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Abstract

:

Coastal areas are among the most biologically productive, dynamic and valued ecosystems on Earth. They are subject to changes that greatly vary in scale, time and duration and to additional pressures resulting from anthropogenic activities. The aim of this work was to investigate the shoreline evolution and the main environmental changes of the coastal stretch between the towns of Licata and Gela (in the Gulf of Gela, Sicily, Italy). The methodology used in this work included the analysis of: (i) shoreline changes over the long- and medium-term periods (1955–2019 and 1989–2019, respectively), (ii) dune system fragmentation and (iii) the impact of coastal structures (harbours and breakwaters) on coastal evolution. The shoreline change analysis mainly showed a negative trend both over the long- and medium-term periods, with a maximum retreat of 3.87 m/year detected over the medium-term period down-drift of the Licata harbour. However, a few kilometres eastward from the harbour, significant accretion was registered where a set of breakwaters was emplaced. The Shoreline Change Envelope (SCE) showed that the main depositional phenomena occurred during the decade between 1955 and 1966, whereas progressive and constant erosion was observed between 1966 and 1989 in response to the increasing coastal armouring.
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1. Introduction


Natural coastal landscape modelling is an interactive complex phenomenon ruled by several dynamic processes, all linked in a non-linear way. Shorelines are dynamic in nature, and coastal behaviour is the result of natural and anthropic processes occurring and interacting on a variety of time and spatial scales [1,2,3] The coastal sediment budget can be altered both by such physical processes, including waves, currents, tides, storm surges, seasonal fluctuations, aeolian transport and relative changes in sea level and by human actuations, such as the construction of inland infrastructure (e.g., dams) and coastal structures (e.g., protection structures and ports/harbours) [4]. However, decreased sediment river load and altered longshore drift appear to be pivotal factors in sediment coastal changes, and therefore manmade actuations can be the main causes of coastal erosion [5,6].



Most of the world’s major cities are in coastal regions, and 40% of all people on the planet live within 100 km of a coastal zone [5]. Coastal settlements are often planned with insufficient attention to natural hazards such as coastal erosion and flooding, and often coastal structures built too close to eroding shorelines experience wave inundation and damage [7,8]. In response, sea walls and revetments are often built to protect coastal homes, hotels and infrastructure, but their emplacement can lead to the total loss of the existing beaches [8].



As a result, numerous shoreline studies aim to quantify trends in shoreline change [8,9,10,11,12,13]. Shoreline studies are thus vital to the early stages of the decision-making process for planned coastal developments to mitigate the potential loss of buildings and infrastructure as well as to preserve natural environments such as beaches and dunes [14,15].



However, shoreline evolution studies can be challenging, and the computation of the rates of change should consider the processes that have affected the coast over time [16]. Nowadays different and varied cartographic datasets (i.e., aerial photographs, orthophotos, satellite imagery) provide useful tools to assess shoreline changes over the past decades, but the chosen spatial and temporal scales must be planned in advance to enhance the reliability of the data analysis. Indeed, long-term data (>60 years) produce more predictable trends, filtering out variations ranging from days to seasons typical of short-term fluctuations (<10 years) [16,17]. Consistency of the dataset and reliability of shoreline change analysis should be the basis of forecasting future shoreline position and wisely planning construction setbacks, especially in those areas of increasing economic growth [18].



About 20,000 km of coast, corresponding to 20% of the whole European coast length, faced serious impacts in 2004, and 15,100 km were actively retreating at the time, some of them despite the emplacement of coastal protection works [19]. Sicily (Southern Italy) is one of the regions with the highest coastal urban development in Europe, and about 900,000 inhabitants live within that area; more than 27% of the Sicilian coast has been still experiencing erosional phenomena, and more than 110 km of the coast have been armoured [19].



