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Abstract

:

The coastal zone may be considered as the location where the marine and land environments interact dynamically and coexist with human societies. Globally, natural and human systems are being severely threatened by the sea level rise related to climate change. The outcome between the dynamic relationship of coastal environments and marine processes, and the future sea level rise as predicted by scientific reports, is the vulnerability of coastal areas such as sandy beaches, pocket beaches and low-lying coastal areas. The current research aims to assess the coastal vulnerability of Ios Island, Cyclades, Greece for the next 100 years and to identify areas that are comparatively more vulnerable to future sea level changes. Moreover, the seasonal changes concerning sedimentological and morphological characteristics of two pocket beaches of Ios Island, Mylopotas and Magganari, are also examined. From the application of the Coastal Vulnerability Index, 92.37% of the total length of the coastline of Ios Island is characterized by a very low vulnerability as it consists of rocky shores and cliffs, while sandy and pocket beaches are characterized by a very high vulnerability. From the fieldworks and data processing, the seasonal changes mainly concern the seabed’s topography, the sediments’ texture of the collected sand samples, the foreshore and backshore topography, as well as seasonal shoreline displacement, using the Digital Shoreline Analysis System tool (DSAS).






Keywords:


Coastal Vulnerability Index; shoreline changes; sea level rise; coastal geomorphology; coastal slope












1. Introduction


The coastal zone is a natural system that is directly affected by the interaction between the lithosphere, the hydrosphere and the atmosphere and by the action of land, air and marine processes. In addition to its unique natural features, the coastal zone is also of great interest for the abundance of resources it offers. About 41% of Europe’s population lives near the coast, which leads to increasing rates of urbanization, as well as, the rapid development of the tourism industry [1]. Among the different types of coasts, sandy coasts bear the greatest burden from recreational activities [2] and are among the most geomorphologically complex coasts, with the coastline constantly changing under the interaction between natural and anthropogenic factors [3,4].



Coastal environments are in a dynamic relationship with marine processes where coastal sediments are constantly being moved, either resulting in the formation of a new coastline or the erosion of an existing coastline [5,6]. This dynamic interaction occurs over a wide range of time and space scales, leading to the evolution of the coastal zone. Temporal scales can range from seasonal to interannual changes, while space scales range from pocket beaches to open sea beaches [7,8,9]. The phenomenon of erosion is intensified by the rise of the sea level, as well as by anthropogenic interventions, thus increasing the vulnerability of the coastal zones [10,11]. According to Vousdoukas et al., 2020 [3], 13.6–15.2% (36.097–40.511 km) of sandy coasts worldwide could experience severe erosion by 2050, increasing to 35.7–49.5% (95.061–131.745 km) by the end of the century.



In the case of Greece, the coastline reaches 18.400 km for the mainland country and 9.835 km for the island country [11]. Coastal erosion is estimated at 6.1% for Thrace and Eastern Macedonia, 10.3% for Central Macedonia, 2.3% for Thessaly, 14.7% for the North Aegean islands, 25.9% for the Cyclades and the Dodecanese, 3.8% for the Peloponnese and 6.1% for the coasts of Northern Crete [12]. In the Cyclades and Dodecanese region, 51% of the coastline consists of low slopes of 6–9% and 46% of pocket beaches with low slopes [12]. A pocket beach [13] is a small beach that is laterally bordered by two headlands. The headlands severely restrict any hydrosedimentary processes that might occur between their borders, turning them into an autonomous and independent environment. Pocket beaches have a more distinct circulation pattern than open sea beaches due to the hydrodynamic conditions and beach characteristics (slope, grain size, berm zones, etc.) [14].



Since the end of the 19th century, the global sea level has risen by about 1.6 mm/year [15], while its rate did not exceed 0.6 mm/year during the previous two millennia [16]. According to the report of the Intergovernmental Panel on Climate Change 2019 [17], the dominant sources of freshwater supply leading to a rise in the Global Mean Sea Level (GMSL) are glaciers and ice sheets. From tide gauge and satellite altimetry observations, GMSL has increased from 1.4 mm/yr during 1901–1990, to 2.1 mm/yr during 1970–2005, to 3.2 mm/yr during 1993–2015 and to 3.6 mm/year in the period 2006–2015. Estimations of future changes in this report are mainly based on the climate model CMIP by using Representative Concentration Pathways (RCPs). RCPs are scenarios that include the time series of emissions and concentrations of the full range of greenhouse gases (GHGs), aerosols and chemically active gases, as well as land use/land cover. At the end of the century, sea level rise is expected to be faster in all scenarios, including those compatible with reaching the long-term temperature target as defined by the Paris Agreement [18].



