicosia. The internationally
recognised government controls the southern and eastern parts of the island, comprising
approximately 59% of the total land area. The northern part of Cyprus is under the authority
of the Turkish Republic of Northern Cyprus (TRNC), which is recognised only by Turkey.
It covers approximately 35% of the total land area of Cyprus. The United Kingdom (UK)
retains sovereignty over two (2) areas on the island, known as the British Sovereign Base
Areas (SBAs) of Akrotiri and Dhekelia, extending at about 3% of the land area. These are
used as military bases by the UK, while the demilitarised Buffer Zone or Green Line that
separates the northern and southern parts of the island covers about 3% of the island. The
coastline of Cyprus stretches approximately 648 km, including the coastlines of both the
southern and the northern parts of the island.
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Sixteen (16) fishing shelters are found along the coastline controlled by the Republic
of Cyprus (Figure 1), extending over approximately 315 km?. These shelters play a vital
role in supporting the local fishermen by providing a safe harbour for fishing vessels and
contributing to the island’s fishing industry by facilitating the trade and distribution of
fresh seafood.

The management of fishing shelters falls under the authority of various government
bodies. The primary agency responsible for managing the fishing shelters is the Department
of Fisheries and Marine Research (DFMR), which oversees the operations and maintenance
of 13 of the 16 fishing shelters. The DFEMR is part of the Ministry of Agriculture, Rural
Development, and Environment. The proper functioning and compliance with regulations
of the remaining three (3) fishing shelters, namely the shelters of Limassol, Paphos and
Latsi (10, 12 and 14 in Figure 2), fall under the jurisdiction of the Cyprus Port Authority
(CPA), which is part of the Ministry of Transport, Communication and Works. However, six
(6) out of the 16 shelters host fishing and tourist vessels, thus contributing to the country’s
tourism sector, which comprised more than 13% of the total employment in 2019 [24].
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Figure 2. The 16 fishing shelters of the Republic of Cyprus examined in this case study.

2.3. Development of the Proposed VI (Steps 2 and 5)

The proposed VI comprises four (4) sub-indices, including 21 physical, environmental,
technical and socioeconomic variables in total (Table 1).

As regards the physical sub-index, three (3) categories were chosen, namely: (i) cli-
mate, comprising variables V1-V3, (ii) hydrodynamic conditions, including variables
V4-V6 and (iii) geomorphology, comprising variables V7 and V8 (Table 1) to indicate the
impacts of these variables on fishing shelters. The variables included in the climate and
hydrodynamic conditions categories were quantified using both hindcast and forecast data
to denote current and future vulnerability, respectively. In particular, variables V1-V6
were given values for three (3) different 30-year periods: (i) 19762005, (ii) 2041-2070 and
(iii) 2071-2100. For the period 1976-2005, V1-V6 were jointly quantified with the remaining
variables V7-V21 of the VI to indicate the present vulnerability of each fishing shelter. For
the two (2) future time periods, only the values of V1-V6 were altered by considering two (2)
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Representative Concentration Pathway (RCP) scenarios: (i) the moderate scenario (RCP 4.5)
according to which CO, emissions will peak around 2040 and will decline thereafter and
(ii) the pessimistic scenario (RCP 8.5) in which CO, emissions continue to rise throughout
the 21st century (IPCC, 2014). The combination of two (2) future time periods and two (2)
RCPs resulted in the formation of four (4) future vulnerability assessments to examine the
effects of climate change in the short and long term by considering medium and high green-
house gas (GHG) emissions pathways. It is noted that both historical and future datasets
containing offshore wave characteristics are associated with uncertainties regarding the
predictions, especially in the context of performing an Extreme Value Analysis (EVA) [25],
which may affect the subsequent vulnerability analysis. However, given the extensive
validation of these datasets and the consistent parametrizations of the models undertaken
to generate the historical and future datasets, it is considered that a reliable estimation of
the hydrodynamic conditions at the vicinity of the fishing shelters was obtained.

Table 1. The developed sub-indices of the Vulnerability Index (VI) and the selected vulnerability
variables, their units, category and data source for their quantification.

No. Sub-Index Category Variable Units Source
Copernicus Climate Data Store—Product:
V1 Mean wind velocity m/s CORDEX regional climate model data on
single levels
Copernicus Climate Data Store—Product:
V2 Climate Mean air temperature °C CORDEX regional climate model data on
single levels
Copernicus Climate Data Store—Product:
V3 Mean precipitation mm CORDEX regional climate model data on
single levels
. Copernicus Climate Data Store—Product:
1-year return period o . . ies for th
Vi extreme significant m cean surface wave time series for the
. European coast from 1976 to 2100 derived
wave height . -
from climate projections
Physical ) 50-vear return period Copernicus Climate Data Store—Product:
V5 Hydro@ynamlc ex};reme o nifican ¢ m Ocean surface wave time series for the
conditions & European coast from 1976 to 2100 derived
wave height . e
from climate projections
Copernicus Climate Data Store—Product:
V6 Sea level (change) m /vear Ocean surface wave time series for the
& y European coast from 1976 to 2100 derived
from climate projections
Geological Survey Department, Ministry
v7 Sediment Type of Agriculture, Natural Resources and
G hol Environment
comorphology Geological Survey Department, Ministry
%] Earthquake zone I 1L, III of Agriculture, Natural Resources and
Environment
D1§tance frqm areas Department of Environment, Ministry of
included in the .
V9 km Agriculture, Natural Resources and
Areas of NATURA 2000 .
) i Environment
Environmental environmental network
interest . Department of Environment, Ministry of
V10 Distance from km Agriculture, Natural Resources and

aquaculture .
q Environment
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Table 1. Cont.