This paper represents the first analysis of the coastal evolution of one of the most human-impacted areas of Southern Sicily, i.e., the Gulf of Gela. This coast is highly valued because of its recreational, ecological, economic and cultural aspects, which strongly depend on its good status [20]. Therefore, investigation of local and regional coastal changes is of high priority for local managers to adopt sound management strategies to counteract erosion problems essentially related to inland human actuations and the emplacement of hard protection structures on the coast. Thus, shoreline migration in response to the coastal and inland changes was studied. Rate-of-change statistics were computed on long- and medium-term periods by means of the ESRI ArcGIS© Digital Shoreline Analysis System (DSAS), and coastal environmental variations were quantified using the coastal armouring index [21] and the new dune fragmentation index proposed for the first time by Molina et al. [5].




2. Study Area


The area investigated in this paper, located on the Southern coast of Sicily (Italy), plays a key role in the economic strategies of the regional management. The area includes long and wide sandy beaches that enhance the development of leisure activities and infrastructures; greenhouse-crop systems are quite widespread thanks to mild weather conditions; on the coast of the Gela town stands one of the largest petrol-chemical poles in Europe that has been recently converted into a biorefinery, and some of the coastal regional strategic infrastructures insist on this wide coastal sector. Such strategic economic activities and human settlements are significantly affected by coastal erosional phenomena [20,22,23,24]. Therefore it is mandatory to understand past and actual shoreline trends to adopt sound management strategies to preserve coastal ecosystems and economic activities.



At a local scale, the Southern coast of Sicily is identified as a coastal sub-cell of I order by the Regional Plan against Coastal Erosion [20]. This cell has been split into II- and III-order sub-cells, and, in this paper, the shoreline evolution and the environmental changes of the third-order coastal sub-cell no. 4.2.2 were studied. The coastal area under study has a total length of 24.96 km, and it was subdivided into two sectors: sector no. 1, from the Licata harbour to the Falconara Castle, and sector no. 2, from the Falconara Castle to the Gela harbour (Figure 1). Sector no. 1 is ca. 10 km long, and the main coastal human work insisting on it is the Licata harbour. The harbour, essentially devoted to fishing activities, is considered a strategic infrastructure for the local economy. It has been implemented several times since the 1940s, and last modifications were carried out in 1997. Sector no. 2 stretches between the Falconara Castle and the Gela harbour and is ca. 15 km long.



The Southern Imera River, set just a few metres east of the Licata harbour, is the main watercourse outflowing within the study area, and its drainage basin is the second largest one in Sicily (Figure 1) [25].



The river mouth profoundly changed during the past decades since it experienced significant lateral migration, and, consequently, the small harbour entrance has been repeatedly changed following the migration of the Southern Imera River mouth [23]. The lateral migration of the river mouth can be mainly related to the climatic modifications recorded between the 17th and 19th centuries and to the deforestation of the hinterland deriving from the expansion of croplands [22]. Over the 1940s, the harbour was significantly expanded, and the first dikes (western and eastern) were emplaced.



The wind regime of the coastal area is dominated by winds blowing from the third quadrant and partly from the fourth quadrant, both in terms of frequency and maximum velocity [25,26]. The wave motion computed is mainly made of waves coming from the west-south-west, and the most energetic waves come from the west [27,28]. The area is characterized by a microtidal regime, as well-documented by the variations in levels at the tide gauge station located at Porto Empedocle (Figure 2).



The coast is essentially composed of narrow sandy beaches; a few headlands of small size are located east of the Falconara Castle promontory. Beach grain-size sediment ranges between fine and medium classes, and beaches generally show intermediate to dissipative morphodynamic states.



