

  coasts-04-00005




coasts-04-00005







Coasts 2024, 4(1), 63-88; doi:10.3390/coasts4010005




Article



Coastal Retreat on the Spanish Mediterranean Coast in a Climate Change Context: Effects of the Regulation of the Segura River at Its Mouth and the Coastal Sand Dune in Guardamar del Segura (Alicante, Spain)



Antonio Oliva 1,*, Jorge Olcina 2 and Alfredo Ollero 3





1



Interuniversitary Institute of Geography, University of Alicante, 03690 San Vicente del Raspeig, Spain






2



Department of Regional Geographical Analysis and Physical Geography, University of Alicante, 03690 San Vicente del Raspeig, Spain






3



Department of Geography and Spatial Planning, University of Zaragoza, 50009 Zaragoza, Spain









*



Correspondence: antoniogeografia1@gmail.com







Citation: Oliva, A.; Olcina, J.; Ollero, A. Coastal Retreat on the Spanish Mediterranean Coast in a Climate Change Context: Effects of the Regulation of the Segura River at Its Mouth and the Coastal Sand Dune in Guardamar del Segura (Alicante, Spain). Coasts 2024, 4, 63–88. https://doi.org/10.3390/coasts4010005



Academic Editors: Enzo Pranzini and Rafael J. Bergillos



Received: 22 November 2023 / Revised: 19 December 2023 / Accepted: 31 January 2024 / Published: 2 February 2024



Abstract

:

Coastal retreat processes are usually associated with many anthropogenic actions, such as the regulation of river basins, the construction of hydraulic storm defence works in coastal areas and the building of housing on the beach. To all of this, we should also add the increase in sea levels due to the effect of climate change. The chosen area of study corresponds to the coastal area of the municipality of Guardamar del Segura, belonging to the Segura River Basin. The methodology applied in this study comprised the gathering of historical information, the extraction of data using GIS, the compiling of data using official organisations and the analysis of all these data from a geographical perspective. The obtained results show the chronology of the regulation works in the Segura Basin and their relationship with the reduction and negative trend in average ordinary flows (1940–2023) and the extraordinary, swelled flows recorded in the period 1994–2023. Furthermore, the coastlines from 1923 to 2023 were mapped, enabling us to determine the evolution of the coastline retreat processes experienced in the dune ridge of Guardamar del Segura and the increase in the frequency of impacts due to storms on Babilonia Beach. Finally, data on wind, waves and marine currents recorded at a gauging station were incorporated, enabling us to understand their impact on this coastal sector. The results obtained are discussed, and they indicate the need to incorporate data on sediment into the study in order to complete it. The conclusions reveal the existence of a relationship between all these anthropogenic elements in the beach erosion processes experienced in the village of Guardamar del Segura.
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1. Introduction


Coastal retreat is one of the most important problems that is currently affecting many coastal areas in the world as a result of the aggression of anthropogenic actions on coastal and river basin systems, aggravated by the increase in the sea level due to climate change processes. Coastal systems have been altered through anthropogenic processes, particularly since the second half of the twentieth century. The retreat experienced by coastal spaces is generated via different anthropogenic actions. Three large groups can be identified: (1) the regulation of river basins through the construction of dams, reservoirs, the deviation of flows, forest repopulation and channelling, which are responsible for the reduction in the contribution of sediment to coastal areas; (2) anthropogenic actions on the coast related to storm defence works that alter the functioning of the coastal drift and the distribution of sediment in coastal areas, such as breakwaters, jetties and sea walls, among others, in addition to actions related to economic activities, such as the construction of yachting or commercial harbours or housing on beaches, which affect the functioning of coastal dynamics or cause a wall or barrier effect to winds that transport fine sediment through the air; and (3) the effects of climate change related to the increase in sea levels caused by the thawing of the planet’s ice masses and the expansion of the oceans and seas due to their thermal warming, as well as a higher frequency of extreme weather events, particularly atmospheric situations that favour the formation of sea storms [1].



Meanwhile, the global average sea level has increased by between 13 and 20 cm since the preindustrial era [2], and this process has been intensifying and accelerating since the last decade of the twentieth century [3]. The PESETA III report [3] on coastal risk analysis predicts a highly probable increase in the European average sea level over the next 100 years of 34–76 cm in a scenario of moderate mitigation (RCP 4.5) and 58–172 cm in a scenario of high emission levels (RCP 8.5) for the whole of the European Union and the United Kingdom. The special oceans report of the Intergovernmental Panel on Climate Change (IPCC) indicates that the average sea level is increasing in an accelerated manner and that, in the period between 1901 and 1990, it increased by 1.4 mm/year; meanwhile, for the period of 1970–2015, it increased by 2.1 mm/year, and in the period of 1993–2015, the corresponding figure rose to 3.6 mm/year on a global scale [4]. Furthermore, the last IPCC report (AR6) revealed that the global average sea level is expected to continue to rise throughout the twenty-first century as a result of melting ice and the warming of the oceans and seas, generating their expansion landwards and increasing the sea level [5].