To assess coastal vulnerability to future sea level rise, various methods have been proposed and used from time to time, which are based on a number of parameters such as coastal geomorphology, the rate of sea level rise, the evolution of the coastline, etc., directly related to impending climate changes and how they will affect sea level. One of the most common methods is the Coastal Vulnerability Index (CVI) introduced by Gornitz et al., in 1991 [19]. It is a relatively simple and functional method which combines the sensitivity of the coastal zone to changes, with its ability to adapt to new conditions. By ranking the vulnerability of the coastal zone, it is feasible to identify the areas that are comparatively more vulnerable to sea level changes. The CVI was later modified [20] to include seven physical land/sea variables and six climate variables. The proposed, by Thieler and Hammer Klose (1999) [21], CVI is similar to that used by Gornitz et al. (1994) [20] and Shaw et al. (1998) [22]. This index allows six variables, three geological and three physical variables, to be linked in a quantifiable way. This method yields numerical data that cannot be directly equated with specific physical effects. However, it points to areas where the various impacts of sea level rise may be greatest [23,24,25,26]. Geological variables are geomorphology, shoreline displacement rate and coastal slope. They represent the shoreline’s relative resistance to erosion, its long-term erosion/advance trend, and its vulnerability to flooding, respectively [27,28]. Physical process variables include significant wave height, tidal range and sea level change, which are related to the inundation risk of a particular stretch of shoreline on time scales of hours to centuries [27]. The method of the Coastal Vulnerability Index has already been applied in various case studies in Greece such as the Hellenic Aegean coast [29], Argolikos Gulf, Peloponnese [30] and the Gulf of Patras in Western Greece [31], as well as the Marathon beach in East Attica [32]. At international level, CVI has been applied on the U.S. Atlantic Coast [21], the Northern Coast of California [27], as well as in the eastern Mediterranean [33].



Taking into consideration the abovementioned risks to which coastal zones are subjected, i.e., the phenomenon of coastal erosion, future sea level rise and shoreline changes due to sediment transport, the current research aims to two objectives. For the assessment of the coastal vulnerability, regarding the future sea level rise by 2100, the Coastal Vulnerability Index was applied. The study area, for the application of the index, is the coastal zone of Ios Island, located in central Cyclades, Greece. To examine seasonal changes, concerning the sedimentological, geomorphological and topographical coastal evolution in a restricted spatial scale, two pocket beaches of Ios Island were selected, Mylopotas Beach and Magganari Beach. The study periods for the seasonal changes concern autumn and spring period of 2018. For the purposes of the above seasonal approach, topographic cross sections and measurements along the shoreline of each study area were conducted by using Differential Global Positioning System (DGPS) with a Global Navigation Satellite System receiver (GNSS) of high precision, for the subsequent calculation of the shoreline displacement rate. Sediment sampling was also necessary for the current research.




2. Geographical and Geological Setting


The island of Ios is located in the Southeast Aegean Sea and belongs to the prefecture of Cyclades. The area of the island is approximately 108 km2, with a coastline of 110 km. It has an elongated shape with a NW-SE direction and an axis length of 18 km of the longitudinal axis (NW-SE) and 8.5 km of the transversal axis (ENE-WSW) approximately (Figure 1).



Ios is geologically divided into two main sections. The Cycladic basement and an overlying Blueschist unit mainly occur in the northern part of the island. The Quaternary formations occur as alluvial deposits in coastal plains and beaches with their components consisting mainly of fine-grained material [34].



Most of the rivers and streams of Ios originate from the mountainous part of the island and flow vertically towards the coastline. The largest branch of the hydrographic network is of the 4th order according to Strahler, as produced by analyses of a Digital Elevation Model (DEM).



According to the climate data from the nearest meteorological station located in Naxos Island, 32 km NW from Ios Island, December records the highest amount of rain at 70.3 mm, while the lowest values are recorded during the summer months. The prevailing wind throughout the year is from the north and the maximum average monthly wind intensity occurs in the months of January and February [35].



According to the “Wind and Wave Atlas of the Greek Seas” [36], the wider area of Ios is characterized by an annual average significant wave height (Hs) of 0.7–0.8 m, annual average wind speed (Uw) 4–5 m/s and annual average wave period (Τp) 4.8–5.2 s.



From the CORINE 2018 database, it appears that the largest area of the island is covered by sclerophyllous vegetation (72.42%) and natural pastures (13.37%). The urban fabric covers only 1.1% of the island area and it is placed in the port and in Chora of Ios. The greatest development of tourist infrastructure is concentrated in Chora, the Port and Mylopotas beach, where most of the tourist accommodations (hotels, guesthouses, rooms for rent, etc.), catering facilities and recreational activities serving tourists are located [37].



