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Abstract
Current global warming is causing a variation of different phenomena such as storm surges, sea level rise, and rainfall distribution, with possible consequences for the sandy coast areas. Over the last century, like a great part of the Mediterranean, Italy has been affected by a decrease in total yearly rainfall and by an increase in the occurrence of rapid and intense events. This has induced a change in rainfall distribution and, consequently, a potential impact on the environmental evolution. Our work uses the software CoastSat to investigate the past evolution of the sandy coastlines of Italy, with a particular focus on the period 1984-2024. Criticality was found in the river deltas, for which significant results were obtained: 66% of the 40 major rivers are currently experiencing coastal erosion; over 75% of these rivers have a hydrographic side affected by  erosion. If we exclude the areas with a presence of coastal defences, 100% of the major rivers are affected by erosion. Our study highlights that river deltas in the Mediterranean area are particularly vulnerable to climate change when compared to the average behaviour of the area.
Keywords: coastline evolution; river deltas; Italy; time series analysis; coastal adaptation. 
Introduction
Global warming, driven by increasing greenhouse gas concentrations, is causing significant global impacts, including the loss and degradation of coastal areas. Coastal zones are crucial ecosystems and habitats, as well as home to large human populations and critical economic infrastructures. The impact of climate change on coastal regions depends on several factors, which act both independently and together, heightening the risk of coastal erosion, flooding, biodiversity loss, and infrastructure damage. Sea-level rise is considered one of the most significant physical effects of global warming and a primary cause of coastal area loss (Church et al., 2013; IPCC, 2023). This increase in sea-level directly threatens coastal ecosystems and human communities, especially in low-lying regions like deltas, coral islands, and coastal plains. The warming ocean surface waters have a direct impact on the intensity and frequency of extreme weather events such as hurricanes and tropical cyclones (Knutson et al., 2010). Storm surges associated with these events can cause widespread and destructive coastal flooding. Such events do not only threaten coastal populations and infrastructures, but they also accelerate erosion processes, alter coastal morphology, and reduce the resilience of an area to future storm inundations (Woodruff et al., 2013). Climate change is altering global precipitation patterns, with varying impacts on coastal areas. In some regions, extreme precipitations are expected to increase, possibly enhancing the risk of both riverine and coastal flooding (Trenberth, 2011). The Mediterranean, in particular, is recording an important variation of the hydrological cycles, with an increase in rainfall intensity (Luppichini et al., 2023; Tramblay & Somot, 2018; Zittis et al., 2021) and at the same time with a decrease in rainfall amounts (Brogli et al., 2019; Deitch et al., 2017). These phenomena, combined with temperature increase (Giannakopoulos et al., 2009; Pastor et al., 2020), induce a surge in drought risk for several areas of the Mediterranean (An et al., 2023; Baronetti et al., 2022; Cancelliere & Rossi, 2003; Polemio & Casarano, 2004; Sousa et al., 2011). An alteration of the hydrological cycle can have a cascading effect on several natural environments. The sandy coastal areas are strongly linked to the climate and to the capacity of the rivers to transport sediments (Besset et al., 2019; Billi & Fazzini, 2017; Luppichini et al., 2024). A change in the hydrological cycle can induce important variations in the trend pattern of these environments, which are also amplified by human activities. Coastal areas and river deltas are important for human socio-economic activities and ecosystems (Anfuso et al., 2011; Anthony, 2018; Anthony et al., 2014). Monitoring and safeguarding these environments are fundamental challenges in the context of climate change. In these scenarios, Italy is a key area because it is centrally located in the Mediterranean sea and exhibits significant climatic variability due to the presence of major mountain ranges (Fratianni & Acquaotta, 2017).  In the last century, the Italian rivers have presented a decrease in sediment transport resulting from a variation of rainfall distribution (Luppichini et al., 2024; Zanchettin et al., 2008) and of human activities, contributing to changes in land cover and dams (Surian et al., 2009; Surian & Rinaldi, 2004).  