No. Category Variable Units Source
Number of Department of Fisheries and Marine
Vi1 Harbour capacity Research, Ministry of Agriculture, Rural
vessels ;
Development, and Environment
Department of Fisheries and Marine
Vi2 General Current usage % Research, Ministry of Agriculture, Rural
characteristics Development, and Environment
Department of Fisheries and Marine
Y Research, Ministry of Agriculture, Rural
‘ear of construc- .
V13 tion /reconstruction Year Development, and Environment and
Cyprus Port Authority (CPA), Ministry of
Transport, Communication and Works
Department of Fisheries and Marine
Research, Ministry of Agriculture, Rural
V14 Utilities and facilities Number Development, and Environment and
Cyprus Port Authority (CPA), Ministry of
Transport, Communication and Works
Department of Fisheries and Marine
Research, Ministry of Agriculture, Rural
V15 Infrastructure Port layout - Development, and Environment and
Cyprus Port Authority (CPA), Ministry of
Transport, Communication and Works
Ministry of Transport, Communication
Vie Road network Categor and Works and National Open Data Portal
condition sory https:/ /www.data.gov.cy/ (accessed on
20 April 2023)
Distance from the National Open Data Portal
\4v4 closest human km https://www.data.gov.cy/ (accessed on
settlement 20 April 2023)
inhl;{;g:fs r(())ffthe Statistical Service of Cyprus (CYSTAT)
V18 Demographics closest human Number https:/ /www.cystat.gov.cy/ (accessed on
20 April 2023)
settlement
) ) Number of Department of Fisheries and Marine
V19 Socioeconomic fessional Number Research, Ministry of Agriculture, Rural
prolessional users Development, and Environment
Distance from the National Open Data Portal
V20 closest port km https://www.data.gov.cy/ (accessed on
Eeonomics p 20 April 2023)
V21 %3;?;;2%?; ;:)igs Euros Department of Public Works, Ministry of

years Transport, Communication and Works

V1. Mean wind velocity

The annual mean wind velocity at 10 m above the mean sea level extracted at a reference
location in the centre of the basin of each fishing shelter. Both hindcast and forecast data
are considered (i.e., 1976-2005; RCP 4.5 2041-2070; RCP 4.5 2071-2100; RCP 8.5 2041-2070;
RCP 8.5 2071-2100). More intense winds generate more energetic waves, affecting the berth
positions” tranquillity. Additionally, winds exert loads on fishing boats [26], increasing the risk
of vessel collision.

V2. Mean air temperature

The mean ambient air temperature at 2 m above the surface over the three (3) 30-year
periods. The data for this variable were extracted at the nearest point in the centre of the
fishing shelter basin. An increased mean air temperature can potentially increase the exerted
stress on the harbour infrastructure especially in metal components (e.g., ladders) [27].

V3. Mean precipitation

The average cumulative precipitation over the three (3) 30-year periods. The data
for this variable were extracted at the nearest point in the centre of the fishing shelter
basin. Increased precipitation levels can affect the harbour berthing operations and are
often associated with extreme storm events that can potentially damage the harbour
infrastructure [17].
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V4. The 1-year return period extreme significant wave height

The extreme significant wave height with a return period of one (1) year, at a reference
point offshore each fishing shelter’s entrance, with a corresponding depth of 100 m. This
depth was selected to ensure that the offshore sea-state wave characteristics will correspond
to deep water values. The variable was calculated by identifying a +90-degree range
relative to the main orientation of the fishing shelter location with respect to the true north.
Then, the extreme significant wave height with a return period of one (1) year for each
fishing shelter was computed by performing EVA on the available hourly wave data over
the 30-year periods. A larger wave height can increase the agitation levels inside the
harbour basin [28] disturbing its operations [29].

V5. The 50-year return period extreme significant wave height

The extreme significant wave height with a return period of 50 years, at a reference
point offshore each fishing shelter’s entrance, with a corresponding depth of 100 m. This
depth was selected to ensure that the offshore sea-state wave characteristics will correspond
to deep water values. The variable was calculated by identifying a +90-degree range
relative to the main orientation of the fishing shelter location with respect to the true north.
Similarly to V4, the extreme significant wave height with a return period of 50 years for
each fishing shelter was computed by performing EVA on the hourly wave data over the
years 1976-2005, 2041-2070 and 2071-2100 for the two (2) RCPs, available in the dataset
at stations along the European coast with a maximum resolution of 30 km, obtained from
the Copernicus Climate Change Service. In addition to increasing agitation levels inside
the harbour basin, larger wave heights can damage the protection works and interior port
infrastructure due to excess loading [30].

