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Abstract

:

The present study examines the recent evolution of a cliff coast along the Aegean Sea, considering its geotectonic context, oceanographic factors, sediment dynamics, and human impact. Initially, the formation of this coastal stretch was influenced by neotectonic faults, oriented both semi-parallel and diagonally relative to the present coastline orientation (NE–SW). Subsequently, the delivery of terrestrial sediment from ephemeral rivers and cliff erosion, along with nearshore wave-induced hydrodynamics have played a secondary role in shaping its current configuration, which includes a beach zone along the base of the cliff. This secondary phase of coastal evolution occurred over the past 4–5 thousand years, coinciding with a period of slow sea level rise (approximately 1 mm/year). Evidence such as uplifted notches and beachrock formations extending to around 5 m water depth suggests intervals of relative sea level stability, interrupted by episodic tectonic events. Anthropogenic interventions, related to both changes in coastal sediment budget and coastal engineering projects, have caused beach erosion, particularly in its central and northern sectors.
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1. Introduction


Modern Mediterranean beaches have developed since the mid-Holocene, i.e., after the deceleration of sea level rise to <1 mm/year [1,2,3,4], often dated back to ≈5 ka BP [5,6,7,8]. For the formation of the beaches fronted coastal cliffs, a key factor is the accumulation of sediment provided by cliff erosion and rivers [9], in association with nearshore sediment transport.



Cliff erosion rates depend on cliff geology (i.e., lithology, diastrophism, stratigraphy), climate (i.e., rain, wind, ice) and nearshore hydrodynamics (i.e., wave runup, tidal range) [10,11,12]; these processes lead to either a gradual cliff retreat and/or episodic and rather localized mass failures [13]. Cliff erosion has been investigated in the eastern Mediterranean by Mushkin et al. [14], Barkai et al. [15], Sytnic et al. [16], Giuliano et al. [17], Theodore et al. [18] and Vandarakis et al. [19]. Although the dissipative role of beaches is very important in the case of cliff retreat, depending on their width and total sediment budget [20,21,22], there are no publications referring to the total sediment budget of cliffed beaches incorporating material provided by both terrestrial (cliff erosion, rivers) and marine (i.e., long/cross-shore sediment transport) factors. A relevant study is that of Terefenko et al. [23], who have correlated changes in reported shoreline retreat (0.1–1.5 m), maximum beach elevation (up to 0.4 m) and cliff toe retreat (1.3–3.8 m), with changes in beach volume (1700–6486 m3) in five shore-normal profiles between 3 November 2006 and 3 April 2017 at Wolin Island cliff coast (Polland).



Another factor controlling beach evolution is the presence of beachrocks, which are very common in temperate climates and microtidal coastal environments, such as those of the Mediterranean Sea [24,25]. Although soon after their formation, beachrocks favor beach erosion when exposed, they act as natural revetments along the beach face against erosion. On the other hand, beachrocks are also used as indicators of sea-level stand (e.g., Kelletat, [26], as they are formed at sea level. In the case of the Aegean Sea, the dating of beachrock formations taken from the nearby Cycladic plateau (Mykonos–Delos–Rhenia islands) [27] indicate 3 distinct sea level stands within the last 4 ka BP [4]: (i) a stand at −3.6 m (±0.5 m) ca. 2000 BC; (ii) a stand at −2.5 m (± 0.5 m) ca. 400 BC; and (iii) a stand at −1 m (±0.5 m) ca. 1000 AD.



Since the beginning of the 21st century, many of the beach zones have been affected to some extent by coastal erosion, which, in the case of the 15 EU countries, affects about 15% of their total shoreline length (127,860 km) [28,29]. For example, approximately 22% of the total Italian coastline (7468 km) and 42% of the Italian beaches (ca. 3950 km) have been eroded [30]. Likewise, in Spain, about 824 km of its coastline (6616 km) has been impacted by erosion with the coastal regions of Andalucía, Catalonia, and Valencia being the most affected regions [31]. In Greece, too, more than 26% of its coastline has been eroded [28,32].



Apparently, a significant part of the EU (2004) coastline retreat is attributed to human interventions; these include land use changes, dam construction, coastal infrastructure (housing), and artificial works (e.g., ports, coastal roads), which either affect the coastal sediment budget and/or trigger erosion processes related to nearshore hydrodynamics [28,29,33,34,35].



The present work investigates the formation and evolution of beaches developed in front of a cliff, in the case of the mountainous coast of eastern Evia Island (west Aegean coast), taking into account the geological structure, terrestrial sediment inputs, beach characteristics (morphometry, granulometry), recent shoreline displacement, wave-induced nearshore morpho-dynamics, and human interventions.




2. Study Area


The study area is located on the east coast of Evia Island (Aegean Sea), extending from Akra Kymi (north) to Akra Pounta (south), and has a total coastline length of c. 18 km (Figure 1). It consists of coastal cliffs generally fronted by a beach zone. The relief of the associated hinterland is characterized as mountainous with elevations ranging from 200 to 400 m near the coast to over 900 m inland. The morphological slopes range from 40° to 50°, with the central part having a lower slope of 20°. The hydrographic network has been shaped by the weathering and erosional processes favored by erodible lithology, increased precipitation levels and tectonic activity [36,37]. Three small torrential rivers debouch along the coast, namely Melas (158.4 km2), Manikiatis (47.9 km2) and Stomio (12.6 km2), while a sloping area of about 15 km2 is drained by small ephemeral streams.



Geologically, the coastal stretch under investigation belongs to the Pelagonian Zone and, in particular, to the Kymi Basin, which is the largest Neogene basin in Evia Island [38,39]. The coastal geology, as part of the Kymi Basin, has undergone two phases of extensional deformation: the first phase (33–21 Ma) is associated with a NNE–SSW extension, while the second phase (<15 Ma) is associated with an ENE–WSW extension [38,39,40]. The ENE–WSW extension is associated with a fault zone incorporating normal high-angle faults (deepening westward) and extending along the coastline with an overall NW–SE orientation. The NNE–SSW extension phase is associated with two sets of conjugated faults, which run almost perpendicular to each other. The faults associated with the extensional phases either run semi-parallel to the coastline or intersect diagonally, as illustrated in Figure 2.