Coastal erosion is an issue that affects the entire Italian territory (Celata & Gioia, 2024). Several studies have highlighted trends of erosion and progradation along the Italian coast. For example, in areas near the Arno and Serchio rivers, the trend has been that of erosion with values around 2-3 m/year over the past 40 years (Besset et al., 2017, 2019; Bini et al., 2008; Cappucci et al., 2020). The area of the Ombrone River shows erosion rates as high as 5-6 m/year (Cipriani et al., 2013). In the Adriatic coast, erosion around the Trigno and Biferno rivers is about 2.7-2.9 m/year, with an increase between 1992-2004 up to 3.5-4.0 m/year (Rosskopf et al., 2018). Similar erosion trends have been observed in Sicily, with rates around 3 m/year for the Simeto River (Laksono et al., 2022). Shoreline erosion along the Calabrian coasts is driven by both natural factors and escalating anthropogenic pressures, with significant advancements observed in recent and short-term time periods (Foti et al., 2022). In the last 100 years, the coastal plain of the Sele River has experienced a period of shoreline retreat, mainly due to human activities such as land reclamation, dam construction, and urbanization, which have reduced sediment delivery to the coast. However, since 1984, the coastline has remained relatively stable, with the exception of the river mouth area, which has continued to experience erosion (Alberico et al., 2012).
Unfortunately, a uniform monitoring system for the Italian sandy beaches and river deltas is currently lacking.  
Coastal areas can be monitored using different tools and techniques such as cartographies (Guariglia et al., 2006), aerial images (Bini et al., 2008), differential GPS (Jang et al., 2016), drones (Gonçalves & Henriques, 2015; Luppichini et al., 2020; Turner et al., 2016), satellite images (Mantas et al., 2013; Vos, Harley, et al., 2019; Vos, Splinter, et al., 2019). Cartography allows to extract the longest time series by investigating long patterns and variabilities. Nevertheless, the frequency of production of high-resolution cartography does not permit to analyse in detail the variations over time;in some cases it can only provide the main patterns and general trends. More precise techniques, such as differential GPS and drones, yield high resolutions and collect high frequency data, even at specific times. For example, they are able to analyze the effects of a storm surge by acquiring data before and after the event. However, the relatively short duration of the time series available represents a limit of these techniques, as they have only been used in favourable cases in the past 10 years. The procedures based on satellite images make it possible to cover large areas with high frequency and to obtain homogenous results  , with no limits imposed by administrative boundaries. Furthermore, since the acquisition of satellite images began over 40 years ago, we now have access to long-time series, which have allowed to investigate extended temporal patterns up to the present day. 
In this study we use satellite data to investigate the past trends of the sandy coasts of Italy (Figure 1) in the period 1984-2024, using the software CoastSat (Vos, Splinter, et al., 2019). The trend analysis is conducted along transects located every 100 m. We wish to focus our attention on the river deltas and to understand whether there is a displacement from the general patterns.
[image: ]
[bookmark: _Ref169859043]Figure 1  Study area: a) the grey line indicates the coastline investigated. The red lines indicate the coastal segments selected for manual digitalization of the shoreline from aerial photographs for validation of the results; b) the geographic position of the study area in the Mediterranean; c) hydrographic network of Italy. The thick blue lines represent the main rivers. 
Materials and Methods
This work, based on the application of the CoastSat software (Vos, Splinter, et al., 2019), allows to obtain the shoreline position analysis of multispectral satellite images, . The Python library software, applied to the entire Italian coast,  is used to extract the shoreline positions by analysing the satellite images acquired by  Landasat campaigns (Landasat 5, Landasat 7, and Landasat 8). The CoastSat software is built on the Google Earth Engine platform (https://earthengine.google.com/) and leverages its repository, along with the corresponding Application Programming Interface (API), to analyze data—in this case, from the LandSat satellite mission. The data are georeferenced with a Root Mean Square Error (RMSE) below 12 meters and are considered suitable for time series analyses (https://earthengine.google.com). Since 1984, the Landsat dataset has allowed to obtain very long time series in the field of remote sensing. The software is applied to each satellite image with a cloud coverage of less than 5%, reducing the probability of issues linked to the presence of clouds and making it possible to manage a great number of images. The shoreline extracted in this step is analysed along transects located on sandy and pebble beaches (about 3,624 km). The geospatial information derives from a dataset of the Istituto Superiore per