V6. Sea level (change)

The rate of mean sea-level change due to the impact of climate change at a reference
location in the centre of the basin of each fishing shelter. The variable is calculated at
the end of the 30-year window only for the future periods for each RCP scenario. An
increased level of sea-level rise increases the risk of coastal inundation and flooding,
resulting in operational stoppage of the fishing shelter and infrastructure damages in the
hinterland [31,32].

V7. Sediment

Sediment transport, especially when sediment motion is mainly due to suspension,
can hinder the approach of fishing boats due to the potential accumulation of sediment in
the channel entrance, thus reducing the depth in the fishing shelter basin [33]. Fine sand,
silt, and clay sediments, present in mud flats deltas and sandy beaches, are more easily set
in suspension due to wave stirring and are associated with increased vulnerability. The
variable is extracted in the centre of the basin of each fishing shelter.

V8. Earthquake zone

Earthquakes can seriously impact ports [34], depending on their intensity and proxim-
ity, including fatalities, structural damage, disruption of operation and changes in water
depths. The higher the seismic zone in which a shelter is located, the higher its vulnerability.

The environmental sub-index refers to the areas of environmental interest and consists
of V7 and V8 (Table 1), denoting areas which may be affected, depending on their proximity
to the shelter, by an unintended event occurring at the shelter’s area (e.g., vessel accident).

V9. Distance from areas included in the NATURA 2000 network

The Euclidean distance from the centre of each shelter to the closest marine or terres-
trial boundary included in the NATURA 2000 network. The distance is calculated with the
Euclidean distance tool of ArcToolbox with the use of ArcGIS Desktop, version 10.8.2. The
closer the shelter is to the NATURA 2000 area, the more vulnerable it is.

V10. Distance from aquaculture

The Euclidean distance from the centre of each shelter to the closest boundary of an
aquaculture site. The distance is calculated with the Euclidean distance tool of ArcToolbox
with the use of ArcGIS Desktop, version 10.8.2. The closer the shelter is to an aquaculture
area, the more vulnerable it is.
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The technical sub-index contains two (2) categories, the general characteristics and
the infrastructural ones, consisting of three (3) variables each: V11-V13 and V14-V16,
respectively (Table 1). The sub-index encapsulates the technical components of the shelter,
which, based on their value, contribute more or less to the shelter’s vulnerability.

V11. Harbour capacity

The number of berthing positions for which the shelter was designed. The higher
number of boats a shelter can host, the higher the vulnerability of the seaport itself, since in
case of unintended incidents, such as natural hazards or delays, more assets are affected.

V12. Current usage

Percentage of the annual berthing positions occupied with respect to the available
berthing positions. The percentages were calculated for the year 2021. Higher current
usage indicates higher vulnerability, since more assets and people are affected in case of
accidents and catastrophic events.

V13. Year of construction/reconstruction

Year of construction or major reconstruction of the fishing shelter. For 12 out of the
16 shelters, the year of reconstruction was considered. The more recent the year of construc-
tion or reconstruction, the lower the shelter’s vulnerability.

V14. Utilities and facilities

The variable refers to a combination of 12 parameters, namely: electricity supply, water
supply, freshwater refilling services, boat slip, fire safety facilities, boat-stacking facilities,
lighting, toilettes, sanitation facilities, storage areas, parking areas and sheds. The more of
these utilities and facilities the shelter includes, the less vulnerable it is considered.

V15.Port layout

The ratio of the total length of protection works to the difference between the perimeter
of the port basin minus the length of the shelter’s terrestrial zone. The variable seeks to
determine how protected the shelter is, in terms of layout, from the wave action. The higher
this ratio, the lower the vulnerability of the shelter.

V16. Road network condition

The category of the road closest to the fishing shelter. The road categories refer to
the ones imposed by national regulations. The lower the category of the road, the higher
the vulnerability of the shelter, since in case of accidents or catastrophic events, the escape
routes are fewer and less safe.

The socioeconomic sub-index includes the categories of (i) demographics, comprising
V17-V19 and seeking to determine the vulnerability concerning the impacts on commu-
nities found alongside, in case of unintended events, and (ii) economics, consisting of
V20-V21 (Table 1) which refer to the economic aspects affecting the shelters” vulnerability.

V17. Distance from the closest human settlement

The Euclidean distance from the centre of each shelter to the closest boundary of the
adjacent city/settlement. The distance is calculated with the Euclidean distance tool of
ArcToolbox with the use of ArcGIS Desktop, version 10.8.2. Higher distance denotes higher
vulnerability, since prompt intervention is less possible in case of accidents or catastrophic
events in the shelter’s area.

V18. Number of inhabitants of the closest human settlement

The number of people living close to the fishing shelter as depicted by the Cypriot
census in 2011. The higher the number of adjacent communities, the higher the shelter’s
vulnerability, since more people are affected in case of accidental incidents.

V19. Number of professional users

The number of professional fishing boats authorised to berth in each fishing shelter for
the year 2021. The higher the number of professional fishing boats, the higher the shelter’s
vulnerability to account for potential impacts on business operations.