The lithology of the northern coastal sector (located to the north of R. Melas) includes mainly Lower Neogene formations, consisting of grey marls, light grey compact limestone marls, marly limestones, fossiliferous brown compact marls, and plastic clays. In addition, there are occurrences of gravels or cobbles and intercalations of sandstone within these formations. In contrast, the coastal sector to the south of R. Melas is characterized by a different lithological composition and, specifically, by alterations of conglomerates, sandstones, clays, and clayey marls, with layers of volcanic tuffs dating from the Upper Neogene period. Furthermore, the hydrogeological properties of these formations contribute to the infiltration of rainwater at depth, which can lead to phenomena such as creep and landslides [38].



The climate of the study area, based on the measurements of Kymi station (operated from 1955 to 1989) of the Hellenic National Meteorological Service (HNMS), is characterized by a mean monthly air temperature of 16 °C, with the hottest period being from May to October. The highest temperature occurs in July (24.9 °C) and the lowest in January (8.6 °C). Total annual precipitation is 1071 mm, with the wet period being from October to May, when annual precipitation reaches 82%.



From an oceanographic point of view, the coastal zone under investigation is characterized by low (<20 cm) astronomical tide [41]; however, the maximum sea level may exceed 0.5 m taking into account the meteorological tide (see Section 3). The coastline is exposed to wind-generated waves approaching from N, NE, E and SE directions. Among these, waves originating from the SE tend to be the most important, given their longer fetches (over 1000 km), resulting in higher wave heights and longer periods. In terms of wind (wave) frequency, the predominant directions are N (20.21%) and NE (21.08%), with secondary winds coming from E (4.64%) and SE (6.38%). Most commonly, winds fall within the 4–5 Beaufort range, although the strongest winds can exceed 9 Beaufort.



Anthropogenic intervention in the study area began in the early 1950s, with the initial construction of the port of Kymi and the coastal road, serving to connect Kymi’s Port with the hinterland of Evia. Subsequently, in the mid-1990s, the port underwent further expansion.



For the needs of the present study, the coastal zone under investigation was divided into five coastal sectors (A–E), as shown in Figure 1, with respect to their coastline orientation and morphometric configuration.




3. Materials and Methods


3.1. Nearshore Hydrodynamics


The offshore wave regime was determined using the hourly ERA5-ECMWF values (wave height, period and direction) provided by the Copernicus Marine Ocean Viewer (https://data.marine.copernicus.eu/products Accessed on 12 May 2018). The ERA5-ECMWF wave data refer to 38°33′55.16″ N and 24°9′41.00″ E offshore geographical position and includes the following datasets, spanning from 2011 to 2020: (i) VHM0_WW [m]—sea surface wind wave significant height; (ii) VMDR_WW [°]—sea surface wind wave from direction; and (iii) VTM01_WW [s]—sea surface wind wave mean period. Gravity waves are assumed to be those having Hm0 > 0.064 m (i.e., Hs > 0.04 m) and Tm01 > 1 s. For the calculation of the offshore wave parameters, the following relationships were used [42,43]:


Hs ⋍ Hm0



(1a)






H1/10 ⋍ 1.27 Hs



(1b)






H1/100 ⋍ 1.52 Hs



(1c)






Ts ⋍ 1.2 Tm01



(2a)






Ts ⋍ T1/10 ⋍ T1/10



(2b)







The maximum depth of mobilization of bottom sediments by the wave was based on Hallermeyer’s equation [44]:


    d c   i n n e r   = 2.28     H   e   − 68.5           H   e       g   T   e         2    



(3)




where (He) is the significant wave height for extreme waves and (Te) is the corresponding wave period before breaking, which is recorded for at least 12 h per year.



The breaking depth is given by the relationship:


γb = db/Hb



(4)




where the parameters (γb: breaking parameter) and (Hb: breaking height) are calculated using Kraus and Larson [45] and Rattanapitikon and Shibayama [46] equations, respectively:


    γ   b   = 1.14 ·   ξ   O   0.21    



(5)






    H   b   = ( − 0.57 ·   m   2   + 0.31 · m + 0.58 ) ·   L   o   ·         H   o       L   o         0.83    



(6)




where (ξo) is the surf similarity parameter provided by Iribarren & Nogales [47]:


    ξ   O   =   m           H   O       L   O         0.5      



(7)




with (m) being the subaqueous slope of the surf zone (=tanβ), (Ho) and (Lo) are the offshore incoming wave characteristics (Lo = 2π/g Co T).



The overall beach state configuration, which identifies whether a beach is classified as reflective (Ω < 1), intermediate (1 < Ω < 6) or dissipative (Ω > 6), was estimated through the dimensionless fall velocity (Ω) given by Short’s equation [48]:


  Ω =     H   b     T     w   s      



(8)




where (Hb) is the breaking wave height, (Τ) is the wave period and (ws) is the settling velocity of the grains whose size corresponds to D50.



The settling velocity was calculated using van Rijn’s equations [49]:


  0.1   <   D   <   1   mm     w   s   =   10   v   D         1 +   0.01     s − 1   g     D   3       v   2         0.5   − 1    



(9a)






  D   ≥   1   mm     w   s   = 1.1     [   s − 1   g   D ]   0.5    



(9b)




where (D) is particle diameter (D50 in m), (s) is specific gravity (ρs/ρw = 2.58) and (v) is the kinematic viscosity of seawater (≌10−6 m2/s).