2.1. Geographical Features of Mylopotas Beach


Mylopotas beach is located in western Ios with a total length of 700 m. It is bounded by two natural headlands and has a NW-SE direction. The upper limit of the beach is bounded by a low wall which separates it from the coastal road, beyond which the residential area extends. At the central part of the beach, the estuary of Mylopotas’ stream is situated. The flow of the stream has been cut off by the construction of an upstream dam. Mylopotas beach is considered as the most touristic beach on Ios Island, gathering a variety of tourist businesses and leisure activities, the combination of which characterizes the beach with a strong anthropogenic impact (Figure 2).




2.2. Geographical Features of Magganari Beach


Magganari beach is located at the southern end of Ios and consists of two bays running W-SE. The western bay is 343 m long, while the eastern bay is 300 m long. Unlike Mylopotas beach, Magganari does not host many tourist businesses, but it is a developing coastal area. The upper limit of the beach is bounded by sand dunes and vegetation (Figure 3).





3. Materials and Methods


3.1. Calculation of the Costal Vulnerability Index


Once the vulnerability value is determined for each section of coastline, based on the data for each variable, the CVI is calculated as the square root of the geometric mean, or the square root of the ranked variables divided by the total number of variables:


CVI =√((a∗b∗c∗d∗e∗f)/6)



(1)




where: a = geomorphology, b = coastal slope, c = relative sea level change, d = shoreline displacement rate, e = mean tidal range and f = mean wave height.



We obtained the necessary data for each variable from orthophotos and topographical maps at a scale of 1:5000 from the Hellenic Military Geographical Service, and literature research. The Greek Geodetic Reference System 1987 (EGSA 87-GreekGrid) was chosen for the processing of the data and their mapping in the ArcGIS 10.3 environment.



For each variable, the coast was categorized into five vulnerability categories, (1) very low to (5) very high. Coast ranking ranges in the five vulnerability categories have been proposed by Pendelon et al. (2005) [27]. For the coastal slope variable, the ranges proposed by Alexandrakis et al., (2010) [12] were used (Table 1).



CVI Variables and Data


To assess the coastal geomorphology, medium and low-slope cliffs, rocky coasts, sandy beaches, estuaries and man-made structures were digitized in the ESRI ArcGIS 10.3 software environment. A 1:5000 topographic map of 4 m intervals from the Hellenic Military Geographical Service was used, in combination with orthophotos of the National Cadastre of the year 2010.



To calculate the coastal slope (in percent) of the study area, a Digital Elevation Model (DEM) was created using detailed contours of 4 m interval from 1:5000 topographic maps from the Army Geographical Service. In the ArcGIS 10.3 environment, the slope of the coastal zone from the coastline to the 6 m contour was calculated.



Two sea level change scenarios were applied to assess the coastal risk of Ios Island for the next 100 years. Specifically, according to the recent 2019 IPCC report, the RCP 2.6 scenario represents a low greenhouse gas emissions and high mitigation future. This scenario predicts a rise in GMSL over the next 100 years to 0.43 m at a rate of 4.3 mm/year. In contrast, the RCP 8.5 scenario represents high greenhouse gas emissions and a lack of policy to combat climate change, leading to a continued increase in atmospheric concentrations of greenhouse gases. This scenario predicts a rise in GMSL over the next 100 years to 0.84 m at a rate of 8.4 mm/year.



To determine the displacement rate of the coastline of Ios, orthophotos from the National Cadastre were used for the time periods of 2010 and 1996. The digitization of the two coastlines was carried out in the ArcGIS 10.3 environment and the calculation of the displacement rate of the coastline was carried out with the ArcGIS tool, DSAS 4.3 [38]. The statistical method used was End Point Rate (EPR). This method represents the distance of shorelines by the time elapsed between the oldest and the most recent shoreline



Taking into account the available Hydrographic Service statistics from a tide gauge in Syros Island, Cyclades, the average tidal range is 14 cm [39].



The wave heights that appear in the area, according to the Atlas of Winds and Waves of the Greek Seas [36] of the Hellenic Marine Research Center, are 0.7–0.8 m.





3.2. Fieldwork Investigation


The fieldwork investigation occurred at the two selected pocket beaches, Mylopotas and Magganari, in order to examine seasonal changes of their sedimentological, geomorphological and topographical features. The fieldwork investigation concerning the spring profile of the study areas was carried out in April, while the fieldwork for the autumn profile was carried out in September of 2018.