la Protezione e la Ricerca Ambientale (ISPRA; https://data.europa.eu/data/datasets/ispra_rm-01fasciacostiera_sdt?locale=it). The transects are orthogonal to the coast with a length of 500 m, located every 100 m and oriented from sea to land. We also distinguish the transects in the proximity (in a radius of 500 m) of anthropic coastal buildings such as harbours, groynes, etc., using the information obtained from a dataset provided by the “Istituto Superiore per la Protezione e la Ricerca Ambientale” (ISPRA) and updated on 29 November 2020 (https://data.europa.eu/data/datasets/ispra_rm-01fasciacostiera_sdt?locale=it). In this way, the analysis described below is conducted by investigating the transects with a possible direct influence of the human pressures and transects with no coastal defence structures.
For each transect, we derive a time series of distances from the first point of the transect (  located on the sea) and the intersection points between the transect and the shorelines. In this way, when the distance increases the transect is affected by erosion; instead, when the distance decreases the transect tends to advance. A filter of the data is necessary to exclude errors in some of the shorelines. As suggested by Vos et al. (2019), we exclude shorelines that exhibit a change greater than 50 m along the transect from one date to the next one. Given the high temporal density of the data, such a significant variation in shoreline position between consecutive dates is unlikely to occur naturally. Therefore, these cases are considered errors of image analysis. Transects with fewer than 20 shorelines are excluded from the analysis to avoid cases for which statistical reliability may be insufficient.
The linear trend for each time series derives from Linregress, a method used by the Python library Scipy (Virtanen et al., 2020). This method calculates a linear least-squares regression for two sets of measurements and provides the p-value for a hypothesis test whose null hypothesis is that the slope is zero, according to the Wald Test with t-distribution of the test statistics (https://docs.scipy.org/doc/scipy/reference/generated/scipy.stats.linregress.html). We assume that the trend is significant with a p-value < 0.05, while it is considered non-significant  with a p-value ≥ 0.05. 
 Validation of the results obtained by CoastSat processing is crucial. For this reason, we digitalized the shoreline position in 15 localities (about 200 km of coast; red lines in Figure 1) by using five aerial photograph samples covering the entire peninsula in the years 1988, 1996, 2000, 2006, and 2012. For these shorelines, we extracted the trends along the transects, repeating the same procedure applied to the CoastSat products. Extraction of the linear trends of the shoreline from the CoastSat outcomes for the same period of the aerial photographs makes it possible to perform a statistical comparison between the time series derived from the different datasets and, importantly, from those obtained by manual and automatic procedures.
To analyse seasonal variability in shoreline positions, we classified the data into four seasons: winter (DJF), spring (MAM), summer (JJA), and autumn (SON). We first applied the Kruskal-Wallis test for each transect to assess whether significant differences existed among the seasonal shoreline positions. Where the Kruskal-Wallis test indicated significant differences (), we performed post-hoc pairwise comparisons (Tukey's Honest Significant Difference) to identify specific pairs of seasons exhibiting significant differences. This approach allowed us to evaluate and quantify seasonal patterns in shoreline dynamics across the transects. The statistical tests are applied using kruskal and pairwise_tukeyhsd functions of the Python Library Statsmodels. 
Focus on the river deltas
In this work, we analyse in detail the variation of the delta rivers, which are vulnerable zones because of several pressures such as changes in sediment balance and anthropic activities (Anthony, 2018; Anthony et al., 2014; Besset et al., 2017, 2019). On the basis of a dataset of the hydrographic network subdivided into various categories  such as rivers, torrents, channels, etc., we selected the transects running along the river deltas for around 10 km (Table 1). We distinguished the transects on the hydrographic right and left to identify the different behaviours of the two sides of the deltas. We also defined three categories to identify the watercourses, according to their erosion patterns. The "Average" category includes watercourses where the average transect slope indicates a predominant erosion. The "Always" category covers watercourses where both hydrographic sides consistently exhibit erosion. Lastly, the "Mixed" category refers to watercourses where either the left or the right hydrographic side is affected by erosion.
[bookmark: _Ref185599489]Table 1 List of the rivers and large rivers (*) investigated
	Rivers