The maximum wave runup (Rmax) and that of the highest 2% waves (R2%) were calculated using equations provided by Atkinson et al. [50] and Mase et al. [51], respectively; these are:


    R   m a x   = 2.32     H   s       ξ   s   0.77    



(10)




where Hs and ξs (Iribarren number) refer to significant wave height offshore conditions)


    R   m 2 %   = 0.92 t a n   m         H   s     L   p       0.5   + 0.16     H   s    



(11)




where (tan(m)) is the foreshore slope, (Hs) is the significant wave height, (Lp) is wavelength referred to as peak wave period (Tp).



The potential mass (Qt,mass) of the longshore sediment transport (immersed load) was estimated based on the equation given by Van Rijn [49]; this is a modification of the initial one developed by the US Corps of Engineers by relating the immersed weight (Qi) of the longshore sediment transport rate to the longshore wave energy flux:


    Q   t , m a s s   = 0.023     1 − p       ρ   s       g   0.5       γ   b   − 0.51       H   s , b   2.5     s i n   (   2   a   b   )  



(12)




where (Hs,b) is the breaking height of the significant waves, (αb) is the angle in between the orientation of the wave crests and the orientation of the isobaths (shoreline), (p) is a parameter related to the porosity of the sediment (=0.4) and (ρs) is the density of the sediment (=2650 kg/m3).




3.2. Beach Morphology and Granulometry


A fieldwork survey was conducted in September 2022 including subaerial and underwater sedimentological and geomorphological measurements on 8 shore-normal profiles (for locations see Figure 1), representing the summer profile. Topographic profiles for the terrestrial part were executed with the use of a laser distance meter (Leica), while depth measurements were obtained with the use of a portable echosounder (HONDEX 200). An amount of 48 surficial (top 2 cm) sediment samples were selected along each profile and were texturally analyzed after dry sieving at the Laboratory of Physical Geography (Department of Geology and Geoenvironment) and classified according to Folk’s procedure [52]. The statistical analysis of the results was executed with the use of GRADISTAT v9.1 open-source software [53].



The morphological map of the study area is generated in ArcGIS Pro software based on the topographic map 1:50,000 of the Hellenic Geographical Service (published in 1989). Supplementary bathymetric data utilized the GEBCO Digital Bathymetric grid from the European Marine Observation and Data Network (EMODnet) (1/4 of an arc minute grid multi-resolution).




3.3. Coastline Displacement


The quantitative assessment of the spatial change in the position of the coastline was based on a series of images, i.e., aerial photographs for the years 1945 (1:42,000), 1960 (1:30,000) and 1970 (1:15,000), provided by the Hellenic Military Geographical Service (HMGS), orthophoto maps for the year 1980 (1:15,000) taken by the Hellenic Cadastral Service and satellite images for the years 2010 (1:11,400) and 2019 (1:11,400) taken by the Google Earth software. To extract the coastline position, the aerial photographs were georeferenced in an ArcGIS Pro environment, orthorectified using ground control points (GCPs) and manually digitized following the wet/dry sand interface. Quantitative estimates of spatial shoreline position changes were then estimated using the open-source Digital Shoreline Analysis System (DSAS) module [54]. The DSAS application in the survey included transects perpendicular to the baseline at 50 m intervals along the shoreline. The statistical procedure utilized the Net Shoreline Movement (NSM) calculation, the objective of which is to quantify the total final change in coastline displacement during the examined period.



Cross-validation of shoreline sites and determination of model quality was evaluated by calculating the Root Mean Square Error (RMSE), which reflects how close the reverse calculated dataset is to the actual dataset. Therefore, the Root Mean Square Error (RMSE) was calculated for each sector based on the cross-transect values using DSAS tools to validate the model output, with the use of the following equation:


  R M S E =      ( X   1945   −   X   2019 )     2   +   (   Y   1945   −   Y   2019   )   2     



(13)




where (X1945) and (Y1945) are the x, y coordinates of the oldest shoreline (1945) and (X2019) and (Y2019) are the coordinates of the most recent shoreline (2019). Hence, RMSE was calculated at 0.58 m in sector A, 0.24 m in sectors B-II and C, 0.50 m in sector D-I and 0.38 m in sectors D-II and D-III.



The total RMS errors introduced by the geo-referencing procedure ranged between 3 m and 5 m. With respect to photograph distortion, the maximum possible number of GCPs along the coastline and at the lowest possible elevation (close to 0 m elevation) was selected in order for errors at the shoreline position to be practically negligible. The land–water interface accuracy based on 1 pixel corresponds to 4 m. Additionally, considering the tidal range (~10 cm) and the beach face slope (ca. 10%) errors caused due to the tidal cycle are ~1 m. Further errors introduced due to the seasonal beach profile changes are not possible to calculate due to the lack of adequate, continuous old photographs [55]. Therefore, the maximum total inaccuracies of the extracted shoreline positions are in the order of 9 ± 1 m.





4. Results


4.1. Nearshore Hydrodynamics


The area under investigation is exposed to waves incoming from N, NE, E and SE directions. Analysis of the offshore wave data showed that the prevailing direction is N with a median direction of ca. 8 degrees and an annual frequency of 17% (Table 1). The second in order is NE, with a frequency of 11% and a median direction of ca. 30 degrees, while the lowest frequency is recorded for E waves. Table 1 presents the values of wave height (H) and peak period (Tp) along with breaking wave height and corresponding depth values.



In Table 2, the closure depths for the highest (1%) incoming waves from N, NE, E and SE directions are presented, along with the estimates of wave run-up (maximum and upper 2%) in the case of the usual high (10%) and maximum (1%) waves. Waves from N and NE directions can mobilize seabed sediments up to depths of 11–13 m, while those from the SE can be up to 8.5 m. The highest sediment mobility occurs in the breaking zone, which, in the case of the higher 10% N and NE waves, is found at up to 5 m water depth, while in the case of the SE waves, it is found at a depth of 2.5 m. The corresponding values for the higher (1%) waves increase up to 7.5–9.0 m and 6.0 m, respectively. The aforementioned wave regime is associated with run-up values reaching elevations of about 2 m for the higher 1% waves and about 1 m for the higher 10% waves. These values may increase by approximately 0.5 m, taking into account astronomical and meteorological tides that cause higher sea levels; the latter is indicated by the sea-level values recorded in the port of Syros (central Cyclades), where the difference between mean water level and high water accounts for 0.45 m (https://www.hnhs.gr/ 2 August 2023: Sea Level Statistics from the Greek Tide Gauge Network).