3.2.1. Topographic-Geomorphological Mapping of Study Beaches


The on-site topographic-geomorphological mapping was carried out using a DGPS--GNSS. The mapping included measurements to delineate the landward upper limit of each beach, which often coincides with the growth of vegetation and/or the existence of man-made interventions (walls, road), as well as measurements along the current position of the coastline so that it is possible to compare the seasonal displacement of its position, if it exists. Additionally, during the fieldwork, we performed vertical topographic cross-sections. Specifically, altitude and depth measurements were carried out in relation to the coastline in order to capture the altitude differences and the width of the beaches. During the fieldwork that took place on Mylopotas beach, 41 topographical sections were made in April and 40 in September (Figure 4). During the fieldwork that took place at Magganari beach, 36 topographic sections were made in April and 42 in September (Figure 5).




3.2.2. Sediments Sampling


During the implementation of the topographic measurements on the study beaches, it was deemed necessary to sample representative sediments in individual locations for the subsequent characterization of the material of each beach and to draw conclusions about the mean that transported the specific sediments and the depositional environment. The sampling sites represent points where changes in the composition of the beach material are observed.



For the synthesis of the spring profile of the beaches, 18 samples were collected from Mylopotas and 28 samples from Magganari. For the composition of the autumn profile, 19 samples were collected from Mylopotas and 30 from Magganari.





3.3. Laboratory Analyses


The laboratory analyses include the grain size analysis, using the dry sieving method for the sand samples collected from the study beaches, in order to determine the lithological character, grain size, grain size statistical parameters, grain size distribution and depositional mechanism. Sieves with diameters of 63 μm, 125 μm, 250 μm, 500 μm, 1 mm, 2 mm and 4 mm were used. In cases of coarser material than the sand-gravel boundary, 8 mm and 16 mm diameter sieves were also used. The finest material that passes through the sieve with the smallest diameter of 63 μm, is concentrated at the base of the sieve column and constitutes the silt-sand boundary. After the initial weight of each sample is noted, it is placed on the upper sieve and the column of sieves is transferred to the vibrating machine which is operated for 20 min at a power of 6 Hz. The statistical processing of the data resulting from the sieving was carried out using the program GRADISTAT v.4. The most important statistical parameters concern the mean size, sorting, skewness and kurtosis [40].




3.4. Calculation of Shoreline Displacement Rate


To calculate the seasonal changes of the shoreline at Mylopotas and Magganari, the measurements along the shoreline position from the fieldwork that took place in April and September 2018 were used. These measurements included the tide and atmospheric pressure for the given time periods. Because the tide values vary between 0.02–0.06 m, they do not bring about significant changes in the position of the coastline measured by the DGPS-GNSS. For the above calculations, the ArcGIS tool, DSAS 4.3, was used [38]. The statistical method used within the DSAS 4.3 tool was Net Shoreline Movement (NSM). This method refers to the total distance between the oldest and newest shorelines.





4. Results


4.1. CVI Results


Coastal Geomorphology



The main coastal landforms of the study area are medium and low cliffs, rocky coasts, steep cliffs, sandy beaches, estuaries and pocket beaches. This category also includes man-made structures, such as the port of Ios in the west and smaller boat marinas, which are characterized by very low vulnerability. Most of the coastal zone of Ios (93.29%) consists of rocky coasts and steep slopes and is characterized by very low vulnerability (Table 2). Sandy coasts and pocket beaches (5.13%) are characterized by very high vulnerability (Figure 6a).



Coastal Slope



A total of 95.07% of the total length of the coastline is characterized by steep slopes of more than 12% and is, therefore, characterized by very low vulnerability (Table 2). As can be seen from the map, slopes below 3% are characterized by high vulnerability and are mainly represented by beaches and estuaries (Figure 6b).



Shoreline displacement rate



From the calculation of the displacement rate by using the DSAS tool, it appears that most of the coastline is characterized by a rate of −0.1–0.13 m/yr, while the displacement rate range is between −0.97–0.6 m/yr (Figure S1). For the calibration of the vulnerability, the ranges proposed in the literature are considered. Therefore, the displacement rate for the entire coastline of Ios is included in the category of medium vulnerability, (Table 2 and Figure 6c).



Relative Sea Level change



The two IPCC 2019, scenarios, RCP 2.6 και RCP 8.5, for future sea level rise are characterized by very high vulnerability (Figure 7a and Table 3).



Tidal range



Taking into account the available data of the Hydrographic Service for the Cyclades, the average tidal range is 14 cm and was assumed to be the same along the entire coastline. Therefore, the entire coastline of Ios is included in the category of very high vulnerability (Figure 7b and Table 3).



Mean Wave Height



The mean annual significant wave height that appears in the area, is 0.7–0.8 m. Therefore, the entire coastline of Ios falls into the category of low vulnerability (Figure 7c and Table 3).



The CVI values



After the ranking of each variable, the mathematical calculation of the CVI was followed. The calculated CVI values along the coastline of Ios range from 5 to 25 (Table 4 and Figure 8).