	Abatemarco
	Cecina*
	Gela
	Oliva
	Sile*

	Acate O Dirillo
	Cedrino
	Grande
	Ombrone*
	Silis

	Adige*
	Centa
	Grande O Imera Settentrionale
	Osa
	Simeto*

	Agri*
	Cento Acque
	Ippari
	Osento
	Sinello

	Albegna
	Cesano
	Irminio
	Padrogiano
	Sinni*

	Alcantara
	Chienti*
	Irno
	Palma
	Sisto

	Alento
	Coghinas
	Jato
	Pecora
	Soleo

	Alento
	Corace
	La Lama
	Pescara*
	Solofrone

	Alli
	Cornia
	Lama Di Lenne
	Petrace
	Tacina

	Amato
	Crati*
	Lambro
	Picentino
	Tagliamento*

	Anapo
	Crocchio
	Lamone*
	Platani*
	Tara

	Ancinale
	Cuba
	Lao
	Po*
	Tavollo

	Angitola
	Di Chinisia
	Lentini
	Pollina
	Tellaro

	Arena
	Di Noto
	Liscia
	Potenza*
	Temo

	Arielli
	Di Zappulla
	Magazzolo
	Reno*
	Tenna*

	Arno*
	Drago
	Magra Ligure
	Roia
	Testene

	Arrone
	Entella
	Marecchia*
	Rosmarino
	Tevere*

	Aso
	Esaro
	Mesima
	Rubicone
	Torbido

	Astura
	Esino*
	Metauro*
	S. Leonardo
	Torbido

	Baiata
	Ete Vivo
	Mignone
	S. Michele
	Tordino

	Basento*
	Ferro
	Milicia
	S. Stefano
	Torto

	Belice
	Ficarazzi
	Mingardo
	Saline
	Trigno*

	Biferno*
	Fine
	Misa
	Salinello
	Trionto

	Birgi
	Fiora*
	Modione
	Salso*
	Tronto*

	Bradano*
	Fiumi Uniti
	Musone
	Sangro*
	Tusciano

	Bruna
	Flumendosa*
	Naro
	Sarno
	Uso

	Bussento
	Foglia*
	Neto*
	Savio*
	Verdura

	Carboj
	Foro
	Nica'
	Savoca
	Volturno*

	Cassibile O Cava Grande
	Fortore*
	Noce
	Savuto
	Vomano

	Catocastro
	Freddo
	Nocella
	Sele*
	Zaffaria

	Cavone
	Garigliano*
	Ofanto*
	Serchio*



Results
The coastline investigated is about 3,624 km discretized into 34,215 valid transects (excluding those with less than 20 valid shorelines) distributed more or less every 100 m along the coastline. The CoastSat software has been used since 1984  to investigate the Landsat images. Figure 2 reports the statistics of the distance time series for the investigated transects. The great part of the time series ranges from 1984 to 2024 (investigated for approximately 40 years, with very small variability).Many shorelines have been involved to extract the linear trend: a median value of 311 with a standard 123 deviation (Figure 2). In areas where satellite campaigns capture overlapping images (between one swath and the next), a significantly higher amount of data is recorded, approximately double compared to other regions. This overlap explains the variability in the number of images collected, which is an inherent characteristic of the satellite imaging process. The linear trends distributed in several years were calculated over a large amount of data, making it possible to obtain a robust statistic. 
The procedure of results validation was carried out using the dataset of aerial photographs, where the shoreline position was drawn manually. The analysis conducted on about 200 km of coast resulted in a study involving 1761 transects (about 6% of the total coastal area). The linear trends obtained with the two methodologies were very similar; Pearson’s coefficient of correlation was 0.90 and the p-value was < 0.05 (Figure 3), with a mean absolute error (MAE) of about 0.62 m/year Different sources of error influence the two methodologies. The manual methodology is subject to user dependency and to the subjective interpretation of shoreline positions, while the automatic methodology is affected by systematic errors and by the resolution of the analysed data. Manual editing of extensive coastal areas is highly time-consuming but the comparison of these two methodologies is crucial to  evaluate the results obtained in previous studies.