The calculation of beach state configuration (Ω parameter) for the various coastal sectors utilizing the available data from the characteristics that are presented in Table 3.




4.2. Beach Profiles


The results of the grain size analysis are presented in Table A1 (Appendix A). In general, the subaerial part of all the beach sectors consists of mixed material (sand and gravel). Along the beach face, the material becomes coarser, as it is dominated by gravel material. Subaqueously, in water depths greater than 2 m, the bottom sediment becomes sandy. In addition, beachrock formations are found alongshore and underwater to water depths of up to 5 m, being completely or partially covered by sand and/or gravel.



The subaerial profile P-1 (sub-sector A-II) from Kefala beach (see Figure 3) consists of mixed material that fines towards the foot of the cliff (sand > 90%). The beach face consists of gravelly sand (gS), while at its subaqueous part, seabed material changes from sandy gravel (sG) in the shoreface to slightly gravelly sand ((g)S) and, finally, sand (S), as it moves seaward. It is stated that the subaqueous part of the profile is located between bedrock outcrops, which are partially covered by meadows of Posidonia oceanica.



Profile 2 (Figure 3) was conducted at the northern part of Platana beach close to a protection construction (groyne). It is noted that the central and southern part of the Platana coastal front lacks a well-developed beach. In terms of grain size, the beach is generally sandy, both at the very narrow subaerial part (a few meters wide) and at its subaqueous part. The presence of this small beach to the south of the groyne is most likely related to the accumulation of sediment due to the longshore currents induced by the SE incoming waves.



Profile 3 at Agios Georgios beach (Figure 3) is delimited by a coastal road at its landward limit, the elevation of which is 2.5–3.0 m. The slope in this subaerial part, the width of which is ca. 20 m, has a slope of 12.5% slope, characterized by the presence of a well-formed berm at ca. 1 m above sea level, at a distance of 6 m from the shoreline. The shoreface consists of gravel material and maintains a slope of 16.5%, while seawards, the slope is rather smooth (<2.5%), reaching a water depth of 6 m at a distance of 220 m from the shoreline and consisting of mixed (sands, gravels) material at its greatest part. Beachrock formations—partially covered by gravel of variable size (Mz > 7 mm)—occur at a depth of ca. 2.5 m, while at greater depths up to about 4 m, they are either partially covered or outcrop from the generally sandy seabed. Further offshore, at a distance of 130 ± 10 m and a water depth of ca. 3 m, a sandy bar about 1.5 m high has been traced.



The subaerial part of profile 4, at Mourteri beach (Figure 3), has a width of ca. 45 m and extends between the shoreline and a small dune (height 1.5–1.8 m), which is bounded landwards by a coastal road. The beach zone includes also two berms at distances of 8.0 m and 2.5 m from the shoreline, with heights of about 1.0 m and 0.5 m, respectively. The beach sediment consists of gravel finning towards the dune toe. The shoreface is composed of gravel, while the shallower part of the foreshore (depth up to 2 m) also consists of gravel covering beachrock formations. From this depth to a depth of 5.5 m, the slope of the seabed increases from less than 17% to more than 20%. Beachrock formations (uncovered by sediment) are present between 5.5 m and 6.0 m depth (horizontal distance of ca. 30 m). The remaining part of the profile represents a sandy bottom with a gentle slope (1.5%).



Profile 5 at Agios Merkourios beach (Figure 3) is characterized by the widest subaerial beach maintaining > 60 m width, reaching an altitude of 2.0–2.5 m, at the foot of a small dune. Starting from the shoreline, four successive berms at ca. 7 m, 25 m, 35 m and 50 m are present as the result of wave runup induced by waves of different heights. It consists of mixed material with gravelly sand (gS) occupying the flattened parts of the berms and sandy gravel (sG) occupying their fronts. The active beach face and the upper part of the shoreface (depths < 2 m) bottom sediment consists of sandy gravel (sG), which fines seawards to become sandy with ripples at water depths > 3 m. Neither beachrock formations nor seaweed (e.g., Posidonia oceanica) have been observed in this profile.




4.3. Sediment Budget


Τhe beach sediment budget includes terrestrial (cliff erosion and rivers) and marine (longshore transport) fluxes. Therefore, considering that the three small rivers drain an inland area of approximately 235 km2, and assuming that the fluvial suspended sediment yield ranges between 140 and 250 tons/km2 [56,57], the coastal region receives an annual inflow of 44.1 ± 8.9 × 103 tons. In addition, a bedload influx of about 9 × 103 tons could also contribute to the sediment budget, as it potentially accounts for 10–30% of the total fluvial sediment load [58].



Coastal cliffs are likely to contribute significantly to the sediment budget. Considering that along the 34,900 km of the European Mediterranean rocky/cliffed coast, erosion contributes about 40 ± 22 × 106 tons/year [8], the ca. 18 km of the cliff coast under investigation may contribute annually an additional amount of 20.6 ± 11.3 × 103 tons. Therefore, the total terrestrial sediment load may account for ca. 74 × 103 tons/year.



The calculation of the potential longshore sediment transport reveals a gross annual estimate of 10 to 130 × 103 tons/year (Table 4), with a southward direction in all sectors except sector A, where the direction is northeast. This transport rate exceeds the potential terrestrial inputs that account for ca. 74 × 103 tons/year.




4.4. Recent Coastal Evolution


The application of the DSAS-NSM approach for the different sectors of the study area is presented in Figure 4, while the quantitative shoreline displacement for the period of 1945–2019 is summarized in Table 5. The Root Mean Square Error (RMSE) ranged between 0.2 m and 0.6 m (see also Table 5).