The Southern Imera crosses in the N–S direction the island of Sicily and until the early 1900s split into two streams just 5 km from the coastline [23]: the first outflowed in correspondence of the present mouth and the second towards the Mollarella Bay, 6 km westward of the Licata town, which was abandoned over the 1950s (Figure 2) [23]. Fluvial sediment inputs to the sub-cell are minimal, even though a high number of rivers and torrents flow out within this area; most of those rivers pass through predominantly chalk catchments, resulting in high solute but low sediment loads [23]. Three main artificial reservoirs intercept the Southern Imera River course: the Villarosa reservoir that blocks the Morello torrent, the Olivo reservoir, which blocks the Braemi torrent, and the Gibbesi reservoir, which is still not in operation. The Villarosa reservoir has been built nearby the town of Villarosa between 1969 and 1973, and it has a volume of 17.16 Mm3 and an estimated silting volume of 5.00 × 106 m3. In 1989, a bathymetric survey recorded an infilling volume of 1.37 × 106 m3. The Olivo reservoir has a total volume of 18 Mm3 and an estimated volume of 2.00 × 106 m3 [25] (Figure 2). One Natura 2000 site falls within the study area. Natura 2000 is an ecological network composed of sites designated under the Birds Directive (Special Protection Areas, SPAs) and the Habitats Directive (Sites of Community Importance, SCIs, and Special Areas of Conservation, SACs). The aim is to create breeding and resting sites for rare and threatened species and to protect some rare natural habitat types [29]. At 2 km eastward of the Falconara Castle, within sector no. 2, the Site of Community Importance ITA 050011 “Manfria Tower” is set; it is considered a biotope of high naturalistic and environmental interest, where a small dune ridge east of the Manfria Tower is still well preserved [30,31].




3. Materials and Methods


The main constraining factor for diachronic analysis is the availability of data for the specific study site [32]. The cartographic dataset covered a time span of 64 years, from 1955 to 2019. The data included (i) IGMI (Istituto Geofrafico Militare Italiano) aerial photographs (1955, 1966), (ii) orthophotographs (1989, 2000, 2006, 2012), available online at the website http://www.pcn.minambiente.it/mattm (accessed on 16 July 2021) [33], and (iii) Google images acquired by Google Earth (2016, 2019) [34]. Cartographic dataset resolution ranged from 0.5 m (Google Earth images) to 3 m (IGMI aerial photographs). Shorelines were acquired in ArcGIS 10.3 environment using as shoreline proxy the wet/dry line [32], and common coordinate system was set (Gauss–Boaga, Monte Mario Italy 2). The study area was split into two sectors limited by natural coastal physiographic or manmade structures. For each sector, the shoreline change analysis was carried out on medium-term period, covering a time span of 30 years (1989 to 2019) and on long-term period, between 1955 and 2019 [10]. The shoreline change analysis was based on the integration of remote sensing and geographic information system techniques. Shorelines were traced from aerial photographs, ortophotos and UAV image and analysed by the Digital Shoreline Analysis System (DSAS), which is an extension to ESRI ArcGIS© that can calculate the shoreline rate-of-change statistics starting from multiple historical shoreline positions [35]. The reliability of the statistics computed by the system mainly depends on the uncertainty value related to each shoreline dataset. In order to reduce the effect of short-term variability on long-term analysis, the uncertainties were considered independent, uncorrelated and random, and, following [10,36,37,38,39,40], the total positional uncertainty of each dataset was calculated with the following equation:


   σ t  =    σ d 2  +  σ p 2  +  σ r 2  +  σ  t d  2  +  σ  w r  2     



(1)







The Digitizing Error (σd) was obtained detecting several times the same feature on the same image and calculating the error as the standard deviation of the residual value for that feature. The Pixel Error (σp) was assumed to be equal to the pixel size. For the Orthorectification Error (σr), the RMSE computed for the photogrammetric and polynomial rectification process was used as error value. The Tidal Fluctuation Error (σtd) was considered as the variations in levels at the tide gauge station located at Porto Empedocle, 40 km NW from the study area. It is set in the harbour, and since 2010, the tide level is measured by a new sensor with millimetre accuracy, the SIAP+MICROS TLR. The min–max tidal range varied from 0.03 m to more than 1 m, but the average water level fluctuation was 0.04 m. The Weighted Linear Regression (WLR) rate index was classified following the methodology proposed by Molina et al. [12]. All values were normalized, and the Gaussian distribution was used to set the class limits (Table 1). More than 40% of all data ranged between ± 0.4 m, and it was assumed as the most recurrent smallest change due to seasonal oscillations and thus classified as stability state. Values between −0.4 and −0.7 m and between +0.4 and +0.7 m were considered as moderate erosion and moderate accretion, respectively, corresponding to 25% of all datasets; the remaining 34% data were grouped into 4 classes: high erosion (<−0.7 m; ≥−1.5 m), very high erosion (<−1.5 m), high accretion (>0.7 m; ≤1.5 m) and very high accretion (>1.5 m). The percentage of each beach evolution class was computed for each sector.