The linear trends are reported in Figure 4 and in Table 2. Figure 4a shows all the transects and diagrams for the macro areas. Figure 4b shows only the results for areas with no coastal defences within a radius of 500 m. The diagrams report the significant positive (sP), not-significant positive (nsP), significant negative (sN) and not-significant negative (nsN) trends. In the Ligurian Sea, 17% (21% considering the transects more distant than 500 m from coastal defences) of the transects have sP trends; 6% (7%) have nsP trends; 69% (61%) have sN trends; and 9% (11%) have nsN trends.
In the north Tyrrhenian Sea, 21% (20%) of the transects have sP trends; 8% (8%) have nsP trends; 62% (62%) have sN trends; and 9% (10%) have nsN trends. In the south Tyrrhenian Sea, 40% (40%) of the transects have sP trends; 11% (12%) have nsP trends; 37% (35%) have sN trends; and 12% (12%) have nsN trends. In the Sardinian Sea 30% (31%) of the transects have sP trends; 18% (18%) have nsP trends; 33% (31%) have sN trends; and 19% (19%) have nsN trends.
In the Ionian Sea, 42% (42%) of the transects have sP trends; 8% (8%) have nsP trends; 42% (43%) have sN trends; and 8% (7%) have nsN trends.
In the Adriatic Sea, 22% (24%) of the transects have sP trends; 6% (6%) have nsP trends; 65% (63%) have sN trends; and 7% (7%) have nsN trends. Considering the entire peninsula, about 31% of the transects are characterized by erosion (sP trend) and they reach 41% if we consider all the positive trends.
Southern Italy and Sardinia have a higher percentage of erosion transects with an increase in erosion areas from north to south and a consequent decrease in the advancement and stable areas.
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[bookmark: _Ref169859764]Figure 2 Characteristics of the transect time series used to calculate the linear trends. From left to right: distribution of the minimal years and maximum years of the time series; distribution of the number of years derived from the difference between  maximum year and minimum year; distribution of the amount of data used to calculate the trends. The boxes represent the interval between the 25th and 75th percentiles (Q1 and Q3). IQR is the interquartile range Q3-Q1. The upper whisker will extend to the last datum lower than Q3 + 1.5 × IQR. Similarly, the lower whisker will reach the first datum higher than Q1–1.5 × IQR. The orange line represents the median.
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[bookmark: _Ref169882925]Figure 3 Relation between the linear trends (of 1761 transects) derived from aerial photograph analysis and the application of CoastSat software to the Landsat datasets considered.
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[bookmark: _Ref169860320]Figure 4 Linear trends calculated along the transects: a) entire dataset; b) transects further than 500 m from coastal defences. The blue lines indicate the boundaries of the macro areas where the results are summarized in the pie charts: significant positive (sP), not-significant positive (nsP), significant negative (sN), and not-significant negative (nsN) trends.

[bookmark: _Ref185596769]Table 2 Percentage of transects categorized in different linear trends: significant positive (sP), not-significant positive (nsP), significant negative (sN), and not-significant negative (nsN) trends.
	
	All Datasets (%)
	No Coastal Defence Structures (%)