4.2. Geomorphological Characteristics of Mylopotas and Magganari Beach


The detailed topographic mapping of Mylopotas and Magganari resulted in the presentation of their geomorphological seasonal characteristics through DEMs concerning the elevation and the slope of each beach at a seasonal scale.



At Mylopotas beach, the elevation indicates an accumulation of sediments mostly at the NW part of the beach for both seasons (Figure 9). According to the map of morphological slopes, the berm zone is identified along the coastline and preserved from April to September, with slope ranges between 12°–20° (Figure 10).



At Magganari beach, the elevations at the landward part of the beach mostly ranged between 0.40–1.20 m for both seasons (Figure 11). According to the map of morphological slopes, gentle slopes prevailed at most of the beach. The berm zone is identified along the coastline and preserved from April to September, with slope ranges between 10°–22°, with a maximum value of 25° during the autumn period (Figure 12).




4.3. Topographic and Sedimentological Characteristics


The results of the cross-sections and the grain-size analysis are presented below. From the topographic cross-sections that were carried out along the entire length of the beaches (Figure 4 and Figure 5), due to the homogeneity of the topography, three positions were chosen from each beach which coincides for each study period, in order to be graphically illustrated. These positions are mainly located at the ends and the central part of each beach depending on its morphology (Figure 13).



In more detail, at the NW part of Mylopotas beach, the cross-section MylS1 presents a gentle slope, which at a distance of 5 m from the shoreline, becomes steep with the appearance of a 1.56 m deep graben. The MylA1 section is also characterized by a gentle slope and the distinct presence of a berm zone approximately 5 m landward from the coastline. The subsea section is characterized by a gentle slope. The prevailing beach material for both study periods is characterized by slightly gravelly sand, moderately sorted (Figure 14a,b).



In the central part of the beach, cross-sections MylS2 and MylA2 are characterized by stable topography on a seasonal scale. The first berm zone at a distance of 6.5 m from the coastline in MylS2 has been preserved in MylA2 and has been shifted to a distance of 7.5 m from the coastline. In the subsea section, the graben and subsequent ridge have been normalized. The beach material in MylS2 is characterized by alternations between slightly gravelly sand and gravelly sand, which turns into sandy gravel and gravelly sand underwater, mostly moderately sorted. At section MylA2 a continuous occurrence of slightly gravelly sand is noted, which grades into gravelly sand towards the shoreline, the majority of the samples are moderately sorted (Figure S2a,b).



In the southern part of the beach, the topography, as presented by cross-sections MylS3 και MylA3, does not differ for the two seasonal profiles. The material of the beach changes from sandy gravel to sand with the predominance of very platykurtic kurtosis and very fine skewness. Cross-section MylA3 is characterized by slightly gravelly sand, coarse skewed and mainly moderately sorted (Figure S3a,b).



Cross-sections MagS1 and MagA1 represent the eastern bay of Magganari beach, where the berm zone is observed. Toward the coastline, the slope becomes steeper, with a graben occurring approximately 6 m from the coastline for both profiles. The beach material of the eastern bay is characterized by the successive appearance of slightly gravelly sand and sand, during the spring profile, while during the autumn slightly gravelly sand prevails. The majority of the samples are moderately well sorted (Figure S4a,b).



Cross-sections MagS2 and MagA2 are located in the western bay of the beach. The upper limit of the beach is steep due to the presence of dunes, and then the slope is normalized. The berm zone is distinguished. Along MagA2, the subsea slope is gentle with the appearance of a mild ridge. Along MagS2, two successive grabens and ridges appear at a short distance from the coastline beyond which the slope becomes gentle. The sedimentological characteristics present a similar sedimentological regime to that of the eastern bay’s sections (Figure S5a,b).



Cross-section MagS3 is characterized by a gentle slope until the appearance of a graben. From the berm zone to the coastline the slope becomes steeper. Along cross-section MagA3 two grabens appear at the land part of the beach. The beach material is characterized by slightly gravelly sand and a coarse skewness in both cross-sections, with the appearance of gravelly sand only in the spring profile (Figure S6a,b).




4.4. Seasonal Shoreline Displacement


In the northern part of the beach of Mylopotas, the spring coastline in relation to the autumn one undergoes a retreat of 4.9–3 m. Towards the central part, this retreat decreases and was estimated between −3 m and −2 m. The central part of the beach is characterized by a retreat between −2 m and −1 m, which towards the southern part increases between −3 m and −2 m. In the central part, there is a small advance of the autumn coastline compared to the spring coastline, which does not exceed 0.4 m. In the southern part, the retreat of the spring coastline in relation to the autumn coastline continues and ranges mainly between −2 m and −3.8 m. At the southern end of the beach, the displacement is almost zero (Figure 15).



