5 geosciences

Article

A Holistic Approach for Coastal-Watershed Management on
Tourist Islands: A Case Study from Petra—Molyvos Coast, Lesvos

Island (Greece)

Stamatia Papasarafianou 1%, Ilias Siarkos 2, Aliki Gkaifyllia 3, Stavros Sahtouris 3, Giada Varra (7,
Antonis Chatzipavlis 3(7, Thomas Hasiotis 3> and Ourania Tzoraki 3

check for
updates

Citation: Papasarafianou, S.; Siarkos,
I; Gkaifyllia, A.; Sahtouris, S.; Varra,
G.; Chatzipavlis, A.; Hasiotis, T.;
Tzoraki, O. A Holistic Approach for
Coastal-Watershed Management on
Tourist Islands: A Case Study from
Petra-Molyvos Coast, Lesvos Island
(Greece). Geosciences 2024, 14, 326.
https://doi.org/10.3390/
geosciences14120326

Academic Editor: Sabina Porfido

Received: 27 July 2024
Revised: 22 November 2024
Accepted: 24 November 2024
Published: 2 December 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Science and Technology, University of Napoli Parthenope, 80143 Napoli, Italy

Department of Civil Engineering, Democritus University of Thrace, 67100 Xanthi, Greece; isiarkos@aegean.gr
Department of Marine Sciences, University of the Aegean, 81100 Mytilene, Greece;

alikigaifillia@yahoo.gr (A.G.); s.sahtouris@aegean.gr (S.S.); a.chatzipavlis@marine.aegean.gr (A.C.);
hasiotis@marine.aegean.gr (T.H.); rania.tzoraki@aegean.gr (O.T.)

Department of Engineering, University of Napoli Parthenope, 80143 Napoli, Italy;
giada.varra@uniparthenope.it

*  Correspondence: stamatia.papasarafianou001@studenti.uniparthenope.it; Tel.: +30-6981-718-533

Abstract: Shoreline configurations are a complex outcome of the dynamic interplay between natural
forces and human actions. This interaction shapes unique coastal morphologies and affects sediment
transport and erosion patterns along the coastline. Meanwhile, ephemeral river systems play a vital
role in shaping coastlines and maintaining ecosystem sustainability, especially in island settings. In
this context, the present study seeks to develop a holistic approach that views coast and watershed
systems as a continuum, aiming to investigate their relationships in an island environment, while
accounting for human interventions in the river regime. For this task, the empirical USLE method
was employed to quantify sediment production and transport from the catchment area to the coast,
while hydraulic simulations using HEC-RAS were conducted to assess sediment retention within
flood-affected areas. Moreover, coastal vulnerability to erosion was evaluated by applying the INVEST
CVImodel in order to identify areas at risk from environmental threats. The coastal zone of Petra—
Molyvos, Lesvos, Greece, was selected as the study area due to ongoing erosion issues, with particular
emphasis on its interaction with the Petra stream as a result of significant human intervention at
its mouth. According to the study’s findings, the examined coastal zone is highly vulnerable to
combined erosion from wind and waves, while the river’s mouth receives only a small amount of
sediment from water fluxes. Evidently, this leads to an increase in beach retreat phenomena, while
highlighting the necessity for integrated coastal-watershed management.

Keywords: coastal vulnerability; water and sediment fluxes; sediment retention; human intervention;
integrated coastal-watershed management; NE Aegean Sea; Greece

1. Introduction

Coastal areas are dynamic socio-economic systems that constitute a fundamental part
of global financial services; as a matter of fact, coastal services account for approximately
43% of the overall contributions to human well-being [1-5]. These areas provide cultural
and ecosystem services, including food provision, recreation activities, and environmental
conservation [2-6]. At the same time, island beaches are the most significant tourist
destinations, due to the unique ecosystem, beautiful landscape, and cultural attractions.
Island coastal areas cover the 35S (Sea-Sun-Sand) tourism model [2,3,7], thus being an
important economic source at both local and regional scales [2], e.g., Greek islands (Chios,
Lesvos, Rhodes) and Caribbean small islands (Antigua and Barbuda) [3,8-10].

Tourist developments typically occur as close to the beach as possible, often with
minimal regulation of the coastal environment. Human activities, such as poorly designed
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coastal structures, dredging, coastal vegetation clearing, and excessive groundwater ex-
traction from coastal aquifers, are some of the major pressures on coastal evolution [4,11].
Coastal morphology, however, is affected by changes due to interactions between both
human activities and natural processes [11]. From the environmental perspective, natural
activities that play a crucial role in coastal areas include tidal movements, wave action,
currents, and sea level changes [4,10,11]. All the aforementioned factors collectively shape
coastal morphology, while often leading to temporary or permanent shoreline retreat and
coastal erosion [5,10,11].

Meanwhile, coastal areas are strongly impacted by water and sediment fluxes from
inland river watersheds, particularly those resulting from channelized stream flow [5,11];
in fact, it is estimated that stream flows produce 95% of sediment delivered to the sea [11].
Sediment transport by river systems shows great spatial interactivity with coastlines,
constituting the link between terrestrial and marine environments, while maintaining the
sediment balance within the entire ecosystem [11-13]. In addition, sediment retention in
floodplains is crucial for river geomorphological evolution and has a profound impact on
coastal morphology as well [11]. It then becomes clear that understanding the interplay
between river and coastal morphology is essential for managing coastal environments and
mitigating the impacts of natural and anthropogenic forces.

In particular, when human activities are introduced into the coast-watershed system,
their impact on sediment transport can be significantly negative compared to natural
processes [11]. Anthropogenic activities, such as river damming, mining, channelization,
flood control, and land use changes, are among the most significant factors contributing
to reduced sediment supply to coastal zones [14,15]. In this context, human alterations
to sediment dynamics and build-up can have important consequences on both coastal
and riverine environments, affecting everything from ecosystem health to coastal stability,
while increasing coastal erosion phenomena [11,16].

Coastal erosion is widely recognized as a major environmental issue globally due
to its immediate and destructive impacts on coastal areas [17,18]. In regions with lim-
ited tidal ranges and offshore currents, the shoreline is not naturally enriched with sed-
iments [11]. Instead, fluvial sediment is supplied to coastal zones, particularly during
the wet season, to help maintain coastal morphology [19,20]. For instance, intermittent
river flow is the primary sediment supply dynamic for the Greek Archipelago, affecting
about 18% of its beaches [7]. Consequently, coastal erosion is especially concerning for
island beaches due to their limited sediment supply and increased vulnerability to waves,
currents, and storms, making them critical “hotspots” for establishing adaptation strategies
and frameworks [7,12].

Addressing sediment supply, coastal vulnerability, and river management together
can lead to effective and informed solutions, which are essential for maintaining coastal
stability and mitigating erosion [21-23]. Coastal protection and conservation require a
holistic approach that addresses the multifaceted challenges of coastal management, such as
Integrated Coastal Zone Management (ICZM) [24,25]. By adopting ICZM, various sectors
can effectively align their needs and concerns, ensuring the sustainable and integrated
management of coastal areas [6,26]. Despite numerous investigations and monitoring
studies of coastal areas and watersheds, there remains a tendency to view these systems
as distinct entities [11,21]. However, it is crucial to consider the watershed and coastal
systems as a unified entity, commonly referred to as the “Coast-Watershed Continuum”
(CWCQC) [10,27].