	Area
	sP
	sN
	nsP
	nsN
	sP
	sN
	nsP
	nsN

	Ligurian Sea
	17
	69
	6
	9
	21
	61
	7
	11

	Northern Tyrrhenian Sea
	21
	62
	8
	9
	20
	62
	8
	10

	Sardinia
	30
	33
	18
	19
	31
	31
	18
	19

	Southern Italy
	40
	37
	11
	12
	40
	35
	12
	12

	Ionian Sea
	42
	42
	8
	8
	42
	43
	8
	7

	Adriatic Sea
	22
	65
	6
	7
	24
	63
	6
	7



Figure 5 is an example designed to illustrate the results of this study, highlighting how the high density of transects (one every 100 m) allows for precise descriptions of coastal segments. This level of detail enables the analysis of highly accurate coastal dynamics, providing a clear understanding of spatial and temporal variations through detailed temporal analyses. Such an approach makes it possible to identify local phenomena of erosion and accretion, even in complex coastal contexts. Around the Tagliamento River (Figure 5a), a clear distinction is observed between the stability of the northern bank (left side of the river) and the evident erosive trend of the southern bank (right side of the river), which transitions into accretion further away from the river mouth. In the Po River delta (Figure 5b), the complexity of the hydrographic network is reflected in a marked alternation of erosive and accretional areas, characteristic of a dynamic deltaic system. The area between the right bank of the Arno River and the left bank of the Serchio River (Figure 5c) exhibits high rates of erosion along its entire extent. To the north of the Biferno River (Figure 5d), the right bank shows strong erosive rates that progressively decrease with distance from the mouth, transitioning into stable or slightly accretional areas, while to the south of the Trigno River, high erosion rates are observed again. In the Sele River area (Figure 5e), variation rates are lower than those of other areas; however, the region is still characterized by a predominantly erosive pattern on both banks. Finally, the area around the Sinni River (Figure 5f) shows high erosion rates on both banks, which gradually decrease with distance from the river, eventually transitioning into accretional zones. These observations emphasize how coastal dynamics are closely linked to fluvial sedimentation and local hydrographic characteristics, highlighting the complexity of interactions between fluvial and marine environments.
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[bookmark: _Ref186191313]Figure 5 Focus on specific areas from northern to southern Italy: a) Tagliamento River, B) Po River; c) Arno River d) Northern Termoli; e) Sele River; f) Sinni River. The black rectagles indicate the transects analyzed in Figure 6