The coefficient of coastal armouring K [21] was used to assess the anthropogenic structure impact on the coastal area. It was computed dividing the total length of all emerged and visible submerged maritime structures (groins, moles, seawalls, revetments, breakwaters, etc.) by the entire length (L) of the coast under study, which was subdivided into subsectors of 500 m each. The extent of coastal armouring was “Minimal” at K = 0.0001−0.1, “Average” when K = 0.11−0.5, “Maximal” at K = 0.51−1.0 and “Extreme” if K > 1.0.



The dune fragmentation index (F) was proposed for the first time by Molina et al. [5]. It was used to assess how the dune systems have been impacted over time. The F index is expressed as the ratio between the length of all breaks (l) identified within a dune system and the whole dune toe length (L):


   F    =  l L   



(2)







Each shorefront dune system was divided into 100 m sectors, and the F index was calculated for each. The F index can be grouped into three classes that were computed by using the Natural Breaks Function [5]. The annual level of dune fragmentation was computed as the average value for all sectors for each available photogrammetric flight. In the present paper, five classes were used to depict dune fragmentation evolution over time—limits between classes were calculated using the Natural Breaks Function applied to the total set of values obtained. Dune fragmentation level was “Null” (F = 0), “Low” (0 < F ≤ 0.05), “Medium” (0.05 < F ≤ 0.1), “High” and “Very High/Maximum” (0.1 < F ≤ 0.4, F > 0.4, respectively).




4. Results


4.1. Shoreline Change Analysis


The long-term shoreline change analysis was carried out over a time span covering 64 years (1955–2019). Results show that within sector no. 1, covered by an amount of 380 transects (Figure 3), the area between the Licata harbour and the set of breakwaters (first 40 transects) registered very high erosion with a maximum WLR negative value of −6.25 m/year. The Southern Imera River mouth area has significantly eroded, and some buildings have been damaged by the intense shoreline landward movement (Figure 4).



The 1000 m of the coast, corresponding to the area protected by eleven breakwaters, experienced high (7%, 25 transects) to very high accretion (6%, 23 transects). A stable trend was recorded just down-drift of the breakwaters and along with 9.5 km (58% and 222 transects). The Net Shoreline Movement index registered a huge shoreline erosion between 1955 and 2019 close to the Southern Imera River mouth and a significant seaward movement where the Licata breakwaters are today set. The Shoreline Change Envelope index revealed that high accretional phenomena occurred between 1955 and 1966, but intensive erosional phenomena took place after 1966, even though they have been partly reduced by the trap action of the breakwaters.



Over the long-term time span, sector no. 2 experienced accretion that mainly occurred between the SCI “Manfria Tower” and the Gela harbour (Figure 5). In total, 37% of the data (205 transects) showed accretion, 32% recorded stability (181 transects), 13% of the coast faced moderate erosion (71 transects) and 18% high erosion (101 transects). The Net Shoreline Movement index registered the highest seaward migration east of the Licata harbour, and the Shoreline Change Envelope confirmed that accretion occurred over the 1955–2019 period.



The medium-term shoreline change analysis was performed for the 1989–2019 time span. Within sector no. 1, 43% of the transects (165) fell within the stability state range, and erosion classes reached 48% (182 transects) with a maximum negative WLR value of 3.87 m/year registered nearby the Licata harbour. Lastly, the total accretion classes percentage was 9% (33 transects) and was only recorded at the set of breakwaters close to Licata (Figure 6).



Within sector no. 2, stability state class represented 38% of the data (210 transects), even though most of the stable transect values were recorded at the eastern part of the coast, and moderate accretion values (18%) were mainly found along the coast falling within the Site of Community Importance “Manfria Tower”. Shoreline erosion was mostly observed at the western part of the sector, where the shoreline faced a maximum retreat of 1.73 m/year (Figure 7).