V20. Distance from the closest port

The Euclidean distance from the centre of each shelter to the centre of the closest port.
The distance is calculated with the Euclidean distance tool of ArcToolbox with the use of
ArcGIS Desktop, version 10.8.2. Higher distance denotes higher vulnerability, since in case
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of interruptions, delays, accidents or catastrophic events, the possibility of boats to safely
berth in an adjacent location decreases, and the economic impact is higher.

V21. Maintenance costs during the last 15 years

The amount of money spent on the shelter’s structural maintenance during the last
15 years. The higher the amount, the lower the vulnerability of the shelter since there are
repair and maintenance initiatives that improve the shelter’s structural health.

2.4. Estimation of the Proposed VI (Step 3 and 5)
The suggested VI was estimated for all 16 fishing shelters according to [21].

n n
VI =wppys X norm (Z PHYS> + WgNv X norm <Z ENV) +
1 1

@
WTECH X norm (i TECH> + Wgogpc X norm (i SOEC)
1 1

where norm(}_ PHYS), norm(}_ ] ENV), norm(}_} TECH), and norm(}_} SOEC) are the
normalised, aggregated values for the physical, environmental, technical and socioeco-
nomic sub-indices, respectively.

The four sub-indices are considered to be equally important in this case study, similar
to Kontogianni et al. [21]; thus, the sum of their weights is equal to 1:

WPHYS + WENV + WTECH + Wsorc = 1 ()

The normalisation of the aggregated values of the four (4) sub-indices was conducted
according to Equation (3):

. . Ageovalue — mingt
sub-index normalised value = 58

- x 100 (©)]
MmaXgor — MiNgoy
where the Aggvalue is the sum of the values given to each variable within the sub-index,
and the max;ot and miny. values depend on the number of parameters and the scale of
assessment. For instance, for a sub-index comprising five (5) variables, which are measured
on a 1-3 scale, the maxot equals 15 and the miny,t equals 3, respectively.

The VI results were ranked using a priority scale between 1 and 100 (with 1 indicating
the lowest priority and 100 the highest), according to Equation (4):

I; — mi
priority ranking value = 99 x Vi — minyyn

= —+1 )
MmaXyyln — MNyyln
where VI is the value of the composite VI of the i-th shelter, and maxy1, and minyy, are
the maximum and minimum VI values observed within the examined group of shelters.

The vulnerability variables were quantified by collecting relevant data from various
sources (Table 1), which were mainly departments of Cypriot Ministries. The values
assigned to vulnerability variables such as V7, V11 and V14 were validated through site
visits in all the examined shelters, undertaken in Autumn 2021, during which physical
inspection was performed.

Following the assignment of values to each vulnerability variable, five (5) vulnerability
classes were developed for each variable according to the equal interval classification
method, with one (1) and five (5) representing the lowest and the highest vulnerability,
respectively (Table 2). For V8 (i.e., earthquake zone), only three (3) scores were assigned,
(1/5), (3/5) and (5/5) to correspond to zones I, II and III, respectively. For this variable,
low (2/5) and high (4/5) vulnerability are not applicable. For illustration purposes, the
discrete scores from one (1) and five (5) were assigned a different colour, with the lightest
standing for the lowest vulnerability and the darkest representing the highest vulnerability
of the sample. For each one of the 16 fishing shelters, each vulnerability variable was scored
according to the scale presented in Table 2. Furthermore, the aggregated variables’ scores
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resulted in scores for the four (4) sub-indices (Equation (3)), which were also classified for
illustration purposes, according to the equal interval method. Finally, a total VI score for
each shelter (Equation (1)) and their ranking from the most to the least vulnerable was
estimated according to Equation (4).

Table 2. Scale for the assessment of each variable.

Variable

Vulnerability Levels

Units Very Low (1/5) Low (2/5) Moderate (3/5) High (4/5) Very High (5/5)
V1: Mean wind velocity m/s [1.80-2.43) [2.43-3.07) [3.07-3.70) [3.70-4.34) [4.34-4.97]
V2: Mean air temperature °C [14.29-16.06) [16.06-17.84) [17.84-19.61) [19.61-21.38) [21.38-23.15]
V3: Mean precipitation mm [365.69-445.77) [445.77-525.85) [525.85-605.93) [605.93-686.01) [686.01-766.09]
X:lgﬁ‘e I-year return period extreme significant wave m [1.14-1.86) [1.86-2.59) [2.59-3.31) [3.31-4.04) [4.04-4.76]
V5: The 50-year return period extreme significant o [275-419) [419-563) [5.637.08) [7.06-852) [852-9.96]
wave height
V6: Sea level (change) mm/year [0-1.27) [1.27-2.55) [2.55-3.82) [3.82-5.10) [5.10-6.37]