Figure 6 illustrates the temporal trends of a group of transects selected for each area represented in Figure 5 (transects marked by black rectangles). The figure highlights the high temporal resolution of the data available for a detailed analysis of trend variations, including those influenced by infrastructure works, watershed modifications, and climatic changes. The analysis reveals the distinct trends characterizing the areas, as well as the periods of higher or lower spatial variability. For instance, in the case of the Sinni River, the period between 1995 and 2005 exhibits lower variability (with a narrower confidence interval) compared to the preceding and succeeding periods. Similarly, in the Po River area, variability significantly increases after 2005 compared that of the earlier period. Additionally, for the Arno River and the Northern Termoli area, a notable trend variation is observed around 2010. These insights, when examined in greater detail and on a site-specific basis, provide valuable information about the temporal evolution of the coastline.
[image: ]
Figure 6 Time series analysis of the transects outlined by the black rectangles in Figure 5: the blue line represents the median value, while the light-blue shaded area indicates the 50% confidence interval.
The Kruskal-Wallis test revealed that 19,574 transects, corresponding to 58% of the total analyzed, show significant seasonal differences in means. Tukey's Honest Significant Difference (HSD) test was then applied to identify specifically which season pairs showed these significant differences. The results of these analyses are presented in Figures 7 and 8.
The analysis clearly shows that the winter season (DJF, December-January-February) exhibits the largest negative differences compared to the other seasons, especially when compared to the summer. This result indicates that winter is generally the period of greatest accretion on Italian beaches, while summer is characterized by more pronounced erosions. However, this general pattern is not uniform all across Italy. Figure 8 highlights significant regional differences. Specifically, the Ligurian region and the Gulf of Taranto show an opposite pattern, where winter is associated with erosive phases, while summer is the period of greatest accretion.
These regional variations suggest that local factors such as coastal configuration, dynamics of marine currents, and prevailing weather conditions play a key role in shaping the seasonal dynamics of beach accretion and erosion. These findings emphasize the importance of considering regionalized approaches in the analysis and management of coastal zones.
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Figure 7 Tukey's Honest Significant Difference test to identify seasonal patterns distinguishing in significant positive (Sign. Pos.) results, significant negative (Sign. Neg.) results, not significant positive  ( No Sign. Pos.) results and not significant negative (No Sign. Neg.) results. The comparison is for the seasons December-January-February (DJF); March-April-May (MAM); June-July-August (JJA); September-October-November (SON). 
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Figure 8 Red transects indicate significant positive results, and green transects indicate significant negative results of Tukey's Honest Significant Difference test. The comparison is for the seasons December-January-February (DJF); March-April-May (MAM); June-July-August (JJA); September-October-November (SON). 
River Delta Focus
In this paragraph, we focus on the beaches situated near the watercourse deltas. An approximate 35% of the beaches about 10 km from all the watercourses are affected by erosion and, if we exclude the transects near coastal defences, this percentage rises to about 45% (Figure 9a). With the exception  of  the small watercourses, focusing on the larger rivers, the percentage increases to about 67%. These results suggest that the primary evolutionary pattern for two out of three major Italian rivers is erosion (Figure 9a). 
More than 25% of watercourses are affected by erosion on either hydrographic side, increasing to about 33% in the rivers and large rivers (Figure 9b). The percentage of watercourses characterised by a mixed pattern of the two hydrographic sides is about 32% (Figure 9c); therefore, around 43% of all watercourses have both hydrographic sides in advancement. However, approximately 40% of the large rivers exhibit a mixed pattern (Figure 9c). When combined with the 33% of the large rivers affected by erosion (Figure 9b), it becomes evident that about 73% of the large rivers experience erosion on at least one hydrographic side. This scenario is even worse if we focus on the areas with no coastal defences. In this case, more than 75% of watercourses are characterized by a mixed pattern. Excluding the areas with coastal defences, every large river is affected by erosion (20% always; 80% mixed) and only 5% of the rivers present an accretion pattern on both hydrographic sides. 
 [image: ]
[bookmark: _Ref173832776]Figure 9 Percentage of the watercourse (WC) deltas affected by erosion, distinguishing between small watercourses (SMALL WCs), rivers, and large rivers (longer than 100 km): a) main pattern between right and left hydrographic sides; b) right and left hydrographic sides in erosion; c) right or left hydrographic side in erosion. The blue points indicate the analysis conducted on all transects; the orange points indicate the analysis of the transects more than 500 m far from coastal defences. 
Geographically, we can identify some important patterns in the spatial distribution of the erosion/advancement trend for the rivers (Figure 10). Figure 10 shows the trends for the deltaic region of all rivers (Figure 10a,b) and only large rivers (Figure 10c,d). Moreover, the figure shows trend analysis of the transects considering all transects (Figure 10a,c) and the transects not near coastal defences (Figure 10b,d). The north Adriatic Sea is characterized by several rivers displaying advancement trends (Figure 10a). If we exclude the transects affected by the influence of coastal defences (Figure 10b), several rivers are excluded from this analysis owing to the absence of human activities. Therefore, a strong influence of human strategies and activities can limit the erosion trends and, consequently, change the patterns of this area. Another important area is southern Italy, where we found a general erosion pattern. In particular, the rivers and large rivers of Basilicata are all affected by erosion. Even in the region of Calabria the main pattern is that of the loss of beach areas. 