4.2. Dune Fragmentation Analysis


The dune system detected in the 1955 and 1966 aerial photographs presents a great alongshore continuity. Therefore, the dune fragmentation index computed for those years was null. Over time, continuity of dune system toe and associated vegetation line significantly decreased (Figure 8).



Over the period between 1989 and 2019, nine dune systems were detected along the two sectors: two within sector no. 1 and seven within sector no. 2. The dune fragmentation index was computed for each system. Dune system no. 1 totally disappeared over the time span between 1989 and 2012 (F = 1 in 2012, “Very High/Maximum” class), but in 2016, dune system no. 1 was naturally recovered. Two of the nine systems experienced an increase in dune fragmentation, and seven of them did not change their class. As such, 56% of the dune systems were not fragmented at all in 1989, and 22% were scarcely fragmented (“Low” fragmentation class). The tendency changed after 2006 when the “Very high/Maximum” class appeared for the first time. The “Medium” class varied as well from 0% in 1989 to 22% in 2016. In 2019, the “Very high/Maximum” class was not observed anymore; most of the dune system fragmentation values fell within the range of the “Null” and “Low” classes (55%, five dune systems), but 33% of the systems were still highly fragmented (Figure 9).




4.3. Coastal Armouring Analysis


The coefficient of coastal armouring (K) was computed to assess the maritime structures’ impact on the shoreline evolution. This coefficient represents the ratio between the total length of all maritime hydraulic structures (groins, seawalls, dikes, jetties, etc.) and total coastal length of the study area; the study area was, however, subdivided into subsectors of 500 m each [21].



Table 2 shows the coefficient of coastal armouring (K), the total coastal length (L) per year and the total length of coastal structures (l) per year. Over the 1950s and 1960s, the Licata harbour was the only infrastructure insisting on the coast. The K value computed for sector no. 1 did not appreciably vary over those years and fell within the “Maximal” range class (0.5–0.8). A few coastal structures were detected in 1955 and 1966 within sector no. 2. In 1989, the K value of sector no. 1 resulted to be significantly higher (1.2) reaching the “Extreme” class. Sector no. 2 did not register any change. Between 1966 and 1989, the total structure length significantly increased, mainly due to the Licata harbour implementation. Eleven breakwaters were built eastward of the Licata harbour over those decades. Over the 2000–2019 time span, the coefficient K slightly increased within sector no. 1, varying from 1.3 to 1.6 (i.e., “Extreme” class). Within sector no. 2, no changes were detected.





5. Discussion


In the following sections, the shoreline changes along the two sectors are discussed as the main erosional/accretional/stable phenomena observed. The findings on the shoreline evolution are interpreted in the light of the main environmental coastal variations, considering the main river variations, the dune fragmentation level and the coastal armouring impact.



The mid- and long-term period analyses showed that the coastal area under study mainly experienced stability (43% and 58%, respectively). However, significant shoreline changes were observed within the area of the Southern Imera River mouth, and 9% of very high erosion phenomena were recorded down-drift of the Licata harbour, where the highest WLR negative value was also detected (−6.25 m/year). Amore et al. [23] showed that significant erosional phenomena were observed at the Southern Imera River mouth earlier than the 1960s, and coastal progradation was mainly observed over the past decades. The Shoreline Change Envelope index confirmed that high accretional phenomena occurred between 1955 and 1966, and the shoreline significantly began retreating after 1966 (Figure 10). As already shown by Amore et al. and Amore and Randazzo [23,41], the higher accretion rate detected over the decade 1950–1960 can be explained by the increasing river sediment load caused by (i) the disuse of the secondary stream mouth of the Southern Imera River and (ii) the deforestation of the drainage basin area to make space for crops and cultivation [23]. Deforestation is considered as a triggered event for coastal advancement, as shown by Pranzini [42] in the area of the Arno and Ombrone River deltas in Italy and by Zengcui and Zeheng [43] in the area of the Qiantang estuary in China. After the 1960s, the sediment supplies to the two studied sectors significantly decreased due to the implementation of (i) the Villarosa, Olivo and Gibbesi artificial reservoirs, which were built over the decade 1960–1970, and (ii) the Licata harbour. The reservoirs blocked the Southern Imera River course to satisfy the huge increase in irrigation water demands, forming sediment traps and reducing the peak flood flows, thereby decreasing the sediment supply to the coast. The decrease of sediment river discharge caused by the implementation of dams is a pivotal factor in beach retreating. Rosskopf et al. [44] pointed out that the long-term shoreline retreat of the Molise coast (Italy) was primarily related to channel adjustments of the Biferno and Trigno rivers, trapping most of the rivers’ solid load, affecting the sediment budget of the river mouth areas and adjacent beaches. The reduction in sediment discharge caused by the dams was also well studied by Amrouni et al. [13], who considered the implementation of artificial reservoirs as the main cause of the negative sediment budget leading to a shortage of sand sediment on the Medjerda delta (Tunisia) and the dominant erosion of the coastline. The reduced flux of sediment reaching the world’s coasts because of retention within reservoirs is also well documented by Syvitski et al. [45], who estimated that over 100 billion metric tons of sediment are sequestered in reservoirs constructed largely within the past 50 years.