5. Discussion


5.1. Factors Controlling Coastal Evolution


During the Quaternary, the coastal zone under investigation underwent significant morphological changes mainly due to diastrophism, influenced by non-marine factors. Normal faults played a pivotal role, either aligning parallel to the coastline or intersecting diagonally. Today, the under investigation coastal landscape presents a mixture of morphological features, with sectors characterized by straightened coastlines owing to marine deposition, manifested as developed beach zones, and other sectors, particularly at either end, controlled by cliffs, either entirely devoid of or with a very narrow beach zone.



Morphotectonic processes extend back millions of years, while secondary processes such as cliff erosion and sediment transport have prominently influenced the landscape since the last transgression, especially since the last glacial maximum. In particular, the formation of modern beaches is the result of marine processes spanning the last 4–5 × 103 years, a period corresponding to the gradual sea level rise of no more than 1 mm/year [1,3,4].



Nearshore morphodynamics are driven by the incoming waves and the associated nearshore currents. Higher incoming waves have the capacity to mobilize bottom sediments up to 12 m depth, while they break at depths less than 6 m, forming longshore bars. In addition, they are characterized by run-up values exceeding 2 m, resulting in the formation of berms at different elevations. Additionally, it is noteworthy to comment on the characterization of the beach configuration state. The A-II and B-II beach sectors are characterized as reflective (Ω < 1) when the significant wave height (upper 33%) is considered in the calculations, while the same sectors adopt a dissipative or intermediate state if the higher 10% of waves are considered. This finding is attributed to the topography of the beach face/upper shoreface topography (0–2 m water depth) in which—in the first case—the slope is high (13/%) and seabed material is gravelly, whilst—in the second case—the slope is reduced (2.4%) and the sediment is finer (mostly sand). However, for the smaller waves approaching from the E and SE, the difference is evident, as in the southern coastal sectors beach state remains reflective, in the central sector it remains intermediate, while in the northern sector, the beach state is dissipative for both wave sets.



The dissipative nature of beaches is indeed highly dependent on their formation, which is influenced by terrestrial sediment fluxes and long shore sediment transport. The total terrestrial sediment load is estimated to be about 74 × 103 tons/year, while the potential long shore sediment transport varies between 10 and 130 × 103 tonnes/year (see Table 4). Given the current state of the study area, which shows a negative trend of shoreline evolution with parts of the nearshore zone lacking unconsolidated sediment, it can be inferred that the initial formation of the beach in front of the cliff concluded much earlier and most likely before any significant human intervention (i.e., prior to the mid-1990s).




5.2. Coastal Evolution


The northern coastal sector (A) comprises two sub-sectors (see Figure 1): the northern sub-sector (A-I) with a W–E coastline orientation, and the southern sub-sector (A-II) constitutes a coastline trending NW–SW. Both sub-sectors are controlled by faults that intersect almost perpendicular to the coastline, having caused a tectonic uplift of more than 1–1.5 m, as revealed by the presence of a notch at Cape Kymi (Figure 5a) and the emergence of strongly tilted seafloor strata (Figure 5b).



The northern sub-sector (A-I) is essentially devoid of beach zones (Figure 5a), while the southern sub-sector (A-II) hosts a narrow beach zone developed basically in between seabed outcrops with sediment derived from coastal cliffs. In this sector, the longest beach zone (about 450 m long) is Soutsini beach (Figure 5c); it consists of mixed material (sand and gravel) finning towards the foot of the cliff (sand > 90%), while its shoreface consists of slightly gravelly sand ((g)S) with gravel < 10%. In general, sector A is rather stable or slightly retreating in response to northeastward longshore sediment transport and bedrock outcrops that trap nearshore sediment and dissipate incoming wave energy. Human influence is present in this sector, with several interventions evident on the cliff (e.g., cottages, roads, seawalls). Overall, the Soutsini beach appears to be currently under erosion, as shown in Figure 5d.



Sector B is extended from ca. 300 m north of the port of Kymi to the mouth of R. Melas, having a NNE–SSW coastline orientation (Figure 6a,b). The coastline is marked by the absence of well-developed beaches, but there is significant anthropogenic intervention, which mainly concerns the construction of the port of Kymi and the residential development of the town of Platana in the coastal front, including the installation of two groynes at both ends.



Apparently, as can be seen from the analyses of the evolution of the coastline, the presence of the harbor has not caused any significant changes to the nearby coastline, probably due to the lack of sediment inputs in the surrounding area. On the other hand, the coastal front of the town of Platana has undergone extensive erosion leading to the degradation of its beach that was extending over 20 m wide in the 1940s (Figure 6c). This erosion is attributed to the presence of the seawall that reflects wave energy in conjunction with the presence of a groyne in the southern area, which prohibits the northward longshore transport (during SE waves) of the sediments delivered by the R. Melas. On the other hand, south of the northern groyne a very narrow (a few meters wide) beach is present, developed by the accumulation of sediments (Figure 6d).



The coastal sector (C) is located between the mouths of R. Melas (north) and R. Manikiatis (south), having a NNE–SSW coastline orientation. The main anthropogenic intervention in this sector is the presence of the coastal road (Figure 7a) connecting the port of Kymi with the town of Oxilinthos (to the south), which is supported by a sea wall.



The coastal road has been constructed along the foot of the coastal cliff; prior to its construction, a narrow beach with a width of no more than 10 m was extending in front of the cliff. Nowadays, most of this narrow beach has eroded or exists temporarily, with a dependence on nearshore hydrodynamics. A narrow beach (width < 10 m) present at the southern part of sector C is composed of rather coarse material (Figure 7). In situ field observations showed that the shoreface (0–3 m water depth) is devoid of sediment and “covered” by boulders; this suggests that the construction of the coastal wall led to the reflection of the storm waves on the wall causing intensive sediment removal both to the south by longshore and to the sea by offshore sediment transport. In addition, as illustrated in the photographs in Figure 7b, the southern section of this coastal road has been partially damaged due to the failure of the stepped retaining wall; the latter was constructed to reinforce the base of the wall against incoming waves [36].