[image: ]
[bookmark: _Ref174344498]Figure 10 Geographic map of the erosion/advancement trends for the rivers (a,b) and large rivers (c,d), analysing the areas with all transects (a,c) and transects at a distance higher than 500 m from coastal defences (b, d).
Discussion
The Italian coast is characterized by great variability with several zones affected by a loss of area (also with trends higher than 5 m/year) and other zones characterized by accretion. However, our results indicate that in the areas close  to the rivers and large rivers the main pattern is that of beach erosion. The coastal area between the Magra River and Leghorn is affected by an alternation of progradation and erosion in relation to the harbours and the river mouths (Anfuso et al., 2011; Pratellesi et al., 2018). The Serchio and Arno river deltas in the Ligurian Sea are affected by erosion with a trend of about 2-3 m/year over the last 40 years, in agreement with previous studies based on the use of cartographies (Besset et al., 2017, 2019; Bini et al., 2008, 2021). In this respect, Bini et al. (2021) demonstrated the important role of the coastal defences of the river mouths in terms of sediment dispersal along the coast, with the consequent production of erosion phenomena in some areas. 
The Ombrone River delta is affected by a great erosion trend with peaks of erosion of also 5-6 m/year, in agreement with previous works (Besset et al., 2017, 2019; Cipriani et al., 2013). The authors highlight that the main cause of coastal erosion in the Maremma Regional Park is a combination of natural and anthropogenic factors. In particular, the reduced supply of river sediments resulting from the construction of dams and other hydraulic works along rivers is one of the main causes of erosion (Frangipane & Paris, 1994; Rinaldi, 2003). 
This work studies the erosion patterns of several river deltas also in the Adriatic Sea. For example, the 25 km coastal area around the city of Termoli, in the proximity of the Trigno and Biferno rivers, is affected by an erosion of about 2.7-2.9 m/year, with an increase in the period 1992-2004 until reaching trends of about 3.5-4.0 m/year (Rosskopf et al., 2018). In this area we found an erosion of about 4 m/year, in perfect agreement with the results obtained in previous work.
In Basilicata, the Sinni River delta is affected by great erosion with values also higher than 10 m/year, in agreement with previous works (Aiello et al., 2013).
The coastal area near  the Simeto River, the main river of Sicily, is affected by erosion with values of about 3 m/year in the period 1972-2022 (Laksono et al., 2022), in agreement with the trend identified in this work. For this area, our work agrees with a previous work, which identified   a progradation of the southern area of the Catania harbour, with values of about 5 m/year  (Laksono et al., 2022). 
The Alghero Bay in Sardinia is characterized by great variability with a transition from progradation zones (3 m/year) to erosion zones (1.2 m/year), in complete agreement with the bibliography of Manca et al., (2013), where  the same pattern (with peaks of progradation of about 3 m/year and peaks of erosion of about 1.2 m/year) is demonstrated.  
In the past century the Mediterranean has been marked by a drastic reduction in rainfall and river flows, linked to global warming trends (Bertola et al., 2019; Blöschl et al., 2019, 2020; Deitch et al., 2017; Hall et al., 2014). This trend is also evident in Italian rivers, where there is a strong correlation between rainfall and flow rates. Owing to a general decrease in precipitation frequency, river flows have diminished (Luppichini et al., 2024; Zanchettin et al., 2008). The reduction of  Mediterranean precipitations is attributed to increased atmospheric and sea temperatures, which shift the cyclonic areas of the North Atlantic and Mediterranean seas (Börgel et al., 2020), leading to the formation of high-pressure systems at the studied latitudes and consequently of reduced flow rates and sediment transport (Billi & Fazzini, 2017). The strong correlations identified between precipitation and flow time series with the North Atlantic Oscillation Index confirm the influence of North Atlantic atmospheric patterns on the climatology of the study area (Brandimarte et al., 2011; Ferrari et al., 2013; Luppichini et al., 2021, 2022; Vergni & Chiaudani, 2015). In this climatic context, Italian rivers have undergone geomorphological changes (Billi & Rinaldi, 1997; Dufour et al., 2015; Rinaldi, 2003; Rinaldi et al., 2015; Surian et al., 2009; Surian & Rinaldi, 2004) and modifications in the river deltas (Besset et al., 2017, 2019) since the early 1900s. This phenomenon is primarily attributed to intensified human activities, in particular between 1950 and 1990, a period of peak industrial activity in several Italian plains (Felice et al., 2013). The interplay between climatic and anthropogenic factors has led to the scenario highlighted in this study, where nearly all the Italian rivers are affected by coastal erosion.
Conclusions
This work has provided a comprehensive analysis of coastal erosion in Italy through several key contributions:
1. It has established a nationally homogeneous database, meticulously extracted using the same methodology for the entire area;
2. It has conducted trend analyses to identify the areas at major risk of coastal erosion;
3. A seasonality in coastal dynamics was identified, with winter being accretionary and summer erosive, except for some areas  such as  Liguria and the Gulf of Taranto.
4. Particular attention has been placed on the beaches in the proximity of river courses, which have revealed high levels of vulnerability;
5. Our findings indicate that approximately two-thirds of the 40 major rivers in Italy are currently experiencing coastal erosion. Over 75% of these rivers have a hydrographic side affected by coastal erosion, a value that reaches 100% if we exclude the areas with coastal defences.
The aim of this work is to highlight that coastal erosion characterizes the entire Italian territory. The climatic trend of recent centuries as well as human activities have influenced river deltas, leading to the conditions we are currently experiencing. This study shows that river deltas are a climate change "hotspot," in other words, they are areas in which the effects of global warming are particularly visible. On account of this heightened exposure, river deltas are particularly vulnerable to future climate variations.
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