To date, few studies (e.g., [11,28,29]) have provided a holistic approach to coastal—
watershed management worldwide, generally leading to a lack of information regarding
the connection between coasts and watersheds [11]. In this context, this study aims to
develop a multifaceted methodological framework in an attempt to improve the under-
standing of the interconnection between watersheds and coastal areas, with a specific
focus on tourist destinations, while also considering the impact of human activities on
the natural environment. To achieve this, various data from a diverse range of sources,
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including oceanographic, geomorphological, and hydrological information, were collected,
and several well-established methods were utilized. Specifically, this study employed the
InVEST Coastal Vulnerability model and the empirical USLE method, as well as hydrologi-
cal and hydraulic models (including the rational method and HEC-RAS) to examine the
interactions between rivers, land, and sea, and integrate multiple processes into a cohesive
framework. Through this approach, a more robust and reliable analysis of the relationships
between coastal and terrestrial environments can be accomplished.

2. Materials and Methods
2.1. Study Area

Lesvos Island, Greece (Figure 1la), with a coastline extending nearly 320 km [10],
contains 217 beaches that collectively cover an area of approximately 1.9 km? [10]. Petra—
Molyvos beach, located in northwest Lesvos (Figure 1a), was selected as the study area
due to its status as the most populous region in the West Lesvos Municipality [30] and its
significant annual influx of tourists. Additionally, Monioudi et al. [2] examined numerous
coastlines in the Aegean Sea, identifying 3234 beaches that are vulnerable to storm surges
and sea level rise. These vulnerabilities are related to the following: (i) narrow beach
widths, with around 59% having a maximum width of less than 20 m; (ii) limited terrestrial
sediment supply; (iii) extensive coastal development; and (iv) minimal coastal protection.
Petra-Molyvos beach reflects several of these characteristics [2,7].
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Figure 1. (a) A location map of Lesvos Island, Greece, and Petra-Molyvos beach, (b) the coastal
area, referred to as the “Vulnerability area”, where the vulnerability assessment was conducted
(including topographic details), along with the main streams interacting with the coast, the mouths
of the most significant streams such as Molyvos, Petra, and Anaxos rivers, and the boundaries of
the Petra hydrological basin, which was included in the study analysis, and (c) topographic and
hydrological details of the Petra basin, together with the area referred to as the “Flood Assessment
Area”, where flood risk assessment was performed.
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Furthermore, the beach under study, referred to as the “Vulnerability area” in Figure 1b,
has been identified as a “hotspot” primarily due to the following: (a) limited sediment
supply from onshore processes (intermittent flow streams, Figure 1b), which, combined
with sea waves and forces generated by prevailing winds, increases the risk of beach
erosion [7,12] and contributes to beach retreat phenomena [2,7,31]; and (b) human inter-
ventions such as the expansion of land use (both agricultural and urban development for
recreational activities) and stream channelization, which raise the risk of flooding.

Among the various intermittent flow streams interacting with the coast (Figure 1b),
the Molyvos, Anaxos, and Petra streams are recognized as the most significant in terms
of sediment supply, with the Petra stream being the most important, especially when
accounting for human intervention. As illustrated in Google Earth images of the mouths
of the three rivers mentioned above (Figure 1b), a larger section of the Petra River has
been channelized compared to the others, while human activities, particularly residential
development, are more pronounced near its mouth. This clearly emphasizes the importance
of examining this particular stream in relation to the others flowing in the Petra-Molyvos
beach, making it a focal point of the analysis conducted in the present study. Specifically,
the Petra stream extends about 6.0 km, while serving as a drainage system for an 8.0 km?
area (the Petra basin, Figure 1b). In Figure 1c, the topographic and hydrological features of
the Petra basin, together with the part of the stream included in the flood risk assessment,
which will henceforth be referred to as the “Flood Assessment Area”, are depicted.

In Lesvos, the geology is characterized by Miocene volcanic rocks that deposit above
an Alpine basement, which consists of a Jurassic ophiolitic sequence overlying Paleo-
zoic crystalline limestones and schists [32]. Three main geological units are detected in
the island: (a) an autochthonous series of pre-alpine and alpine formations; (b) an al-
lochthonous series of alpine volcano-sedimentary formations and ophiolitic rocks; and (c)
post-alpine formations [32]. Volcanic rocks are predominant in the study area, as shown
in Figures 2a and 3a. More specifically, along the coastline and the watershed, the main
geological formations include alluvial plains (Q.al), dyke (Ng.d), upper lava unit (Ng.ul),
and lower lava group (Ng.112) (Figures 2a and 3a) [33,34]. From a geomorphological point
of view, the Petra-Molyvos coastline is characterized by rocky medium to high cliffs, and
small seawalls, together with coastal and fluvial landforms (Figure 2a) [35,36].
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Figure 2. (a) The geomorphology of the coast under study, along with the geological formations
identified in the region, and (b) the types of land use observed throughout the broader area, referring
to the year 2018 (112—discontinuous urban fabric, 131—mineral extraction sites, 142—sport and
leisure facilities, 211—non-irrigated arable land, 223—olive groves, 231—pastures, 242—composite
culture systems, 243—land principally occupied by agriculture, 312—coniferous forest, 321—natural
grassland, 323—sclerophyllous vegetation, 324—transitional woodland /shrub, 523—sea and ocean).
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Figure 3. (a) The geological background of the Petra basin, and (b) the types of land use within the
Petra basin, referring to the year 2018 (112—discontinuous urban fabric, 131—mineral extraction
sites, 211—non-irrigated arable land, 223—olive groves, 242—composite culture systems, 243—
land principally occupied by agriculture, 311—broad-leaved forest, 312—coniferous forest, 324—
transitional woodland /shrub).

Concluding the study area description, the various land use types observed in the
broader area surrounding the coastline, as well as within the Petra basin for the year
2018, are displayed in Figures 2b and 3b, respectively. As shown, the primary land cover
comprises olive groves (code 223) and agricultural land (code 243), followed by either
natural grassland (code 321) (Figure 2b) or forests (codes 311 and 312) (Figure 3b) [37,38].

2.2. Data Collection

For the needs of the present study, data related to both marine (i.e., sea level, waves)
and hydrological (i.e., precipitation) parameters, as well as to the geomorphology of both
the coastal area and the watershed, are required. Table 1 provides a brief description
of the data used, also involving their sources, while outlining the specific processes for
which the various data are needed. In addition to the data gathered from various sources,
field measurements were also carried out specifically aimed at obtaining the necessary
topographic data for the hydraulic simulations performed to produce water surface profiles
and then convert them to flood inundation maps [39]. More specifically, nine cross-sections
(XSs) along the downstream section of the Petra stream, in the interior of the “Flood
Assessment Area” (Figure 1c), were measured using a TopCon Hipper VR GNSS receiver
for field surveys. The measurements were taken from downstream to upstream, allowing
for a comprehensive understanding of the stream’s cross-section characteristics [39-41].
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Table 1. The complete set of data gathered within the present study, including a brief description,

their source, and the specific processes for which the various data are needed.