Coastal sector (D) extends from the mouth of the R. Manitiatis (north) to the headland adjacent to the small R. Rema, with a NW–SE coastline orientation; it is further divided into three sub-sectors (D-I, D-II and D-III).



The northern sub-sector (D-I) is characterized by a well-developed beach in front of a moderately sloping cliff (40°) (Figure 8a). The width of the beach gradually decreases towards its southern end. The greater width at its northern end is attributed to the sediments delivered by the river Manitiatis. The southern boundary is defined by a fault-controlled headland that slightly intrudes into the sea. At its base, beachrock’s presence provides protection from erosion (Figure 8c). The beach material is mostly sandy, while the presence of berms with a gravel front is associated with storm wave runup that exceeds 2 m. In the last few decades, this sector has undergone a moderate retreat, while some central and southern areas either remain stable or show a tendency to progradation; the latter phenomenon could also be linked to southward longshore transport of sediments.



The coastline of the second sub-sector (D-II), located south of the aforementioned headland, has the same orientation as sub-sector D-I, but shifts approximately 120 m inland. It has a well-developed beach, 40–50 m wide. Its northern part encompasses the alluvial valley of the R. Manikiatis, while its southern part is bordered landwards by a cliff, similar—in terms of face slope and lithology—to that of sub-sector D-I. One of the prominent features of this shoreline segment is the occurrence of beachrock “patches” along the beach face at regular intervals of 100–150 m (Figure 9). These beachrocks appear to act as artificial structures trapping sediment between them and, thus, supporting the stabilization of the beach. However, their presence suggests an earlier phase of beach retreat. Moreover, along profile P5 (placed between two successive beachrock “patches”), the presence of beachrock is also reported underwater up to a depth of approximately 4 m; herein, beachrocks are partially covered by sediments. Beachrock formations have been found at similar depths in the northern Cycladic Islands [4]: 3.6 ± 0.2 m (covering a period of ca. 2000–180 BC); 2.4 ± 0.2 m (dating from 146 BC to 400 AD); 1.3 ± 0.2 m (dated: 1200–1540 AD); and close to the surface −0.8 ± 0.1 m (dated: 1550–1650 AD). The deepest beachrock recorded in profile P5 was observed at a water depth of 5.0–5.5 m. This depth range is very similar to the depth of beachrock, which is approximately 5.00 ± 0.20 m deep and dates from 4200 BC to 2000 BC, as found at Poles and Mesa Steno (Andros Isl.), Kalafati (Mykonos Isl.) and Logaras (Paros Isl.) [4,59].



Sub-sector D-II displays a retreating northern section, with retreat distances exceeding 24 m; the retreating trend extends to over 35 m around the mouth of the R. Rema. Southwards, the retreat rates decrease and the final section tends to be more stable. This stabilization trend could be attributed to the overall longshore sediment transport, which is directed from north to south.



The third sub-sector (D-III) is situated between two fault-controlled headlands (Figure 10) with almost vertical slopes but different lithology. The northern promontory comprises Neogene clastic formations, while the southern promontory consists of Upper Triassic to Middle Jurassic limestone (Figure 2).



The beach attains its maximum width, reaching 60 m at its southern end. This widening is attributed to the presence of two small torrents on the north side of the two headlands, as well as the overall longshore sediment transport to the south. In contrast to sub-sector D-II, this area has no observable beachrock formations along the beach profile. The generally shallower beach profile suggests that any existing beachrocks may have been buried by sediments transported via longshore sediment transport, which is further evidenced by the overall trend of beach advance. Coastal sector (E) encompasses the coastline extending from the headland separating sectors D and E to the Punta promontory. This sector is characterized by the presence of a steeply sloping cliff made of Mesozoic limestones, which occasionally hosts small pocket beaches. These beaches are fed by material carried by small ephemeral streams (Figure 11).





6. Conclusions


The morphological evolution of the eastern coast of Evia Island is mainly influenced by neotectonic activity associated with two sets of intersecting fault systems. Secondary factors controlling the morphological state include sea level rise, particularly since the last glacial maximum (i.e., around 20,000 years ago), terrestrial sediment fluxes and nearshore hydrodynamics. The presence of beachrocks up to depths of 5–6 m indicated periods of relatively stable sea level, interrupted by episodic tectonic movements. Given the limited tidal range, nearshore hydrodynamics driven by incoming waves play a crucial role in beach formation and evolution.



Human interventions since the mid-19th century, such as the construction of the port of Kymi, have influenced the evolution of the coastline, especially in areas bounded by coastal cliffs. Interestingly, the presence of the Kymi port does not seem to be correlated with shoreline displacements. On the contrary, the application of protective structures such as seawalls and groynes at Platana beach, along with the presence of the coastal road and the seawall in sector C, led to increased erosion in these beach zones.



In conclusion, the northern and southern end sectors (A and E) are primarily influenced by geotectonics, while sector B in the north, although controlled also by tectonism, has been more recently impacted by human interventions. This intervention seems to dictate the current state of sector C, while the central and southern sector D seems to have developed naturally, driven by Holocene fault activity and sedimentary processes. Since the mid-1990s, the sectors subjected to minimal human intervention tend to show stability or slight progradation, while extensive shoreline retreat is associated with coastal human-made constructions.
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Table A1. Grain size characteristics of the surficial sediment samples obtained from different elevations (ELV) along the five profiles (P1–P5) (for locations, see Figure 1).
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Sectors

	
Samples

	
ELV (m)

	
Mz (mm)

	
D50 (mm)

	
S (%)