Over the time between 1955 and 2019, the coastal area between Licata and Gela has been modified following the increasing economic growth that occurred after the Second World War. Between the 19th and the 20th centuries, the town of Licata became one of the biggest industrial centres in Europe for the refinement of sulphur which led to the implementation of a larger harbour accessible for larger ships served by a railway line [23]. As a result, (i) the harbour impounded littoral material, partly interrupting the W–E longshore sediment load [12,46,47], and (ii) the dune systems of the area nearby the Licata town have been profoundly damaged due to the increase in urbanization, as largely observed worldwide in areas of rapid economic growth [48,49,50,51,52,53].



However, the highest retreats were also recorded down-drift of coastal structures (harbours and breakwaters), and sediment deposition was mainly found in correspondence of structures (i.e., breakwaters) and along coastal areas where beaches are backed by well-preserved dune systems and breakwater barriers (Figure 11). Indeed, east of the Licata harbour, a set of eleven breakwaters was emplaced to face the huge landward migration of the Southern Imera River mouth and of the proximal coastal area. Moderate to high erosion phenomena were observed down-drift of the set of structures, whereas accretion was recorded in correspondence and up-drift of them, with a maximum value of 2.22 m/year (Figure 11). The same trend, i.e., significant accretion, was observed within sector no. 2, up-drift of two breakwaters emplaced westward of the Gela harbour. A few kilometres westward of the study area, at San Leone beach, Manno and Ciraolo [54] showed that the maritime works (port, groins and breakwaters), which were emplaced to limit the increasing shoreline retreat, changed the original coastal equilibrium, affecting the coastal sediment transport and thus causing very high variability in shoreline position up-drift and down-drift of the coastal structures. In nearby South-eastern Sicilian areas, Anfuso et al. [55] confirmed as well the common tendency of accretion/erosion at up-drift/down-drift of coastal structures, respectively. Coastline armouring is a very common engineering solution against erosion [46,56], but there are a number of adverse influences, including disturbance of cross- and long-shore sediment transport, associated with up-drift sedimentation but down-drift beach reduction, accelerated bottom erosion in front of structures, restricted public access to the beach, formation of dangerous currents for bathers and negative impact on landscape value [8,46,57,58,59,60,61]. Worldwide examples of anthropogenic disturbance (i.e., coastal armouring) on the coastal dynamic are well documented. Sousa et al. [61,62] showed that coastal structures are the most applied short-term solutions to coastal erosion in Massaguaçú Beach (Brazil) but not the most efficient ones, often changing the long-shore transport, affecting the beach profile and the scenic beauty of the beach, and thus increasing coastal vulnerability.