At the eastern end of Magganari beach, the spring coastline is retreating in the range of 1.72–0.54 m compared to the autumn coastline. Toward the tombolo, the autumn shoreline advances in relation to the spring shoreline from 0.65 m to as much as 5 m. In the western part, the displacement of the coastline is almost zero, in some places, the advance of the autumn coastline is from 0.65 m up to 3.54 m. The advanced land that separates the east and the western bay and the tombolo do not present any seasonal displacement (Figure 16).





5. Discussion


Examining the overall vulnerability of the coastal zone of Ios, to future sea level rise it is evident that among the five classification categories (Table 2 and Table 3), the distribution of vulnerability is uneven with very low vulnerability predominating. Physical variables, as well as shoreline displacement from geologic variables, are represented by one ranking class each, for the entire length of the coastline. Therefore, the variables that mainly contribute to CVI values are coastal geomorphology and coastal slope. Specifically, according to coastal geomorphology, 93.29% of the total length of the shoreline consists of rocky-cliffed coasts. The rocky coasts of Ios island consist of schists, gneisses and marbles, which are very resistant to erosion [34]. Regions with a coastal slope of more than 12% occupy 95.07% of the total length of the shoreline. Since low-sloping coastal zones should retreat more quickly than steeper regions, the determination of regional coastal slope indicates the relative vulnerability to inundation and the potential speed of the shoreline retreat [27]. Thus, for each of the above variables, almost the entire length of the shoreline is characterized by the low vulnerability. The parts of the coastline represented by sandy beaches or pocket beaches of fine-grained material and a low slope (<3%), are characterized by very high vulnerability and concern a minimal percentage (5.13% and 1.18%) of the total length of the coastline. These areas exhibit the greatest vulnerability to future sea level rise.



By comparing the seasonal cross-sections of Mylopotas beach, the north part of the beach is characterized by a gentle slope during the spring profile, while the autumn profile is characterized by the distinct presence of a berm zone. Moreover, the subsea section differs morphologically in seasonal scale, with the appearance of a steep graben along the spring cross-section and a gentle shallower relief along the autumn cross-section. The two profiles indicate mostly similar sedimentological characteristics, with the beach material mainly characterized as slightly gravelly sand. In the central part of the beach, the two profiles are characterized by almost similar topography on a seasonal scale. Of the two berm zones in the spring profile, one has been preserved in the autumn profile. In the subsea section, the relief has been normalized to the autumn profile. There are sedimentological variations between seasonal cross-sections with the predominance of slightly gravelly sand and gravelly sand. In the southern part of the beach, the topography does not differ for the two seasonal profiles. It is obvious that the berm zone from the central part of the beach to the south has been normalized. The slightly gravelly sand prevails in the autumn profile, while in the spring there are changes in the material of the beach.



By comparing the seasonal cross-sections of Magganari beach, the eastern bay is characterized by the distinct presence of the berm zone. Towards the coastline, the morphological characteristics are mostly similar for both profiles, with a steep slope and the occurrence of a graben and a subsequent ridge. In the autumn profile, the depth of the graben and the size of the ridge decrease. Sedimentologically, slightly gravelly sand and sand prevailed. The two seasonal profiles of the western bay also show similar topography mainly on the landward part of the beach with the occurrence of a steep upper limit, a gentle slope and a distinct berm zone. Differences are noted in the subsea section, where during the autumn study period, the slope of the bottom is normalized, while during the spring period, two successive grabens and ridges appear. Sedimentological is similar to that of the cross-sections of the eastern bay. In the subsequent profiles of the western bay, the berm zone has been preserved, as have the grabens at a short distance from it. Towards the coastline, the slope becomes steep in both profiles. From the spring to the autumn period the bottom becomes shallower and the autumn profile is characterized by the existence of a graben with a subsequent ridge. The material of the beach is characterized by the predominance of slightly gravelly sand.



At Mylopotas beach, the retreat of the coastline prevails, from the spring to the autumn study period, mainly in the northern and southern parts of the beach. This retreat is mainly between 3 and 4.9 m. Most of the coastline in the central part of the beach does not indicate a seasonal displacement, while at the points where the autumn coastline advances, it does not exceed 0.4 m. At Magganari Beach most of the coastline remains constant between the two seasons. The greatest displacement occurs in the eastern part, with the autumn coastline advancing compared to the spring coastline by up to 5 m towards the sea.




6. Conclusions


In this study, the coastal zone of Ios Island was studied in terms of coastal vulnerability in relation to future sea level rise, as well as the topographical–geomorphological and sedimentological characteristics of two pocket beaches Mylopotas and Magganari, in relation to seasonal changes indicating their coastal evolution.