Data Description Process * Source
Raster file of the area of European Marine Observation
Bathymetry interest with a pixel size of cv and Data Network
100 m x 100 m. (EMODnet) (europa.eu)
This parameter is defined as
. the average surface Copernicus Land Monitoring
Relief elevation—DEM raster file CV, HC, HS, 5Y Service
with a 27 m resolution.
The distance from the shore to
the edge of the continental
. shelf, protected by a Shoreline /Coastline
Surge Potential significant land v Databases | NCEI (noaa.gov)
mass—polylines created in
QGIS 3.16.13.
Seagrass data exported from
Natural Habitats MARISCA.pIOJeCt a1.1d . Ccv Seagrass data by [42]
converted into polylines in
QGIS 3.16.13.
Classification of physical
characteristics including European Marine Observation
Geomorphology descriptions and Ccv and Data Network
ranks—polylines created in (EMODnet) (europa.eu)
QGIS 3.16.13.
Wind-wave exposure model
in MATLAB R2022b—hourly Meteoblu
Climatic Forces data at a height of 10 m Ccv Monioudi ailcelo\/elee rakis [43]
(January 2017-December ’ &
2022).
ESLs are considered the sum
of the mean sea level, the Global probabilistic
astronomical tide, and the ..
episodic coastal water level projections of extreme sea
Sea Level Rise P Ccv levels show intensification of
rise due to storm surges and
coastal flood hazard | Nature
wave setups (present and Communications [44]
future scenarios—RCPS 4.5
and RCPs 8.5).
Outline of the coastal
Landmass region—modified polygon in cv DIVA-GIS
QGIS 3.16.13.
Modified polygon in QGIS Copernicus Land Monitoring
Land Use 3.16.13 (CLC Version 2018). CV, HC, HS, 5Y Service
Statistical analysis of daily
Precipitation rainfall data (July SY, HC Meteo.gr
2009—October 2022).
University of the
Geology Modified polygon in ArcGIS CV,SY, HC Aegean—Department of

10.2.2.

Geography Cartography &
Geoinformatics Laboratory
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Table 1. Cont.

Data Description Process * Source
Use of the Topcon Hiper VR University of the
. Aegean—Department of

GNSS receiver for the . .

. . . Marine Sciences Coastal

Work Field collection of surface elevation HS .
Morphodynamics &
data. (TopCon Way, State of Management & Marine
California, CA, USA) g
Geology
Use of historical data from the
years 2003 and 2024 to
Satellite Images examine changes in the CWC Google Earth

evolution of both the coastal
zone and the river mouth.

* CV = coastal vulnerability, SY = sediment yield, HC = hydrological calculations, HS = hydraulic simulations,
CWC = coastal-watershed continuum.

2.3. General Methodological Framework

The methodological framework developed in this study aims to investigate and
analyze the intricate interrelationships among the diverse components of coastal-watershed
systems, including coastal vulnerability, sediment transport, and flood risk. A general
overview of the proposed methodology is depicted in Figure 4, while its various parts are
briefly described in the following: Coastal Vulnerability Assessment—M1 (Section 2.3.1):
assessing coastal vulnerability to erosion is crucial for identifying areas at risk due to various
factors, providing valuable information for protecting both human infrastructure and
ecosystems, and promoting the sustainability and resilience of coastal regions. Sediment
Yield Assessment—M2 (Section 2.3.2): estimating sediment transport from the watershed
to river channels is vital for understanding catchment erosion, as well as for assessing
sediment supply to the nearby coastal zone. Flood Risk Assessment—M3 (Section 2.3.3):
understanding river flood processes is essential for assessing the potential severity of fluvial
flood risks, and for evaluating sediment retention in flood-affected areas.

INPUT DATA MODELS RESULTS E
M1 )
_ — :
oasta oasta =
©
I@l ln\r/nE:Je?V Vulnerability Vulnerability - =
|
Index Assessment i
="
20
M2 :
Sediment 8
USLE | Soilloss || Yield 2
e
Assessment 28
P = 3
g
) Rational Peak M3 S
method Discharge EE— <%
ood Ris
Assessment ‘ 2
|Z]
Field Survey (XS) _HE C-RAS Flood =
Inundation T

Figure 4. Graphical representation of the methodological framework developed in the present
study to investigate the interconnection among coastal vulnerability, sediment transport, and river
flood risk.
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2.3.1. Coastal Vulnerability Assessment

The coastal vulnerability assessment was carried out using the Integrated Valuation
of Ecosystem Services and Tradeoffs tool (InVEST) version 3.10 (Coastal Vulnerability
Model—InVEST®), for the area of Petra—Molyvos, north Lesvos. The InVEST Coastal
Vulnerability model is a fundamental tool for the comprehensive assessment of coastal vul-
nerability in different environmental conditions, covering areas with coral reefs, mangroves,
urban shorelines, and remote, less-developed coastal regions. The importance of accuracy
decreases with spatial scale expansion, especially for variables like geomorphology and
bathymetry. Despite this limitation, the model remains a valuable and comprehensive
tool that assists users in the precise evaluation of current coastal vulnerability, leading to
making decisions for new strategies for the confrontation of erosion and integrated coastal
management in the area of interest [13].

The exposure index was ranked for each point along the coastline with a user-defined
interval. The exposure index indicates the comparative vulnerability of distinct coastal
segments to erosion resulting, i.e., from surge storms, and sea level rise within the desig-
nated area of concern [4,13]. The model is designed to calculate the coastal vulnerability
exposure index (CVI) by evaluating seven bio-geophysicals: wind and wave exposure,
surge potential, sea level rise, geomorphology, natural habitats, and relief [10]. The rank of
vulnerability exposure varies from very low vulnerability (rank = 1) to very high vulner-
ability (rank = 5). The primary data of the study area (Table 1) were processed using the
mapping software QGIS 3.16.13.

The vulnerability index assesses coastal erosion, in which the high exposure of CVI
indicates high vulnerability, and the coastal zone is easily eroded due to exposure to
storms and waves. On the other hand, a low index exposure indicates a low vulnerability,
and the coastal area is less affected by natural hazards. The geomorphology and natural
habitats have been classified according to the model user guide InVEST (Table 2—Coastal
Vulnerability Model—InVEST®). The formula of the coastal vulnerability index (CVI) for
each shoreline point is the geometric mean of all variable ranks (Equation (1)). Consequently,
the final product produced by the model is the total degree of vulnerability of all seven
parameters studied, represented as points on the map of the study area [4,13].

1/7
CVI= (Rgeomorphology RreliefRwaveRwindRhabitatsRsurgﬂ’RSLR> 1

Table 2. Bio-geophysical parameters and their respective classification ranges at each shoreline point.

Variables/Rank Very Low Low Moderate High Very High
Rocky, high cliffs, Medium cliff, Low cliff, alluvial Cobble beach, Barrier beach,
Geomorphology bulkheads, small S sandy beach,
seawalls plain, rip-rap lagoon, bluff
seawalls mudflat
Coral reef, .
Natural Habitats mangrove, high High dune, low Low dune, Seagrass, kelp No habitats
marsh scrubland
saltmarsh
Relief, Wind and
Wave Exposure, 0 to 20% 21 to 40% 41 to 60% 61 to 80% 81 to 100%
Surge Potential
Seal Level Rise 0-1.0m 1.1-1.30 m 1.31-1.60 m 1.61-1.90 m >1.91m

The estimation of the importance of wind exposure and wind-generated waves is
required. It is presumed that the wave conditions under specific wind forcing and duration
can be described by specific wave energy density spectra, such as the JONSWAP Spectrum,
and are better suited in cases with fetch restrictions. The model requires wind statistics for
at least 5 years and the average wind speed in each of the 16 equiangular sectors, where
wind speeds in the 90th percentile or greater were observed near the segment of interest,
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to compute the Relative Exposure Index (REI) or the highest 10% values and associated
directions (Figure 5). For the wave computation from wind and fetch characteristics, the
model requires the average of the wind speeds that are greater than or equal to the 90th
percentile observed in each of the 16 equiangular sectors [43].