	
Type






	
A-II

(Profile 1)

	
s1

	
1.4

	
8.266

	
8.942

	
2.7

	
G




	
s2

	
1.2

	
6.504

	
6.240

	
0.6

	
G




	
s3

	
0.8

	
13.050

	
21.234

	
0.0

	
G




	
s4

	
0.4

	
14.227

	
13.390

	
0.0

	
G




	
s5

	
0.2

	
9.070

	
9.316

	
0.0

	
G




	
s6

	
0.0

	
4.525

	
4.737

	
0.4

	
G




	
s7

	
−4.2

	
0.318

	
0.334

	
99.9

	
S




	
s8

	
−6.0

	
0.234

	
0.233

	
99.9

	
S




	
B-I

(Profile 2)

	
s1

	
0.5

	
0.350

	
0.352

	
79.3

	
gS




	
s2

	
0.0

	
0.670

	
0.445

	
83.2

	
gS




	
s3

	
−0.6

	
0.250

	
0.244

	
99.8

	
(g)S




	
s4

	
−2.0

	
0.181

	
0.181

	
100

	
S




	
s5

	
−4.0

	
0.195

	
0.190

	
100

	
S




	
D-III

(Profile 3)

	
s1

	
2.1

	
0.605

	
0.641

	
99.8

	
(g)S




	
s2

	
1.1

	
0.490

	
0.481

	
95.0

	
gS




	
s3

	
0.7

	
4.227

	
20.972

	
21.0

	
sG




	
s4

	
0.7

	
1.743

	
0.851

	
68.9

	
sG




	
s5

	
0.3

	
4.942

	
5.059

	
13.2

	
G




	
s6

	
0.0

	
4.123

	
4.545

	
19.6

	
G




	
s7

	
−2.3

	
6.991

	
23.249

	
4.8

	
G




	
s8

	
−3.8

	
0.299

	
0.317

	
100

	
S




	
s9

	
−6.0

	
0.390

	
0.372

	
99.9

	
(g)S




	
D-II

(Profile 4)

	
s1

	
3.3

	
0.856

	
0.782

	
87.8

	
gS




	
s2

	
2.2

	
5.611

	
16.686

	
34.7

	
sG




	
s3

	
1.7

	
4.717

	
3.036

	
22.3

	
sG




	
s4

	
0.9

	
6.519

	
5.757

	
7.5

	
G




	
s5

	
0.6

	
2.207

	
2.025

	
49.3

	
sG




	
s6

	
0.6

	
7.729

	
7.898

	
0.2

	
G




	
s7

	
0.3

	
3.754

	
3.371

	
0.2

	
G




	
s8

	
0.0

	
2.752

	
2.603

	
32.7

	
sG




	
s9

	
−2.3

	
5.202

	
4.333

	
7.4

	
G




	
s10

	
−4.0

	
0.572

	
0.611

	
99.8

	
(g)S




	
s11

	
−6.0

	
0.320

	
0.335

	
100.0

	
S




	
D-II

(Profile 5)

	
s1

	
2.0

	
0.973

	
1.018

	
98.0

	
(g)S




	
s2

	
0.7

	
2.190

	
1.378

	
68.3

	
sG




	
s3

	
0.6

	
5.164

	
3.488

	
11.7

	
G




	
s4

	
1.8

	
1.657

	
2.223

	
42.8

	
sG




	
s5

	
2.1

	
6.838

	
15.863

	
22.5

	
sG




	
s6

	
1.8

	
1.356

	
1.091

	
64.5

	
sG




	
S7

	
1.2

	
1.716

	
1.617

	
71.3

	
gS




	
s8

	
0.8

	
2.985

	
2.323

	
44.3

	
sG




	
s9

	
0.7

	
2.068

	
2.134

	
44.8

	
sG




	
s10

	
0.6

	
5.548

	
5.730

	
6.2

	
G




	
s11

	
0.0

	
2.480

	
2.612

	
25.5

	
sG




	
s12

	
−0.9

	
4.479

	
4.214

	
21.5

	
sG




	
s13

	
−2.1

	
0.669

	
0.851

	
90.9

	
gS




	
s14

	
−4.3

	
0.454

	
0.450

	
100.0

	
S




	
s15

	
−5.8

	
0.152

	
0.143

	
99.5

	
S








Notes: Key. G: gravel, S: sand; sG: sandy gravel; (g)S: slight gravely sand; gS: gravely sand.
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Figure 1. Area under investigation, illustrating the different coastal sectors (A–E), the positions of morphological profiles (P1–P5) normal to the coastline and the offshore position of wave data (WD) (background image source: Google Earth, 2019). 






Figure 1. Area under investigation, illustrating the different coastal sectors (A–E), the positions of morphological profiles (P1–P5) normal to the coastline and the offshore position of wave data (WD) (background image source: Google Earth, 2019).



[image: Water 16 01622 g001]







[image: Water 16 01622 g002] 





Figure 2. Topographic, bathymetric and geological map of the study area. 
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Figure 3. Beach profiles (1–5) normal to shoreline, showing morphology and sediment texture (for profile locations, see Figure 1). 
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Figure 4. The results of shoreline spatial displacement between 1945 and 2019. 
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Figure 5. Photos from (a) a sea notch close to the Kymi promontory, (b) seabed outcropping strata at Soutsini beach, (c) the cliff face and the Soutsini beach in front of it, and (d) appearance of the root system of a tree, indicating removal of beach (sandy) material. 
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Figure 6. (a) A bathymetric map of the Platana town coastal front, (b) photo of its central part, (c,d) historical photos from the 1940′s and 1960’s. 
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Figure 7. (a) Photo (October 2023) of the coastal road/seawall facing southwards, (b) photos of the seawall failure in 2011 (abstracted from Ilia [36]). 
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Figure 8. Photos (facing southwards) from the sub-sector D-I: (a) beach zone in front of the cliff at the northern part (b) and at its southern part, and the beachrocks at the foot of the headland (c). 
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Figure 9. (a) Successive beachrock patches along the shoreline of sub-sector D-II; (b) beachrock “patch”. 
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Figure 10. Photos from the two headlands that confronted the beach zone of sub-sector D-III, which evidences the difference in beach material, changing from sandy towards the north end (photo (a)) to gravelly towards the south end (photo (b)). 
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Figure 11. A Google Earth satellite image (2019) presenting coastal configuration of sector E. 
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Table 1. Wave characteristics of the significant wave height and period for the 1/3, 1/10 and 1/100 highest incoming offshore waves from the total arc and the predominant directions.
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H