Moderate to high accretion classes were recorded in correspondence of the Site of Community Importance ITA 050011 “Manfria Tower”, where the long and wide beach is backed by a well-preserved dune ridge. Such accretion processes have been probably active for several decades as it is reflected by the formation of such well-developed dune systems. Within sector no. 2, the coastal land use has not significantly changed over time, and the area did not face huge coastal changes both in terms of dune fragmentation and of implementation of coastal structures. The Site of Community Importance ITA 050011 “Manfria Tower” acted as a constraining factor to human pressure on this area. As observed in Australia, at places, recent human disturbance is the main cause of the increasing sediment supply to dune systems, often resulting in foredune formation [63]. Moreover, natural dunes often provide sediment reservoirs to the shore and act as barriers to erosion and flooding processes, as showed by Manca et al. [64] in West Sardinia (Italy), where the dune system at Maria Pia beach is still acting as a source of sand. Saye et al. [65] in the UK demonstrated that dune morphology often reflects beach morphology (width, slope, sediment grain size, etc.); indeed, high foredune ridges develop where the sediment budget of the beach and dune is in balance. However, Saye et al. [65] also found that, within an accreting coastal sector, new dune ridges can progressively form, and the maximum crest height of each ridge is limited by the rate of beach accretion and shoreline progradation.




6. Conclusions


The shoreline evolution and the environmental changes of the coastal strip between the Licata harbour and the Gela harbour (Southern Sicily, Italy) were investigated over mid- and long-term periods (1989–2019 and 1955–2019, respectively). This study showed that (i) significant shoreline retreat occurred in correspondence of the Southern Imera River mouth, where, on one hand, the construction of artificial reservoirs along the river course caused the shortage of sediment river discharge and, on the other hand, coastal environmental changes, as the progressive implementation of the Licata harbour and the significant loss of the dune ecosystem, altered the coastal sediment dynamic; (ii) coastal armouring affected longshore sediment transport, giving rise to sediment deposition in correspondence and up-drift of structures (i.e., breakwaters), while relevant retreat is generally found down-drift of coastal structures (harbours and breakwaters); and (iii) beaches backed by a well-preserved dune system experienced sedimentation or maintained a stable trend as dunes likely provide sediment reservoirs to the shore and act as barriers to erosion and flooding processes.