Windrose

NORTH

15%
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U‘0 (m/s)

eAST [ 45-50
Bl 40-45
Bl 35-40
[ 30-35
25-30
[ 20- 25
B 15- 20
015
M- 10

SOUTH Mmo-s

WEST

Figure 5. A Windrose depicting the primary wind directions in Petra-Molyvos and used to estimate
wind exposure in the study area, during the period from 2017 to 2022.

In wind analysis, the JONSWAP-Pierson-Moskowitz (JONSWAP-P-M) method is
used, which estimates the open sea significant wave height (Hs) and the wave period (Tp)
of maximum energy density, based on the controlled wind speed U, (Equation (2)), the
effective fetch (Feff), (Equation (3)), and the wind duration (tD) [45,46].

Uy = 0.71 (Up)' )

where Uy is the controlled wind speed, and U is the wind speed at 10 m above the sea
surface (Figure 5). The wind-sea surface energy transfer increases with the time of wind
flow above the sea surface-wind duration (tD).

_ ¥ Fi(cosa;)?
Y icosa;

Fors 3)
where Feﬁc describes the radius direction 5° on either side of the wind direction, F; is the
linear fetch of the direction, and g; is the angle of radius i with the wind direction.

For the computation of wind and wave exposure, a point shapefile was created with
the following columns [13]:

REI_VX: variable of wind speed that estimates the REI of each shoreline segment.
REI_PCTX: corresponding to the proportion of the highest 10% wind speeds, which
are centered on the main sector direction X.

o W, P_X: wave exposure variable for sites that are directly exposed to the open ocean.
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o  W,PCT_X: in combination with WavP_X, the wave exposure was calculated for
locations that face the open ocean and represents the proportion of the highest 10%
wave power values centered around the primary direction X.

e  V1oPCT_X: This parameter is utilized for wave power estimation based on fetch. It
represents the mean of the highest 10% wind speeds centered around the primary
direction X.

The projections of Extreme Sea Levels (ESLs) for the 21st century under the IPCC
representative concentration pathway scenarios RCP4.5 and RCP8.5 were obtained from
the global database (with a coastal grid resolution of 25 km) presented in the work of
Vousdoukas et al. [44]. In this work, ESLs at the coast are a combination of i) the relative sea
level rise (RSLR) due to eustatic changes, ii) the astronomical tide (;4e), and iii) the episodic
coastal water levels (ncg) due to storm surges and wave setups. The ESLs occurring once
in 10, 50, and 100 years, as calculated for the baseline year—2000—and the reference years
2050 and 2100, have been extracted from the database (Table 3) and were considered as an
optional input parameter in the Invest model (Table 2).

Table 3. Ranges of extreme sea level rise (ESLs) for the three return periods (10, 50, and 100 years) and
their components correspond to the wave conditions along the Petra-Molyvos coastline for different
dates and under the climate scenarios.

Te Baseline RCP 4.5 RCP 8.5

2000 2050 2100 2050 2100

RSLR (m) - 0 0.19 0.51 0.22 0.76
MTide (M) - 0.12-0.13 0.12 0.12-0.13 0.12 0.12-0.13

10 1.19 1.17 1.16 1.17 1.12

Ncg (m) 50 1.35 1.34 1.33 1.34 1.28

100 1.42 1.4 1.39 1.4 1.34

10 1.31-1.32 1.48-1.49 1.80-1.81 1.51-1.52 2.01
ESL (m) 50 1.48 1.65-1.66 1.96-1.97 1.68-1.69 2.16-2.17
100 1.54-1.55 1.72 2.03-2.04 1.74-175 2.22-2.23

The intriguing aspect of the SLR parameter is usually variation over time between
scenarios, rather than its spatial variation within a scenario. Unlike most other variables
and the model, which are tailored to exhibit relative differences in spatial terms, the SLR
parameter exhibits changes that vary both by region and across different scenarios. Due to
the specificity of the SLR parameter, the user is responsible for calculating and classifying
the input data. For the Petra-Molyvos study area, the data were classified based on the
scale provided in Table 2.

2.3.2. Sediment Yield Assessment

In the present study, the Universal Soil Loss Equation (USLE) method was applied to
estimate the soil loss in the Petra basin, while the sediment delivery ratio (SDR) module
was used to calculate the sediment release at its outlet. The USLE is a mathematical model
developed in order to estimate the amount of soil erosion by water, and it is widely used in
soil conservation planning and land management practices [47-49]. The model considers
several factors affecting soil erosion, including rainfall patterns, soil type, topography, land
use types, and management practices [49-51]. The USLE equation (Equation (4)) in its
original form, which is used to calculate the annual average rate of soil loss, is expressed
as follows:

A=RXKXLSXCxP 4)
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where A is the soil loss per unit of area (t ha~! yr~!), R is the rainfall erosivity factor (M]
mm ha~! h™! yr=1), K is the soil erodibility factor (th MJ~! mm™1!), LS is the topographic
factor involving the slope length (L) and steepness (S), C is the cover and management
factor, and P is the support practice factor.

Rainfall Erosivity Factor R

The rainfall erosivity factor (R) quantifies the intensity and frequency of rainfall events
that contribute to soil erosion [52]. Given the inadequate availability of detailed rainfall
data, it is usually estimated using mean monthly or even mean annual rainfall data, through
the application of alternative equations specifically designed for this purpose [36,51,53].
In the current study, the R-factor was calculated by applying an equation produced by
Vachaviolos [54] (Equation (5)), through which a linear relationship between the erosivity
factor and the annual precipitation was established (R? = 0.8107). This certain equation was
formed through correlation analysis of the studied variables after calculating the R-factor
using detailed rainfall data obtained from the Mytilene airport rain gauge and analyzing
5 min rainfall heights for a range of significant events that occurred from 1988 to 2008. The
rationale for using this equation to compute the R-factor lies in the fact that it was derived
through detailed calculations based on data obtained from a meteorological station located
in close proximity to the study area (about 40 km), exhibiting a similar climatic regime to
that of the Petra basin.

R =3.41P4y — 3824 )

where R is the rainfall erosivity factor (M] mm ha=! h~! yr‘l) and P4y is the annual rainfall
(mm yr’l).

Data on rainfall between 2011 and 2022, obtained from a meteorological station within
the Petra basin, were used to calculate the mean annual rainfall, and then to compute
the mean R-factor corresponding to the examined time period. Through this process, the
R-factor was determined to be 1495 MJ mm ha~! h~! yr~!, which was assumed to be
uniform across the entire basin.

Soil Erodibility Factor K

The soil erodibility factor (K) is a sensitive parameter, which is significantly asso-
ciated with soil structure and characteristics, representing the susceptibility of soil to
erosion [47,48,55]. In the present analysis, due to the lack of detailed data related to soil
texture and permeability, the calculation of the K-factor was based on the geological back-
ground of the study area. More specifically, for each geological formation present in the
region (Figure 3b), the K value was determined (Table 4 and Figure 6a) by taking into
consideration lists of empirical observations from the relevant literature sources [53,56-58].