) Boulders i
V7: Sediment Type (Cobbles) Pebbles Sand Silt Clay
V8: Earthquake zone L IL, 11 Zone I Zone 11 Zone 111
\n/:;“]?()‘:li““ce from areas included in NATURA 2000 km [9.86-12.32] [7.39-9.86) [4.93-7.39) [2.46-4.93) [0-2.46)
V10: Distance from aquaculture km [60.71-75.28] [46.14-60.71) [31.56-46.14) [16.99-31.56) [2.41-16.99)
V11: Harbour capacity Number of vessels [7-59) [59-110) [110-162) [162-213) [213-265]
V12: Current usage % [47.37-57.32) [57.32-67.26) [67.26-77.21) [77.21-87.15) [87.15-97.10]
V13: Year of construction/reconstruction Year [2011-2021] [2001-2011) [1990-2001) [1980-1990) [1976-1980)
V14: Utilities and facilities Number [2-3) [3-5) [5-7) [7-9) [9-10]
V15: Port layout - [0.12-0.53) [0.53-0.94) [0.94-1.35) [1.35-1.76) [1.76-2.17]
Main roads, intercity Secondary road network,
V16: Road network condition Category Molorwa)ts, fwo lanes roads, mostly one lane mostly connecting rural Local and unclassified Dirt roads
’ per direction S areas. One paved lane roads
per direction © pav
per direction

V17: Distance from the closest human settlement km [0.16-1.04) [1.04-1.92) [1.92-2.79) [2.79-3.67) [3.67-4.55]
V18: Number of inhabitants of the closest human Number [448-12,755) [12,755-13,203) [13,203-25,958) [25,958-38,713) (38,713-101,000)
V19: Number of professional users Number [6-26) [26-46) [46-67) [67-87) [87-107]
V20: Distance from the closest port km [0.17-5.69) [5.69-11.22) [11.22-16.74) [16.74-22.27) [22.27-27.79]
V21: Maintenance costs during the last 15 years (x 103) Euros [660-825] [495-660) [330-495) [165-330) [0-165)

2.5. Validation of the Proposed V1 (Step 4)

To validate the results of the proposed VI, the representatives of professional fish-
ermen answered a series of questionnaires during the site visits in Autumn 2021. The
representatives of fishermen have been contacted in advance and were requested to answer
25 questions (Table S1.1 in [35]) relevant to the shelter’s climatic, socioeconomic, operational
and infrastructural characteristics. In total, 25 questionnaires were completed by one (1) or
two (2) representatives in each shelter.

To further investigate the differences in results of the proposed VI based on experts
perceptions about the vulnerability of the fishing shelters, two (2) half-hour interviews
were conducted with representatives of DFMR and CPA, during which the problems of the
shelters were discussed, mainly in relation to the shelters’ structures and operations as well
as their contribution to the fishing and tourism industries of the country.

7

3. Results and Discussion
3.1. Current Vulnerability Assessment

The analysis of the physical, environmental, technical, and socioeconomic parameters
contributing to the current vulnerability of the 16 Cypriot fishing shelters
(Figures 52.1-52.21 in [35]) resulted in ranking the shelters from the most to the least
vulnerable (#1 and #16 in Figure 3, respectively). Overall, most scores indicating very
high vulnerability (5/5; Table 2) were found within the environmental sub-index, which
was followed by the scores of the socioeconomic sub-index (i.e., five and four out of the
16 shelters are scored with 5/5, respectively). The lowest vulnerability was observed within
the physical and the technical sub-indices (i.e., five out of the 16 shelters were scored with
5/5). However, the assessment scale for the physical sub-index also comprises the values
of the parameters of the RCP scenarios. Therefore, the values of the current assessment
were lower since the scale encompasses higher values of climate change projections for
the variables V1-V6 (Table 2). The fishing shelter of Agia Napa has been identified as the
most vulnerable (#1 in Figure 3) among the 16 shelters, which is mainly due to its very high
vulnerability scores in the environmental and technical sub-indices, and this is followed by
the shelters of Larnaca, Liopetri and Paralimni (#2—#4 in Figure 3). On the other hand, the
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shelter of Pyrgos (#16 in Figure 3) was the least vulnerable one with moderate vulnerability
(3/5; Table 2) in the physical sub-index and very low vulnerability (1/5; Table 2) in all
other sub-indices. In between, the shelters’ ranking did not follow a clear pattern, such as a
geographical one, and further investigation of the sub-indices and the parameters affecting
the vulnerability was required.
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Figure 3. Ranking of the 16 fishing shelters from the most to the least vulnerable, according to their

vulnerability index (VI).

Regarding the physical sub-index, the fishing shelters of Agia Triada, Paralimni,
Agia Napa, Akrotiri, Pomos and Pyrgos (1-3, 11, 15, 16 in Figure 4) were identified as
the most vulnerable ones. For the shelters in the southeastern part of the island (1-3 in
Figure 4), the physical parameters responsible for their increased vulnerability were the
mean wind velocity and the mean air temperature. Also, these shelters were found within
the boundaries of seismic zone III, thus presenting very high vulnerability (i.e., 5/5; Table 2)
in the category of geomorphology. For the shelters in the northwestern part of Cyprus
(15 and 16 in Figure 4), current physical vulnerability was due to increased mean wind veloc-
ity and precipitation and increased exposure to wave action. The fishing shelter of Akrotiri
(11 in Figure 4), which ranks as the most physically vulnerable shelter, demonstrated
very high and high vulnerability in the variables of mean wind velocity, air temperature,
precipitation and wave height (i.e., 5/5 for the mean wind velocity and 4/5 for the other
variables; Table 2). The shelters of Limassol and Larnaca were the least vulnerable ones
with respect to their physical parameters.