Coastal geomorphology, combined with coastal slopes, are the main geological parameters, under which most of the coastline of Ios (101.74 km) is characterized by very low vulnerability to future sea level rise by 2100. This condition is also confirmed by the calculation of the displacement rate of the coastline in the framework of the application of the CVI. In a period of 14 years (1996–2010), the displacement (advancement/erosion) that occurred on the coastline of Ios mostly concerns coastal areas with <3% slope, such as sandy beaches and pocket beaches, and is between −1–1 m/yr, in contrast to rocky-cliffed coasts where their displacement is almost zero.



At Mylopotas beach, slightly gravelly sand prevails, with the berm zone being more distinct during the autumn season. The observed normalization of the bottom from the spring to the autumn period is probably due to the action of summer waves which tend to smooth the topography of the sea bottom. A similar sedimentological regime prevails at Magganari beach. The majority of the sediments are characterized as slightly gravelly sand, while the presence of sand is greater than in Mylopotas. The berm zone has been maintained in both study periods. A shallowness of the bottom is observed with the preservation of the morphology in the eastern bay. At the western bay, bottom smoothing is observed in the autumn study period, with no material removed or added.



In the case of Mylopotas, the calculated retreat of the coastline is probably due to the reduced lateral supply of sediment as it is a pocket beach, enclosed by rocky formations, combined with intense tourist activity. The construction of the dam upstream of the Mylopotas stream has limited the supply of sediment to the beach. Part of the material removed from the northern part of the beach is possibly preserved within the break zone, justifying the shallowness observed in the northern part of the beach during the autumn profile. At Magganari, the limited tourist activity and the preservation of the natural landscape favors the supply of the beach through the hydrographic network and the retention of the sediment between the seasons. This condition is evident by the calculated advance of the coastline from the spring to the autumn study period, but also by the almost zero displacements of the coastline in most of the beach.
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Figure 1. Location of study areas. In the west Mylopotas beach, while in the south is Magganari beach. 
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Figure 2. Mylopotas beach located in the western part of Ios. Red arrow indicates the position of the study area. 
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Figure 3. Magganari Beach is located at the southern part of Ios. Red arrow indicates the position of the study area. 
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Figure 4. Mylopotas beach map. All dots are indicating DGPS measurement points: black dots indicate the inland beach limit, red dots indicate vertical cross sections in relation to shoreline, blue dots indicating the coastline during fieldwork period. (a) Spring profile fieldwork measurements (41 cross-sections). (b) Autumn profile fieldwork measurements (40 cross-sections) profile. 
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Figure 5. Magganari beach map. All dots are indicating DGPS measurement points: black dots indicate the inland beach limit, red dots indicate vertical cross sections in relation to shoreline, blue dots indicating the coastline during fieldwork period. (a) Spring profile fieldwork measurements (36 cross-sections). (b) Autumn profile fieldwork measurements (42 cross-sections) profile. 
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Figure 6. Map of vulnerability ranking of the geological variables: (a) Coastal Geomorphology; (b) Coastal Slope; (c) Shoreline displacement rate (Erosion/Accretion). 
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Figure 7. Map of vulnerability ranking of the physical variables: (a) Relative Sea Level change; (b) Tidal range; (c) Mean Wave Height. 
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Figure 8. Map of vulnerability ranking of the CVI values. 
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Figure 9. DEM of Mylopotas beach. (a) Shows the values of elevation from seaward to landward for the autumn period. (b) Shows the values of elevation from seaward to landward for the spring period. 
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Figure 10. Map of morphological slopes of Mylopotas beach. (a) Shows the slope values from seaward to landward for the autumn period. (b) Shows the slope values from seaward to landward for the spring period. The left figure shows the slope values from seaward to landward for the autumn period. 
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Figure 11. DEM of Magganari beach. (a) Shows the values of elevation from seaward to landward for the autumn period. (b) Shows the values of elevation from seaward to landward for the spring period. 
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Figure 12. Map of morphological slopes of Magganari beach. (a) Shows the slope values from seaward to landward for the autumn period. (b) Shows the slope values from seaward to landward for the spring period. 
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Figure 13. Cross-sections of Mylopotas and Magganari: (a) For Mylopotas, cross-sections MylS1, MylS2 and MylS3 for the spring study period and cross-sections MylA1, MylA2 and MylA3 for the autumn study period; (b) For Magganari, cross-sections MagS1, MagS2 and MagS3 for the spring study period and cross-sections MagA1, MagA2 and MagA3 for the autumn study period. 
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Figure 14. Cross sections of the NW part of Mylopotas Beach: (a) Cross section MylS1 is represented by the samples Myls1, Myls2, Myls3, Myls4, Myls5, Myls6 and Myls7. Beach material is characterized by slightly gravelly sand (gS) and sandy gravel (sG). (b) Cross section MylA1 is represented by the samples Myla1, Myla2, Myla3, Myla4, Myla5 and Myla6. Beach material is characterized by slightly gravelly (g)S sand and gravely sand (gS). The arrow points to the berm zone along the cross-section. 
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Figure 15. Map of seasonal displacement of the shoreline at Mylopotas beach. 
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Figure 16. Map of seasonal displacement of the shoreline at Magganari beach. 
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Table 1. Categorization of CVI variables according to Pendleton et al. (2004). A positive sign indicates shoreline advance, while a negative sign indicates retreat. For the coastal slope variable, the ranges proposed by Alexandrakis et al., (2010).
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	Variables/Ranking
	Very Low 1
	Low 2
	Moderate 3
	High 4
	Very High 5