Table 4. K-factor values according to the geological formations within the Petra basin.

ID Geological Formations K
Qal Alluvial plains (clay, sand, gravel, fluvial deposits) 0.030
Ng.d Dyke 0.020
Ng.ul Upper lava unit 0.022
Ng.II, Lower lava unit 0.020

Ng.ul Lowermost parts of the upper lava unit 0.022
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Figure 6. Map depiction of USLE factors for the Petra basin: (a) K-factor, (b) LS-factor, (c¢) C-factor,
and (d) P-factor.

Topographic Factor LS

The topographic factor (LS), representing the combined effect of slope length (L) and
slope steepness (S), corresponds to the ratio between the soil loss of a given slope length and
steepness to the original USLE unit plot (L = 22.13 m and steepness 9%) [47,48]. In this study,
the LS values were obtained by employing Equation (6), following the methodological
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approach of Mitasova and Mitas [59], with the calculations performed in a GIS environment.
The spatial distribution of the LS-factor is illustrated in Figure 6b.

LS = (m+1) (2??3) (Z”Zg) (6)

where m ranges from 0.40 to 0.60, m = 0.40 [59] in the present study, n ranges from 1.0 to
1.30, n = 1.1 [59] in this study, As is the specific catchment area representing the runoff
upstream contributing area per unit width and calculated by applying the following raster
function: “flow accumulation/cell size” (using ArcGIS), and S is the topographic slope
in degrees.

Cover and Management Factor C

The cover and management factor (C) quantifies the counteractive impact of cropping
and management practices on water-induced soil erosion and is actually associated with the
land use types existing in the area of interest [53,60]. In the present study, the distribution
of land use types in the year 2018 was considered (Figure 3b), in conjunction with empirical
values acquired from the respective literature [52,53,60]. Table 5 displays the C value for
each land use type detected in the Petra basin, while in Figure 6c, its spatial distribution
is depicted.

Table 5. C- and P-factor values for each land use type within the Petra basin.

CLC Code Land Cover C P
112 Discontinuous urban fabric 0.001 1.00
131 Mineral extraction sites 0.050 1.00
211 Non-irrigated—arable land 0.300 0.70
223 Olive groves 0.100 0.50
242 Composite culture systems 0.180 0.50
23 T ificont aeas of atusal vegetation. 0070 070
311 Broad-leaved forest 0.001 1.00
312 Coniferous forest 0.001 1.00
324 Transitional woodland shrub 0.020 1.00

Conservation Practices Factor P

The support practice factor (P) describes the effects of practices such as contouring,
strip cropping, concave slopes, terraces, grass hedges, silt fences, and surface drainage
systems, and serves as an indicator of the overall effectiveness of the practices in mitigating
soil erosion [48,60]. In the case of implementing none of those conservation techniques, the
P-factor is assigned a value of 1.0. In this study, the estimation of the P-factor, similar to the
C-factor, relied on the land use types existing in the region (Figure 3b), while applying the
same assumptions as Michas et al. [53] for a nearby basin as regards the implementation of
soil conservation practices (Table 5 and Figure 6d).

The implementation of the USLE model was performed in a GIS environment. More
specifically, for each parameter involved in the USLE (R, K, LS, C, and P), digital geospa-
tial data layers were created in a raster grid format using the same grid as the DEM
(27 m x 27 m). The final soil loss map was generated by overlaying the corresponding
parameters maps and using Equation (4).

As far as the sediment yield is concerned, the SDR concept was used. The SDR is a
metric that represents the ratio between the estimated sediment yield at a particular stream
point and the total amount of upland soil erosion that occurs upstream of that point. Several
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equations, mainly based on the topography and physiography of the area of interest, have
been developed to calculate the SDR [47,48,53]; in the present study, Vanoni’s formula [61]
(Equation (7)), which has also been applied in a nearby basin [53], was used as follows:

SDR = 0.4724 x A~012 )
where SDR is the sediment delivery ratio and A is the catchment area (km?).

2.3.3. Flood Risk Assessment

For assessing flood risk in the study area, both hydrological calculations to estimate
peak discharge and hydraulic simulations to generate water surface profiles are required.
The rational method was utilized for calculating the peak discharge required as input for
the hydraulic simulations conducted for the selected “Flood Assessment Area”. More
specifically, peak discharge for three different return periods (5-year, 50-year, and 100-year)
at junction J3 (Figure 7), which is located upstream of the “Flood Assessment Area”,
was computed, taking into consideration the tributaries contributing to the junction (SB2,
SB3, SB4, SB5, SB6, and SB7). With regard to the hydraulic simulations, three different
simulations were conducted, each one corresponding to a different return period, in order
to calculate cross-section-specific flow characteristics and assess flood risk in the “Flood
Assessment Area” (Figure 7). All simulations were performed under steady-state conditions
(1D simulations) using the discharge flows of Junction J3, through the application of the
Hydrologic Engineering Center’s River Analysis System (HEC-RAS 5.0.6) software [62].
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Figure 7. The seven sub-basins and the three junctions (J1-J3) of the study area, along with the main
tributaries (SB1-SB7), the “Flood Assessment Area” and the nine cross-sections located in its interior
and considered in the hydraulic simulations.
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Rational Method

The rational method is one of the most well-known common hydrological design
tools for determining peak discharges in small insular catchments, having been used by
several researchers globally [63-67]. In Greece, in accordance with the national guidelines
pertaining to stormwater projects (PD696/74), implementation of the rational method
should be limited to drainage areas less than 10 km? [68,69], thus being appropriate for the
Petra basin.

The rational formula is generally expressed by Equation (8):

Q=0278xixCxA (8)

where Q is the peak discharge (m3 s71), i is the rainfall intensity factor (mm hr~1) over a
critical period of storm time (typically taken as the time of concentration of the drainage
area), C is the runoff coefficient (dimensionless), and A is the drainage area (km?).

Determining both the rainfall intensity factor and the runoff coefficient constitutes a
crucial step in the whole procedure [70-73]. Regarding the former, the rainfall intensity
factor (i) was calculated based on an IDF (Intensity-Duration-Frequency) curve obtained
from the River Basin Flood Risk Management Plan for the Water District of the Aegean
Islands [74] and specifically formed based on rainfall data from the Kerami station, which
is adjacent to the area of interest. The mathematical expression of the Kerami station IDF
curve is defined as follows (Equation (9)):

472.98(T%9% — 0.734)
- L \0741 ©)
(1+ ot

i(d, T)

where T is the return period (years) of the design storm and . is the time of concentration
for the drainage area (hrs). For computing the time of concentration, Giandotti’s formula
was used. In Table 6, the geomorphological characteristics, together with the corresponding
concentration times of each sub-basin, are presented. Based on these values, while taking
into consideration the tributaries contributing to junction J3, the longest time of concentra-
tion was defined for the junction (SB7 — SB3 — SB2). Then, by applying Equation (9), the
rainfall intensity factors corresponding to the longest concentration time for each return
period were determined (Table 7).

Table 6. The geomorphological features of all sub-basins, together with the respective concentration
times calculated using Giandotti’s formula.