The vulnerability of the shelters from an environmental perspective is illustrated in
Figure 5. The shelters Agia Triada, Paralimni, Agia Napa and Liopetri (1-4 in Figure 5),
as well as Larnaca (8 in Figure 5) demonstrated the highest environmental vulnerability,
whereas the shelter of Pyrgos (16 in Figure 5) was the least vulnerable. Indeed, the shelters
of the southeastern part are in close vicinity with both areas included in the NATURA 2000
network (i.e., 0-4.93 km; Table 2) and aquaculture sites (i.e., 2.41-16.99 km). On the contrary,
despite those shelters of the western part, namely Paphos, Akrotiri, Agios Georgios, Latsi,
Pomos, and Pyrgos (12-16 in Figure 5), being also very close, or even within (i.e., Agios
Georgios; 13 in Figure 5) NATURA 2000 areas, they are very far from aquaculture sites,
thus scoring less in environmental vulnerability.
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Figure 4. Vulnerability of the 16 fishing shelters with respect to their physical parameters. The five
colours indicate the five levels of vulnerability (1-5), ranging from light pink, denoting very low
vulnerability (1) to magenta, representing very high vulnerability (5).
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Figure 5. Vulnerability of the 16 fishing shelters with respect to their environmental parameters. The
five colours indicate the five scales of vulnerability, ranging from light green, denoting very low
vulnerability to deep green, representing very high vulnerability.
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The most vulnerable shelters from a technical aspect were Agia Napa and Larnaca
(3 and 8 in Figure 6), which was mainly due to their year of construction (i.e., 1976 and 1979,
respectively) and the absence of any reconstruction activities since then. Furthermore, these
two (2) shelters, along with Agia Triada, Paralimni, Zygi and Limassol (1, 2, 9 and 10 in
Figure 6) demonstrated the highest current usage percentages (i.e., 87.15-97.10%; Table 2),
denoting the shortage of space available for berthing. Even the shelter of Zygi, which is
among the newest shelters (i.e., reconstructed in 2010) and has the highest harbour capacity
(i.e., able to host 265 boats), has reached a 92.08% usage in 2021. The shelters of the western
part (i.e., Akrotiri to Pyrgos; 11-16 in Figure 6) have very low capacity and were not full
throughout the year. Most shelters showed high or very high vulnerability (i.e., 4/5 and
5/5; Table 2) regarding their layout, except for Paralimni and Agios Georgios (2 and 13 in
Figure 6). None of the shelters was found connected to a road classified as a motorway,
with the worst road network identified around the shelter of Xylophagou. The shelters
of Xylotympou and Akrotiri (7 and 11 in Figure 6) had the lowest number of utilities and
facilities within their terrestrial area with the shelters of Agios Georgios, Pomos and Pyrgos
(13, 15 and 16 in Figure 6) following. On the contrary, Zygi and Latsi were found as the
most modern and well-equipped Cypriot fishing shelters.
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Figure 6. Vulnerability of the 16 fishing shelters with respect to their technical parameters. The five
colours indicate the five levels of vulnerability (1-5), ranging from light grey, denoting very low
vulnerability (1) to deep grey, representing very high vulnerability (5).

Regarding the socioeconomic aspect, the most vulnerable shelters were the ones of
Larnaca and Zygi (8 and 9 in Figure 7), which is mainly because these are the shelters
mostly used by professional fishermen. The shelter of Agios Georgios (13 in Figure 7) also
ranked very highly in socioeconomic vulnerability because of its isolation from human
settlements. Furthermore, Larnaca shelter is located within the city’s boundaries. Therefore,
more inhabitants will be potentially affected in case of accident or catastrophic events. Zygi
is far from the closest port (i.e., 27.79 km; Table 2). In case of port closure, stoppage or
accident, the numerous professional users of Zygi’s shelter have the longest distance to sail
for safe berthing. The shelters of the northwestern part (Agios Georgios to Pyrgos; 13-16 in
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Figure 7) demonstrated very low and low vulnerability (i.e., 1/5 and 2/5; Table 2) in the
number of professional users and inhabitants of the closest human settlement, since they
are fairly isolated compared to the shelters of the southeastern part. Regarding maintenance
costs, most shelters have received little or no funding for maintenance operations during
the last 15 years, which is in conjunction with the absence of utilities and facilities shown in
the technical sub-index. However, important construction and reconstruction costs were
not considered in this paper, including the high construction cost of Zygi, of approximately
15 million euros.
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Figure 7. Vulnerability of the 16 fishing shelters with respect to their socioeconomic parameters. The
five colours indicate the five levels of vulnerability (1-5), ranging from light beige, denoting very low
vulnerability (1) to bright orange (5), representing very high vulnerability.

3.2. Site Visits

The site visits (53.1-53.16 in [35]) were extremely helpful during the validation process
and should be considered a prerequisite in a robust vulnerability assessment. Indeed, there
were observations, such as defects, which would be impossible to be made without visiting
the shelters. For instance, in the shelter of Xylophagou (5 in Figure 2), waste disposal
was observed in the terrestrial zone of the shelter. At the same time, temporary structures
were found in the shelter of Liopetri (4 in Figure 2), affecting the shelter’s overall facilities’
condition and safety. Furthermore, maintenance works were observed in Ormideia (6 in
Figure 2), and a damaged boat slip was found in Xylotympou (7 in Figure 2).