(m)

	
T

(s)

	
Dir (deg)

	
f

(%)

	
Hb

(m)

	
db

(m)






	
Total arc

	
(1/3)

	
0.86

	
3.77

	
16.03

	
23.31

	
0.91

	
0.87




	
(1/10)

	
2.87

	
6.40

	
20.29

	
6.27

	
2.84

	
4.29




	
(1/100)

	
5.68

	
7.99

	
20.98

	
0.79

	
5.43

	
7.71




	
N

(0° ± 22.5°)

	
(1/3)

	
0.74

	
3.55

	
7.6

	
17.04

	
0.85

	
0.75




	
(1/10)

	
2.35

	
5.85

	
16.3

	
6.89

	
2.56

	
3.65




	
(1/100)

	
4.99

	
7.59

	
18.2

	
0.91

	
5.45

	
7.76




	
NE

(45° ± 22.5°)

	
(1/3)

	
0.99

	
3.95

	
30.5

	
4.85

	
1.13

	
1.01




	
(1/10)

	
3.12

	
6.61

	
29.6

	
1.95

	
3.40

	
4.84




	
(1/100)

	
5.95

	
8.10

	
27.1

	
0.24

	
6.49

	
9.23




	
E

(90° ± 22.5°)

	
(1/3)

	
0.24

	
2.18

	
90.3

	
0.83

	
0.27

	
0.24




	
(1/10)

	
0.34

	
2.41

	
97.3

	
0.39

	
0.37

	
0.53




	
(1/100)

	
1.32

	
4.00

	
77.3

	
0.05

	
1.44

	
2.05




	
SE

(135° ± 22.5°)

	
(1/3)

	
0.44

	
2.86

	
142.9

	
4.08

	
0.50

	
0.45




	
(1/10)

	
1.47

	
4.70

	
148.2

	
0.74

	
1.59

	
2.26




	
(1/100)

	
3.81

	
6.16

	
139.1

	
0.10

	
4.14

	
5.89











 





Table 2. The estimated values (in meters) for closure depth (hc) and wave runup (maximum and 2%) of the highest 10% and 1% of the incoming offshore waves from the dominant directions.
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(1/100)

	
(1/10)




	

	
hS

	
R2%

	
Rmax

	
R2%

	
Rmax






	
N

	
11.3

	
1.3

	
1.6

	
0.6

	
0.9




	
NE

	
13.4

	
1.5

	
2.2

	
0.8

	
1.2




	
E

	
3.0

	
0.4

	
0.5

	
0.1

	
0.1




	
SE

	
8.6

	
1.0

	
1.1

	
0.4

	
0.6











 





Table 3. Classification of the foreshore zone of the various sectors for the different directions of the incoming waves, according to Short’s Ω parameter [48]—[dissipative (Ω > 6), intermediate (1 < Ω < 6) and reflective Ω < 1].
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Ν

	
ΝΕ

	
E

	
SE




	

	
Ω[1/3]

	
Ω[1/10]

	
Ω[1/3]

	
Ω[1/10]

	
Ω[1/3]

	
Ω[1/10]

	
Ω[1/3]

	
Ω[1/10]






	
A-II (Ρ1)

	
(1–6)

	
>6

	
>6

	
>6

	
(1–6)

	
(1–6)

	
(1–6)

	
>6




	
B-II (Ρ2)

	
>6

	
>6

	
>6

	
>6

	
(1–6)

	
(1–6)

	
>6

	
>6




	
D-I (Ρ3)

	
<1

	
>6

	
<1

	
(1–6)

	
<1

	
<1

	
<1

	
<1




	
D-II (Ρ4)

	
<1

	
>6

	
<1

	
(1–6)

	
<1

	
<1

	
<1

	
<1




	
D-III (Ρ5)

	
<1

	
(1–6)

	
(1–6)

	
(1–6)

	
<1

	
<1

	
<1

	
<1








Note: values Ω[1/3] and Ω[1/10] refer to beach face (depths < 2 m) and shoreface, respectively.













 





Table 4. Estimates of the potential longshore sediment transport at the coastal sectors (A–D) (positive direction is taken from north to south).
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Coastal Sectors (Beaches)

	
Qm

(103 tons/year)

	
[image: Water 16 01622 i001]




	
A-II (Soutsini)

	
−10




	
B-II (Platana)

	
+105




	
C    (Petra)

	
+130




	
D    (Ag. Georgios, Ag. Merkourios, Mourteri)

	
+99











 





Table 5. Comments for coastline displacement, produced by the DSAS-NSM approach.
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	Coastal Sector
	Coastline Displacement





	A-II
	40% (northern part) slightly retreated (2–4 m, maximum 6 m); 60% (southern part) prograde by 4–10 m (RMSE = 0.58 m).



	B-II
	About 70% is under erosion with a mean retreat of 6 m (maximum 12 m); the other 30% shows a small progradation (>4 m), which locally exceeds the 10 m (RMSE = 0.24 m).



	C
	¾ retreating up to 20 m (mean value = 11 m); the other ¼ is either rather stable and/or prograde by < 6 m (southern end) (RMSE = 0.24 m).



	D-I
	87% (central and southern part) retreat by no more than 15 m (on average), while 8% is rather stable and 5% prograde by a few meters (RMSE = 0.52 m).



	D-II
	About 60% (northern part) retreats on average by 13–15 m (maximum values = 25 m); its central part (18%) has retreated by > 18 m, while its southern part (22%) is rather stable or slightly prograde (RMSE = 0.38 m).



	D-III
	The northern part (40%) is rather stable or slightly retreating; its central/southern part progrades with an average value of 15 m (maximum 20 m), while its southern end presents the largest progradation of 36 m and a mean value of 19 m (RMSE = 0.38 m).
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