Mainstream Mean Sub. Outlet Mean Sub.

Sub-Basin Area (kan®) Length (km) Elevation (m) Elevation (m) Slope (%) te (hrs)
Sub 1 0.91 1.55 13.86 6.00 5.41% 2.74
Sub 2 0.11 0.27 17.19 9.00 6.49% 0.74
Sub 3 0.05 0.30 17.88 12.00 8.02% 0.69
Sub 4 0.82 211 166.37 10.00 26.81% 0.68
Sub 5 0.89 1.75 121.76 13.00 24.40% 0.77
Sub 6 0.90 1.85 160.95 19.00 26.65% 0.69
Sub 7 4.37 4.35 261.64 21.00 29.72% 1.20
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Table 7. The values of the parameters included in the rational method, along with the peak discharge
values for the three different time periods at Junction J3.

Junction T (years) tc (hrs) i(mmh-1) Area (km?) C Q (m3s1)
5 21.46 0.58 24.6
J3 50 2.63 35.38 7.14 0.69 48.7
100 40.19 0.72 57.7

As far as the runoff coefficient is concerned, it was determined following a literature-
based procedure [68], while considering important catchment characteristics that affect
runoff, such as topographical, geological, and land use information. Moreover, the pro-
portionality technique was used to calculate a “weighted” runoff coefficient for each
sub-basin [68,73], while three distinct runoff coefficients, each one corresponding to a dif-
ferent return period, were computed using certain conversion factors. Based on the runoff
coefficients of each sub-basin, while taking into consideration the sub-basins contributing
to junction J3, a new “weighted” C value for the junction was defined for each return period.
Finally, after calculating both the rainfall intensity factors and the runoff coefficients, and
applying Equation (8), the peak discharge values at junction ]J3 for each return period were
determined (Table 7).

Hydraulic Simulation

As a prerequisite step for conducting the hydraulic simulations, detailed geometric
and topographic data are required to define both the river geometry parameters (i.e., stream
centerlines, riverbank lines, flow path lines, and XS cut lines) and the flood area physical
characteristics [39,40,67,75]. In order to achieve this, the DEM obtained for the study area
was combined with the field measurements in an effort to accurately capture the geometry
of the main channel.

More specifically, at the first stage, the DEM was converted into a terrain TIN (Tri-
angular Irregular Network) using the conversion toolbox provided in ArcGIS. Then, the
HEC-Geo RAS tool, which is an integrated extension of ArcGIS, was utilized to generate
the topography of the “Flood Assessment Area” and extract the necessary river geometry
parameters. Next, the extracted data were imported in HEC-RAS, where XS cut lines were
properly delineated and riverbanks were defined based on the field measurements, i.e., the
measured river cross-sections. Through this process, an attempt to represent the geometry
of the river’s main channel as accurately as possible was made to compensate for the lack
of a detailed DEM with a high spatial resolution. In Figure 7, the location of the nine river
cross-sections considered in the hydraulic simulations is depicted together with the area
where flood mapping is performed.

Another important step in hydraulic modeling is to properly define Manning’s rough-
ness coefficient n both for the main channel and the overbanks [26,32,76]. In the present
study, a uniform value of 0.04 was used for the overbanks (both left and right overbank)
based on the land use types of the “Flood Assessment Area” [68], while two different values
were assigned to the main channel based on river irregularities and surface material. More
specifically, a value of 0.02 was used for impermeable surfaces corresponding to the eight
downstream cross-sections and a value of 0.04 for natural surfaces referring to the one
upstream cross-section [61,74].

As a final step in the hydraulic modeling, the stream flow regime was selected, and the
boundary conditions were specified. With regard to the former one, the sub-critical flow
regime was chosen for integrating the type of flow regime in the examined reach, while
concerning the latter one, normal depth was used as a boundary condition. According to
this boundary condition type, the energy grade line slope values are assumed to be equal
to the riverbed slope values [32,77], thus leading to assigning a specific value of 0.0045 at
the downstream end of the examined reach, based on the average topographic slope of the
reach. At this point, it should also be noted that since the present study aims to demonstrate
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a generic methodology applicable to the proper and effective management of coastal zones
in tourist destinations, rather than focusing on a specific case, no calibration and validation
of hydraulic simulations in terms of predicted flood patterns were conducted.

3. Results

Maps and statistics were developed through the application of the Integrated Risk
Assessment Framework, and they are presented in the following paragraphs, highlighting
key indicators that drive coastal vulnerability and flood risk.

3.1. Coastal Vulnerability Assessment

Figure 8 illustrates the vulnerability values for each parameter in the shoreline of
Petra-Molyvos, as determined by the INVEST model. The northern part of the study area,
with its relatively low elevation, exhibits high vulnerability, whereas the southern and
central portions, with their higher elevation, show very low vulnerability (Figure 8a—R:
Relief parameter). Figure 8a illustrates the vulnerability values for the surge potential pa-
rameter along the shoreline, showing that the majority of the coast is classified as very high
vulnerability. Under the influence of wind (Figure 8a) and waves (Figure 8b), vulnerability
values range from high to very high in the central part of the coastline, while sheltered
areas exhibit low to very low vulnerability. The beach, composed primarily of Quaternary
alluvial sediments and partially of pyroclastic deposits, shows very high vulnerability
(Figure 8b). In contrast, areas with lower vulnerability are predominantly composed of
basalt and andesite bedrock. According to Topouzelis et al. [42], seagrass is the most
important habitat in the inshore area, even though it does not play a significant protective
role for the coastline. Consequently, this parameter exhibits very high vulnerability along
the entire coastal stretch (Figure 8b).

Figure 8c and Table 8 show coastal vulnerability estimates based on sea level rise. Ac-
cording to the CVI, by the baseline and 2050, 54% of the shoreline will experience moderate
vulnerability, while 44% will face high vulnerability. By 2100, under the RCP 4.5 scenario,
51% of the shoreline is expected to have moderate vulnerability and 47% high vulnerability
for a 10-year return period. Under the RCP 8.5 scenario for the same period, 52% of the
coastline is projected to be highly vulnerable. The comparative analysis of climate scenarios
reveals consistent CVI values, with moderate vulnerability at 54% and high vulnerability at
44% by 2050. For the 50- and 100-year return periods, the projections are 51% moderate and
47% high vulnerability by 2050, and by 2100, the shoreline is anticipated to be 52% highly
vulnerable and 46% moderately vulnerable. Considering all seven variables (Figure 8c), the
estimated coastal vulnerability indicates that the Petra area is highly vulnerable. The coastal
zone from Petra to Molyvos, including the Petra stream, generally exhibits moderate to high
vulnerability. There are also a few small sections along the coastline with low vulnerability.

Table 8. Coastal Vulnerability Index estimation for both scenarios RCP4.5 and RCP8.5, which present
the identical CVI of each return period (10, 50, and 100 years).