3.3. Questionnaires

In total, 25 questionnaires were completed by representatives of the professional
fishermen in each fishing shelter. For the shelters of Liopetri and Akrotiri (4 and 11 in
Figure 2), no representative was present; thus, no questionnaires were completed. Overall,
the shelters of Paphos, Agios Georgios, Pomos, and Pyrgos (12, 13, 15, 16 in Figure 2) were
identified as the most vulnerable by professional fishermen. The main reasons for this
increased vulnerability were the insufficient space for berthing and the increased wave
action in the island’s western part, which jeopardises safe boat manoeuvring and berthing.
The results were consistent with the analysis findings, which indicated high and very
high vulnerability scores in the variables related to wave height (i.e., V4 and V5; Table 2).
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The harbour capacity of these shelters is indeed limited, albeit in our case, the lower the
capacity, the lower the vulnerability (Section 3.1, Table 2). Furthermore, fishermen from
nine (9) shelters reported a significant decrease in fishing stocks, which was mainly due to
the presence of invasive species, especially lionfish in the southern and southeastern parts
of the island.

3.4. Interviews

With regard to the interviews’ results, there was a consensus with the fishermen’s
views regarding the fishing shelters that face severe operational and structural problems.
These were the shelters of Paphos, Agios Georgios, Pomos and Pyrgos (12, 13, 15, and
16 in Figure 2). In particular, the issues of wave agitation and overtopping, resulting in
difficulty in safe berthing, were highlighted. The shelter of Xylophagou (5 in Figure 2)
was also identified as vulnerable concerning its structural condition and layout. The
interviewees indicated the shelters of Akrotiri (11 in Figure 2), Pomos and Pyrgos as the
least cost-effective and the shelters of Agia Napa and Limassol (3 and 10 in Figure 2) as the
most profitable ones. The representatives of DFMR and CPA indicated that five (5) out of
16 shelters do not have electricity and water supply and that seven (7) out of 16 do not have
any fire safety facility or equipment.

3.5. Future Vulnerability Assessment

Since only six (6) out of the 21 vulnerability variables were altered according to climate
change projections (V1-V6; Table 1), which are included in the physical sub-index, the
changes in this particular sub-index are illustrated in Figures 8-11. The remaining variables
were excluded from this future assessment mainly because the use of socioeconomic
projections has been scarce compared to the climate ones [36] but also because projections
of the hereto considered variables differ in terms of time horizons. For instance, projections
for utilities and facilities of the shelter (V14) are stemming from policy-making and strategic
planning, usually undertaken up to 2030 or even 2050, whereas projections regarding
wind velocity (V1) are obtained up to 2100. Overall, all shelters demonstrated higher
vulnerability compared to the current one, which considered values of V1-V6 for the
period 2076-2005. For all the shelters, sea level rise seems to contribute to their increased
vulnerability. V6 (Table 2), depicting changes in sea level, was found to increase from
very low (1/5) to high (4/5) for RCP 4.5 and very high (5) for the RCP 8.5 scenario. In
both scenarios, the fishing shelter of Akrotiri (11 in Figures 8-11) was the most vulnerable,
since it showed high and very high vulnerability in all the physical variables of climate
and hydrodynamic conditions categories (Table 1). In contrast, the least vulnerable from a
physical perspective was Larnaca. When RCP 4.5 was considered, for the years 2041-2100,
the physical vulnerability of all shelters increased at least by one level except for the shelters
of Agia Triada, Liopetri, Larnaca and Limassol (1, 4, 8, 10 in Figure 8), which remained
constant. For instance, Xylotympou'’s (7 in Figure 8) physical vulnerability increased from
low (2/5) to moderate (3/5) for this short-term RCP 4.5 scenario. The most striking rise was
observed in the northwestern shelters, namely Agios Georgios, Latsi, Pomos and Pyrgos
(13-16 in Figure 8), which was mainly due to increased wave height and sea level. In the
long-term consideration of RCP 4.5, hence for the years 2071-2100, a rise was observed
in the vulnerability of Agia Triada, Paralimni and Agia Napa (1-3 in Figure 9), which
was due to the projected increase in annual mean air temperature and precipitation in
these areas. The estimation of physical vulnerability in the context of the most pessimistic
scenario, RCP 8.5, showed a further increase in vulnerability scores in the short term
(2041-2070), but there was a stabilisation or even decrease in the long term (2071-2100).
This is mostly attributed to the variations of the metocean parameters affecting the wave
penetration in the harbour basin (i.e., V2, V4 and V5; Table 1). In particular, when RCP
8.5 is considered, the average wind speed is expected to remain relatively unchanged
compared to the historical period (1976-2005), but a shift in wind direction can alter the
offshore sea-state wave characteristics [29,30] and reduce the agitation levels for the RCP
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8.5 scenario at the harbour basin [37]. For RCP 8.5, the shelters located in the northwestern
side of Cyprus are anticipated to become even more vulnerable, since the vulnerability
scores for annual mean wind velocity, air temperature, precipitation and wave height were
all found high to very high (4/5 and 5/5, respectively).
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Figure 8. Vulnerability of the 16 fishing shelters with respect to their physical parameters for RCP
4.5 scenario. The five colours indicate the five levels of vulnerability (1-5), ranging from light pink,
denoting very low vulnerability (1) to magenta, representing very high vulnerability (5).
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Figure 9. Vulnerability of the 16 fishing shelters with respect to their physical parameters for RCP
4.5 scenario. The five colours indicate the five levels of vulnerability (1-5), ranging from light pink,
denoting very low vulnerability (1) to magenta, representing very high vulnerability (5).
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Figure 10. Vulnerability of the 16 fishing shelters with respect to their physical parameters for RCP
8.5 scenario. The five colours indicate the five levels of vulnerability (1-5), ranging from light pink,
denoting very low vulnerability (1) to magenta, representing very high vulnerability (5).
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Figure 11. Vulnerability of the 16 fishing shelters with respect to their physical parameters for RCP
4.5 scenario. The five colours indicate the five levels of vulnerability (1-5), ranging from light pink,
denoting very low vulnerability (1) to magenta, representing very high vulnerability (5).