The lack of coastal management strategies and non-integrated decision-making processes often triggered an increase in coastal zone vulnerability. Within sector no. 1, despite the severe erosional phenomena recorded, improper land-use planning has been carried out and buildings have been seriously damaged and progressively destroyed by wave processes. As such, this study can be the starting point to forecast future shoreline trends (taking also into consideration climate change processes) and can support the local coastal management administrations to properly plan sustainable policies in a long-term scenario, i.e., assess areas at high risk of erosion and flooding, evaluate the efficiency of coastal armouring and of natural protected coastal sectors and identify best resilience solutions to stabilise and limit the impacts related to coastal erosion.
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Figure 1. (A) The coastal sub-cell subdivision of Sicily in I- and II-order cells [20]; (B) The study area and its subdivision into two sectors: sector no. 1, from the Licata harbour to the Falconara Castle, and sector no. 2, from the Falconara Castle to the Gela harbour. 
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Figure 2. Southern Imera drainage basin, with tributaries and artificial reservoirs, location of the tide gauge station at Porto Empedocle (yellow dot) and the Site of Community Importance (SCI) ITA 050011 “Manfria Tower” (green polygon). (A) Location of the present-day Southern Imera River mouth and the disused second river mouth, in correspondence of Mollarella Bay, ca. 6 km from the Licata harbour. (B) Details of the Site of Community Importance (SCI) ITA 050011 “Manfria Tower”. 
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Figure 3. Rates of change within sector no. 1 over the long-term period (1955–2019). In total, 58% of the data falls within the stability state range, especially observed in the coastal area at a distance between 3 and 10 km from the harbour (highest negative WLR = −6.25 m/year), but significant sediment deposition was recorded between 1955 and 1989 where a set of breakwaters have been emplaced. 
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Figure 4. The area east of the Southern Imera River mouth faced severe coastal erosion. In 1955, the coastal area was undisturbed, but over the following decades, urbanization and anthropogenic disturbance have significantly increased, despite the severe erosion observed within this area, and (a–f) holidays houses have been seriously damaged and partly submerged, as shown by the white square that frames a house partly swallowed up by the sea. 
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Figure 5. Shoreline evolution expressed as weighted linear regression rate within sector no. 2 over the long-term period (1955–2019). Stable trend (32%, 181 transects) was mainly recorded within sector no. 2, followed by moderate accretion (31%, 174 transects). Significant retreat occurred along 31% (172 transects) of the sector. 
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Figure 6. Shoreline changes over the mid-term period (1989–2019) within sector no. 1. Sector no. 1 is about 10 km long, from the Licata harbour to the Falconara Castle, but the rate-of-change plot indicated that the highest variability was detected within 4 km eastward of the Licata harbour. (A) The most severe erosion phenomena occurred right next to the Southern Imera River mouth; (B) accretional classes have been recorded about 1.2 km eastward the Licata harbour where 11 breakwaters have been emplaced to block the intense sediment loss. Grey dashed lines are those transects cast by the DSAS and delimit coastal areas that have recorded main changes. 
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Figure 7. Shoreline evolution over the mid-term period (1989–2019) within sector no. 2. This sector mostly showed a stable trend (38%, 210 transects). In total, 39% of the coast faced moderate to very high erosion (214 transects), and 24% ranged between moderate and high accretion (133 transects). (A) Higher sediment deposition processes have been recorded in correspondence of the Site of Community Importance ITA 050011 – Manfria Tower. Grey dashed lines are the transects at 6350 m and at 10,125 m from the westernmost edge of the sector. 
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Figure 8. Dune toe detected nearby the Licata port on the 1966 aerial photo and on the 1989 orthophoto. (a) The dune system in 1966 is several kilometres long and only interrupted by physiographic or natural elements. (b) In 1989, the dune ridge significantly retreated (white square) and was partly interrupted by manmade works. Green line is the dune toe proxy. 
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Figure 9. Percentage of F index classes per year. In 1989, the most frequent classes are the “Null” and the “Low” fragmentation ones, “Medium” fragmentation class is not represented at all, the “High” one is 21%, and the “Very High/Maximum” fragmentation class has not been found. 
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Figure 10. The shoreline evolution of the Southern Imera River mouth and the area east of the mouth. The trend seemed to be negative between 1955 and 2016, but the Shoreline Change Envelope revealed that (A) significant accretion has been recorded between 1955 and 1966, and very high erosion has been registered between 1966 and 1989, as shown by the interpolated plot of the shoreline changes (1 transect group = 100 m), but (B) shoreline moved seaward between 1989 and 2016 where a set of eleven breakwaters was emplaced. 
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Figure 11. Shoreline evolution plot of the average WLR values found in correspondence of transects placed at (a) natural areas, subdivided into areas backed by dunes (93 transects) and areas without dunes (762 transects), and at (b) armoured areas, considering the up-drift and down-drift zones and in correspondence of structures (48 transects). 
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Table 1. Beach evolution classes defined for the present work following the methodology proposed by Molina et al. [12].
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	Class
	m/yr





	Very high erosion
	<−1.5



	High erosion
	≥−1.5; <−0.7



	Moderate erosion
	≥−0.7; <−0.4



	Stability
	≥−0.4; ≤+0.4



	Moderate accretion
	>+0.4; ≤+0.7



	High accretion
	>+0.7; ≤+1.5



	Very high accretion
	+1.5
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Table 2. The coefficient of coastal armouring K computed for each sector per year. The Total Coastal Length (L) and the Total Structure Length (l) per year are shown. All measures are expressed in metres (m). Sector no. 1 experienced significant increase, with K passing from “Maximal” (K = 1.2 in 1989) to the “Extreme” class (K = 1.6 in 2019). Sector no. 2 did not face any changes over the considered time span.
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	Year
	Sector
	Total Coastal Length (L)
	Total Structure Length (l)
	K





	1955
	1
	9826
	7706
	0.8



	1966
	1
	10,134
	8443
	0.8



	1989
	1
	10,216
	11,969
	1.2



	2000
	1
	10,198
	13,640
	1.3



	2006
	1
	9727
	13,918
	1.4



	2012
	1
	9732
	15,014
	1.5



	2019
	1
	9719
	15,456
	1.6
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