RCP 4.5 RCP 8.5
Return Period
Very Low  Low  Moderate High Very High Very Low Low  Moderate High Very High

Baseline T10 0.0% 2% 54% 44% 0.0% 0.0% 2% 54% 44% 0.0%
2050 T10 0.0% 2% 54% 44% 0.0% 0.0% 2% 54% 44% 0.0%
2100 T10 0.0% 1% 51% 47% 0.6% 0.0% 1% 46% 52% 0.6%
Baseline T50 0.0% 2% 54% 44% 0.0% 0.0% 2% 54% 44% 0.0%
2050 T50 0.0% 1% 51% 47% 0.6% 0.0% 1% 51% 47% 0.6%
2100 T50 0.0% 1% 46% 52% 0.6% 0.0% 1% 46% 52% 0.6%
Baseline T100 0.0% 2% 54% 44% 0.0% 0.0% 2% 56% 44% 0.0%
2050 T100 0.0% 1% 51% 47% 0.6% 0.0% 1% 51% 47% 0.6%
2100 T100 0.0% 1% 46% 52% 0.6% 0.0% 1% 46% 52% 0.6%
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Figure 8. (a) The ranking evaluation of the first three parameters, i.e., Relief, Surge Potential, and
Wind, of the coastal exposure index, (b) the ranking evaluation of the remaining parameters, i.e.,
Geomorphology, Habitats, Wave, alongside the Coastal Vulnerability estimated by the INVEST model
considering all six parameters, and (c) Coastal Vulnerability also considering Sea Level Rise over
a 10-year return period for the projected scenario RCP 8.5, compared to the previously estimated
baseline scenario.

3.2. Sediment Yield Assessment

By applying the USLE method, the soil loss raster was generated, each pixel of which
contains the annual soil loss value (t ha=! yr~!) based on the local parameters of this
certain pixel. In Figure 9, the annual soil loss rate for the Petra basin is depicted considering
five classes, each of which corresponds to a specific soil erosion level, defined as follows:
(i) very low (0-5 t ha=—! yr~1); (ii) low (5-15 t ha~! yr~1); (iii) moderate (15-30 t ha=! yr—1);
(iv) high (30-50 t ha=! yr’l),‘ and (v) very high (>50 t ha=! yr’l). The resulting map reveals
a prominent pattern, where areas along the drainage network, characterized by high LS
values (Figure 6b), exhibit significantly elevated soil erosion levels. Conversely, areas
occupied by forest lands in the north parts of the region, as well as predominantly flat areas
in the south (Figure 6¢), demonstrate notably low soil erosion values. Furthermore, based
on the analysis of the class area results, it is evident that a major part of the Petra basin
(77.9%) falls within the categories of very low to low soil erosion classes, while high to very
high soil erosion classes only encompass a mere 7.5% of the region.

Finally, Table 9 presents the mean and total annual soil loss for the Petra basin, as well
as the mean and total annual sediment yield deposited at the basin’s outlet. Sediment yield
is of particular importance because it is directly related to the quantity of sediment that
is transported and accumulated at the beach. In this context, it is worth mentioning that
the estimated value of the mean sediment yield is 358 t km~! y~!, which is in complete
agreement with the findings of Michas et al. [53], who estimated a sediment yield of
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352 tkm! y_1 for a nearby basin using similar methods, i.e., the USLE method, while
performing an analytical calculation of the R-factor, specifically based on a five-minute

rainfall time step.
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Figure 9. Soil loss distribution for the Petra basin (the areal percentage of each soil erosion class is

given in parentheses).

Table 9. Soil loss and sediment yield at Petra basin.

Parameters Units Values
-1
Annual soil loss (per ha) t;a_l 9.83
i : 2 tkm1!
Soil loss Annual soil loss (per km~) yr‘l 983
Catchment area km? 8.0
Total annual soil loss tyr! 7860
Reduction sediment yield factor (Vanoni) - 0.364
-1
Sediment yield Annual sediment yield (per km?) t;(f_ll 358
Total annual sediment yield tyr! 2860
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3.3. Flood Risk Assessment

In Figure 10, the integrative water surface profile along the examined reach for all
different flow discharges set at upstream (Junction J3) is depicted. As is apparent, water
surface elevation generally decreases from upstream to downstream of the examined reach
for all flow profiles, while, in all nine cross-sections, it rises as the flood events become more
severe and the peak discharge increases, thus causing the examined reach to overflow its
banks to a greater extent. During the 5-year return flood, three out of the nine cross-sections
(X5-2, X5-7, and XS-8) experienced overflow (Figure 10), whereas the total number of
overflown cross-sections increased to seven in both the 50-year and 100-year recurrence
intervals. Only cross-sections XS-3 and XS-6 were found to have not experienced overflow
during the different return periods. Moreover, cross-section X5-8 was found to be the more
critical in terms of both flood extent and flow depth in relation to all other flow profiles.
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Figure 10. Integrative water surface profile along the examined reach within the “Flood Assessment
Area”, together with the plan view of water surface elevation at cross-sections XS-2, XS-7, and XS-8,
for the three different flow profiles (5-year, 50-year, and 100-year return periods).

The same conclusions as above can also be extracted from the flood inundation maps of
all flow profiles shown in Figure 11, and the flood characteristics presented in Table 10. As
is obvious, the 50-year and 100-year recurrence interval peak floods inundated a relatively
large part of the “Flood Assessment Area” (of the part included within the selected cross-
sections, Figure 10), in comparison to the 5-year return flood, which mainly resulted in the
inundation of areas adjacent to cross-sections XS-2, XS-7, and XS-8. Given these findings
and the extensive flooding of the “Flood Assessment Area” during 50-year and 100-year
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recurrence intervals, it can also be concluded that sediment retention can be relatively high,
leading to reduced sediment accumulation at the basin’s outlet.

50 years

Rivers —

Cross-Sections

Depth (m)  Elevation (m)

240 409
124
89
79
6.9

1.60

0.80

5.9
48

0.00 38

Figure 11. Flood inundation maps for the three different recurrence intervals (5-year, 50-year, and
100-year return periods).

Table 10. Flood characteristics for the three different recurrence intervals (5-year, 50-year, and 100-year
return periods).

Percentages of Inundated Areas

3.1 Flood Inundation " : : Max. Flood Depth
T (years) Q (m°s 1) Area (km?) Discontinuous Composite (m)
Urban Fabric Culture Systems
5 24.6 0.031 4.5% 95.5% 1.33
50 48.7 0.069 12.4% 87.6% 217
100 57.7 0.079 16.3% 83.7% 2.27

Next, by combining the produced inundation maps (Figure 11) with the land use map
(Figure 3b), the type of land use affected by the examined flood events can be identified. As
indicated in Figure 12, for all return periods, the majority of the inundated areas consist of
agricultural lands, classified as composite culture systems (code 242), with the remaining
areas belonging to the land use type referred to as discontinuous urban fabric (code 112).
In Table 10, the percentages of the inundated areas for each of the aforementioned land
use types are contained. According to this analysis, it can be inferred that, concerning the
examined section of the Petra stream, agricultural lands exhibit a higher flood risk potential
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Figure 12. Inundated areas in each type of land use (112—discontinuous urban fabric, 242—
composite culture systems) for the three different recurrence intervals (5-year, 50-year, and 100-year
return periods).

4. Discussion

Three different components related to the coast-watershed system are considered and
analyzed in the present study to develop a holistic approach toward integrated coastal
area management. The interactions among coastal, land, and river settings are crucial
for understanding sediment dynamics between the watershed and coast within a local
region. The case study of the Petra-Molyvos coast presents a conceptual framework for
understanding coastal-watershed interactions and their evolutionary changes. In this
context, this study employed the INVEST Coastal Vulnerability model, USLE method,
and the HEC-RAS model to develop a comprehensive framework applicable to small
Mediterranean coastal areas.