	Geomorphology
	Rocky-cliffed coasts, Fjords
	Medium cliffs, Indented coasts
	Low cliffs, Glacial drift, Alluvial plains
	Cobble Beaches, Estuary, Lagoon
	Barrier beaches, Sand beaches, Salt marsh, Mud flats, Deltas, Mangrove, Coral reefs



	Coastal Slope (%)
	>12
	12–9
	9–6
	6–3
	<3



	Relative Sea Level Change (mm/yr)
	<1.80
	1.80–2.50
	2.50–3
	3–3.40
	>3.40



	Shoreline displacement rate (Erosion/Accretion) (m/yr)
	>2
	1–2
	−1–+1
	−1.10–−2
	<−2



	Mean Tidal Range (m)
	>6.
	4–6
	2–4
	1–2
	<1



	Mean Wave Height (m)
	<0.55
	0.55–0.85
	0.85–1.05
	1.05–1.25
	>1.25
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Table 2. Ranking of the geological variables: Coastal Geomorphology; Coastal Slope; Shoreline displacement rate (Erosion/Accretion). The tables indicate the length, in km and percentage, of coastline in each category of vulnerability.
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	Vulnerability Ranking
	Very Low (1)
	Low (2)
	Moderate (3)
	High (4)
	Very High (5)
	Total





	Coastal Geomorphology
	Rocky, cliffed coasts Artificial constructions
	Medium Cliffs
	Low Cliffs
	Cobble, pebble beaches Estuary
	Sandy beaches, sandy pocket beaches
	



	Length (%)
	93.29
	0.24
	0.18
	1.16
	5.13
	100



	Length (km)
	102.77
	0.27
	0.20
	1.27
	5.65
	110.10



	Coastal Slope (%)
	>12
	12–9
	9–6
	6–3
	<3
	



	Length (%)
	95.07
	1.36
	1.47
	0.92
	1.18
	100



	Length (km)
	104.74
	1.50
	1.61
	0.92
	1.30
	110.10



	Erosion/Accretion rate (m/yr)
	>2
	1–2
	−1–1
	−2–−1
	<−2
	



	Length (%)
	
	
	100
	
	
	100



	Length (km)
	
	
	110.10
	
	
	110.10
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Table 3. Ranking of the physical variables: (a) Relative Sea Level change; (b) Tidal range; (c) Mean Wave Height. The tables indicate the length, in km and percentage, of coastline in each category of vulnerability.
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	Vulnerability Ranking
	Very Low (1)
	Low (2)
	Moderate (3)
	High (4)
	Very High (5)
	Total





	Relative sea level change (mm/yr)
	<1.80
	1.80–2.50
	2.50–3
	3–3.40
	>3.40
	



	Length (%)
	
	
	
	
	100
	100



	Length (km)
	
	
	
	
	110.10
	110.10



	Tidal range (m)
	>6
	4–6
	2–4
	1– 2
	<1
	



	Length (%)
	
	
	
	
	100
	100



	Length (km)
	
	
	
	
	110.10
	110.10



	Mean Wave Height (m)
	<0.55
	0.55–0.85
	0.85–1.05
	1.05–1.25
	>1.25
	



	Length (%)
	
	100
	
	
	
	100



	Length (km)
	
	110.10
	
	
	
	110.10
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Table 4. Ranking of the CVI values. The table indicates the length, in km and percentage, of coastline in each category of vulnerability.
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	Vulnerability Ranking
	Very Low (1)
	Low (2)
	Moderate (3)
	High (4)
	Very High (5)
	Total





	CVI
	5–7.07
	7.07–10
	10–11.18
	11.18–19.36
	19.36–25
	



	Length (%)
	92.37
	1.69
	2.64
	1.74
	1.56
	100



	Length (km)
	101.74
	1.86
	2.91
	1.91
	1.72
	110.10
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