4. Conclusions

In this work, an integrated framework for assessing the vulnerability of fishing shelters
was proposed. The framework was applied in the 16 shelters of Cyprus and involved the
development of a vulnerability index comprising 21 physical, environmental, technical and
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socioeconomic variables associated with the determination of four (4) sub-indices. The
variables were chosen to incorporate different aspects of the fishing shelters in an effort to
holistically examine vulnerability. The parameters were quantified and scored on a scale of
1-5, with 1 denoting very low vulnerability and 5 denoting very high vulnerability. Six (6)
out of eight (8) physical variables reflect each area’s climatic and hydrodynamic conditions
and were quantified by considering both hindcast and forecast data to assess current and
future vulnerability. For the current assessment, data for the period 1976-2005 were taken
into account, whereas for the future one, two (2) RCP scenarios—namely, RCP 4.5 and
RCP 8.5 were considered—with respect to two (2) time horizons, 2041-2070 and 2071-2100,
resulting in four (4) future scenarios. The approach allowed for comparison among the
shelters at present and examination of vulnerability alterations due to climate change. The
most common constraints in assessing future vulnerability are high uncertainties in project-
ing future socioeconomic development [38], lack of conceptual clarity, and methodological
limitations, most notably the lack of future-oriented socioeconomic data at an usable spatial
scale [39]. Overall, vulnerability indices constitute simplifications of vulnerability, which
is a complex and immeasurable phenomenon [11]; therefore, the index results need to be
critically evaluated and linked to the analysis of drivers that increase vulnerability [36].
Furthermore, the vulnerability was perceived as a dynamic process during which stake-
holders’ views and real-time observations are necessary to acquire a robust overview of
the shelters’ vulnerability. To validate the current assessment, site visits were performed in
all shelters, during which professional fishermen answered questionnaires. In addition,
interviews with representatives of the port authorities were also conducted.

Overall, vulnerability was proven to result from strong interconnections between all
components of each fishing shelter. Policymakers and stakeholders should examine the full
vulnerability spectrum before allocating adaptation funding and prioritising interventions
rather than solely considering an aggregated vulnerability score. In particular, Agia Napa
and Larnaca were identified as the most vulnerable Cypriot shelters. Their vulnerability
predominantly stemmed from socioeconomic and technical aspects related to their capacity
and occupancy. However, these shelters were less vulnerable with respect to their physical
parameters when compared to the shelters of the western and northwestern parts of the
island. These shelters demonstrated low to moderate total vulnerability. However, they
were highly to very highly vulnerable when only the physical aspect was considered since
they were found to be exposed to increased wind velocity, precipitation depths and wave
height. The problem is anticipated to further exacerbate when climate change projections
were considered, which generally revealed a rise in sea level for all shelters.

In the context of marine spatial planning, the increased vulnerability of shelters on
the southeastern part of the island has to be examined due to their proximity to areas
of environmental interest. It was identified, especially via the in situ inspections, the
interviews and the questionnaires, that important utilities and facilities such as water supply
and fire protection systems are inadequate for most of the shelters. Additional variables that
further reflect the hydrodynamic and structural conditions of the shelters could be added
in a more technically oriented index. For instance, the percentage of wave height inside
the port basin that exceeds a certain threshold and the length of the breakwaters could be
added to evaluate the wave agitation levels and the structural conditions of the shelters,
respectively. Furthermore, geomorphological variables such as slope and elevation could
be added to describe the condition of the adjacent shoreline in an effort to combine coastal
and port vulnerability assessments. The communication between professional fishermen
and the port authorities was identified as problematic in some cases, as stated by both sides,
which impedes the process of undertaking actions that reduce vulnerability. Designing
tailored adaptation pathways that address vulnerability and further increase the shelters’
resilience would require an interdisciplinary team of scientists, decision-makers, fishermen
and citizens. The latter is necessary to tackle the complexity of the sectors involved in
vulnerability and risk assessments. A potential upscaling of vulnerability assessments and
consideration of numerous shelters would require improved data transparency as well as
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the definition of threshold values to simultaneously examine the vulnerability of fishing
shelters found in different geographical and socioeconomic settings.
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