4.1. Coastal Vulnerability Assessment

Based on the results of the coastal vulnerability assessment, the Petra-Molyvos shore-
line faces moderate to high vulnerability to erosion (Figure 8). These observations, con-
sistent with findings from other studies in the Mediterranean region [5,12], are primarily
attributable to the natural characteristics of these areas, involving sea level rise changes,
geomorphology, relief, surge potential, wind, waves, and natural habitats. Hence, combin-
ing these parameters indicates that coastal vulnerability will range from moderate to high
(Figure 8b) along most parts of the shoreline being studied. Specifically, the CVI estimated
that the adjacent coast to the river mouth is characterized by a very high vulnerability
for 2100 with all return periods (10, 50, 100 years). Thus, marine dynamics contribute to
coastal vulnerability to erosion, while coastal evolution is mainly affected by wind and
wave actions.
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However, it should be mentioned that severe historical records of events, such as flash
floods or coastline changes due to sand/gravel removal, amendment, or transfer, are miss-
ing and therefore not accounted for in the CVI estimation. This highlights the challenges
posed by data gaps and the difficulties in achieving measurement accuracy. While land
use, coastal urban settings, and relief are easy to measure and adjust, access to specialized
instruments is needed in order to accurately record bathymetry and wave dynamics, as
well as marine biodiversity data. The shift to using open-access data (see Table 2) may
hinder accurate estimations due to constraints such as large pixel size. Additionally, it is
worthwhile to note that the socio-economic equilibrium of the area, which may be affected
by environmental pressures, was not considered in the analysis conducted in this study.
As a result, coastal transformations due to human activity were not directly taken into
account in the CVI estimation [78]. Instead, they were addressed indirectly through the
impacts of climate change (CC) scenarios. However, the uncertainty in CC projections
significantly affects the estimation of the sea level rise (SLR) component of the CVI equation.
Consequently, the CVI may provide spatial guidance for future research directions, rather
than offering highly accurate modeling results.

4.2. Sediment Yield and Flood Risk Assessment

As regards the second part of the proposed methodology, the study area is character-
ized by low sediment deposition from the mainstream, while soil erosion within the basin
is generally classified as very low to low. The sediment fluxes do not significantly support
the Petra—Molyvos coast, while catchment erosion provides only a small contribution
of terrestrial sediments to the Petra-Molyvos beach. Finally, according to the flood risk
assessment outcomes, it turned out that, particularly in the cases of 50-year and 100-year
recurrence intervals, severe flooding events may occur along the river’s overbanks, leading
to the flooding of the majority of the “Flood Assessment Area”. Due to the concentration of
water in flood-affected areas, sediment retention might be relatively high, further hindering
its transport and accumulation at the basin’s outlet.

Sediment accumulation in flood-inundated areas of intermittent flow streams is a
crucial process in river geomorphological evolution. While it acts as a natural mechanism
for sediment transport and deposition, human activities can significantly alter this process.
Interventions in rivers can change flow regimes, leading to increased flooding phenomena
and larger flood-affected areas, which, in turn, boost sediment retention and accumulation
in the floodplains. However, the presence of floodplains is crucial for preventing excessive
river erosion. Conservation practices for floodplains, such as restoring natural vegetation,
maintaining river meandering patterns, and preserving seasonal river flow (e.g., avoiding
overpumping for irrigation), can help mitigate excessive sedimentation and erosion, as
well as reduce the rapid transfer of sediment to the coast [79].

4.3. Coast—Watershed System

Analyzing the coast-watershed system is crucial for understanding how these features
are interconnected and how they influence coastal morphology and stability. Interactions
between marine and terrestrial environments are dynamically linked through the continu-
ous evolution of coastal morphology [11]. The limited sediment supply from the river and
its adjacent coastal zone, combined with flow intermittency, reduces sediment availability
from the terrestrial environment. This situation exacerbates coastal vulnerability to erosion
phenomena induced by sea level rise and wind-generated waves. Additionally, human in-
terventions, such as channelization and residential development, particularly at the river’s
mouth, increase flooding phenomena and expand flood-affected areas, thereby hindering
sediment transport to the coast due to sediment accumulation on the floodplains. In this
context, Figure 13a,b depict the mouth of the Petra river and the adjacent shoreline, high-
lighting areas that have experienced beach retreat over the past 21 years, while Figure 13¢,d
illustrate human activities and interventions in the river that alter the river regime and
affect sediment transport.
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Figure 13. Impact of natural and human factors on the coast-watershed system in the area of
interest: (a) coastline morphology adjacent to the Petra river’s mouth in 2003 (Google Earth Image),
(b) coastline morphology adjacent to the Petra river’s mouth both in 2003 and 2024 (Google Earth
Image), clearly illustrating beach retreat over these years, (c¢) human interventions (i.e., bridge,
channelization) in the riverbed, and (d) human interventions in the river’s mouth (Petra beach).

Overall, on Lesvos Island, the complex system of ephemeral streams that experi-
ence flooding in various parts feeds the coast with water and sediment during the flood
events [12]. This scenario results in a negative sediment balance due to anthropogenic
activities in the riverbed that obstruct sediment flow from the basin [11,16], thereby imped-
ing coastal enrichment. Moreover, data and quantitative research are necessary to model
anthropogenic actions in areas of interest [11]. The lack of data in watershed monitoring
made it challenging to understand the behavior of the catchment. However, scientists argue
that these challenges could develop an integrated framework strategy for touristic island
coastal zones within intermitted coastal streams [11].

The “flexibility” of the regulatory framework regarding the coastal zone planning
and the low motivation of the local communities to face the environmental issues of the
coastal zone may be considered in combination with the technological solutions” adaptation.
Island residents are aware of their share in beach erosion and deterioration, as well as of
restoration measures [80].

5. Conclusions

Coastal erosion and changes in river watershed morphology, driven by both natural
and human activities, reduce the river’s sediment supply and coastal enrichment. This
study proposes a comprehensive methodology for integrated coastal-watershed manage-
ment in tourist destinations, offering valuable insights into the Petra—-Molyvos coast and the
role of the small coastal river in sediment enrichment. Despite the challenges of integrating
flood risk and coastal vulnerability assessments—due to the complex interactions among
driving processes, morphological responses, and risk receptors—combining coastal and
river management effectively addresses changes in the coast-watershed system. The Petra
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catchment functions as a sediment retainer, releasing only a limited amount to the coast of
Petra-Molyvos. Consequently, the source of sediment supply to the shoreline is mainly
the marine processes. However, human interventions in the Petra riverbed complicate
shoreline replenishment, as materials are either not retained at the river mouth or are
removed by residents.

A holistic approach is essential for understanding and managing the evolving patterns
in the coast-watershed system. This approach requires establishing spatially distributed
monitoring systems to address the limited geographical coverage of current efforts, enabling
a more comprehensive analysis of how the system changes over time and across different
locations. Challenges such as the lack of flow data, limited sediment yield information, and
low-resolution relief data affect methods applied to small-scale sites. Further research is
crucial to collect in situ data on marine and terrestrial observations, floodplain vegetation
dynamics, anthropogenic interventions in the riverbed and mouth, and erosion monitoring.
More information can be provided by verifying riparian and shoreline change by capturing
high-accuracy images using unmanned aerial vehicles (UAVs).
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