In addition to the rising sea level, there has also been an intensification of extreme weather phenomena that generate offshore storms and strong winds [4]. A high sea level causes offshore storms to have a more virulent impact on the coast and lead to larger coastal flooding areas due to waves penetrating the land for several metres or kilometres with respect to the original coast in a low-water situation [6]. Moreover, the increase in the sea level generates the formation of higher waves hitting the coast and nearby areas, increasing coastal erosion [7]. All these related elements contribute to coastal retreat [8].



The construction of large works that regulate the river basins (such as reservoirs, flood control dams, deviation channels, channellings and the deviation or river courses) has negatively affected the amount of sediment deposited in river mouths and coastal spaces. These deposits constitute a fundamental source of materials to replenish beaches or coastal systems [9,10,11].



In 2005, a total of 45,000 dams over 15 m high were counted throughout the world by the World Commission on Dams (WCD) [12,13], and the reduction in river sediment inputs is estimated to be between 5–20 GTm/year [12], which fosters the disconnection of rivers from their deltas and coastal contributions [10,14].



These types of works, and particularly reservoirs, have drastically reduced the average monthly flows that contributed to sediment’s movement to the coast [15]. Since the regulation of river basins, today, only extreme episodes, namely floods, transport and deposit large volumes of sediment on the coast [16,17].



Some authors have defended the “sediment continuity principle”, which argues that sediment is not created or destroyed but moves through the landscape so that what is lost in one space is gained in others [10]. With the construction of transverse walls, the sediment transported via rivers accumulates in dams, causing their clogging. This results in a breakdown or alteration of sedimentation processes downstream, including on coasts. The direct consequence of this is the production of coastal retreat processes [11].



Some studies have analysed the impact of these works in relation to the sediment transported and deposited along the course of rivers, thereby determining their implications and their impact on the input of sediment in coastal areas [9,18,19].



Sedimentary deficits are not only generated directly via the accumulation in reservoirs but also derived from reductions in the solid flow inputs from riverbanks and rivers themselves, principally due to the increase in plant cover in basins and riverbeds [20,21,22]. The increase in urbanisation and roads at headwaters and in mountain areas limits the amount of sediment that reaches rivers [23]. Forest repopulation and the recovery of the vegetation cover after the rural exodus have also reduced sediment inputs [23]. The construction of thousands of sediment retention dams (check dams) in mountain areas has also contributed to the sedimentary deficit in middle and lower courses. Another key process is the vegetation cover in riverbeds, particularly downstream from reservoirs. This has led to the consolidation of sedimentary deposits and the difficulty of setting them in motion, considerably restricting the transportation and generating sizeable and widespread processes of narrowing and incision [24]. These processes have been intensified due to the extraction of gravel, the channelling of riverbeds and riverbank defences that prevent in situ erosion and further reduce the availability and movement of sediment [25,26,27,28].



In short, the reduction of the discharge of sediment due to the regulation of river basins through dams and reservoirs, as well as the global change in basins and rivers and their undeniable sedimentary deficit effect, together with the increase in sea levels, have caused a process of retreat in coastal areas (deltas, beaches and dune ridges, among others) [29].



Meanwhile, the anthropogenic actions in coastal areas (hydraulic works and economic activities) condition their evolution as they alter the transportation of sediment along the coast via the tide. Therefore, hydraulic actions refer to the presence of hard engineering works to protect against offshore storms through the construction of jetties, breakwaters, sea walls and ports that break the coastal drift. This gives rise to imbalances in the system of sediment distribution, altering and modifying the natural dynamics. Therefore, in sectors of sediment accumulation and accretion areas, coastal areas are retreating further due to the rupture in the coastal drift that transports the materials that are deposited at river mouths and replenishes beaches and dune ridges. Meanwhile, economic activities refer to mass tourism and the construction of housing on beaches, which also alter the natural dynamics of coastal areas, even modifying the behaviour of the wind and affecting the transport of sediment via the air [30].



All these aspects together explain the reasons for the coastal retreat that is occurring in many parts of the world (Table 1), as in the case of Europe and the United Kingdom [8], the Malin Coast in Ilaje (Nigeria) [29], the Carteret Islands in the Pacific and the Indian Sundarbans, Lagos (Nigeria), Jakarta (Indonesia) and Houston (USA) [7], the deltas of the Mississippi (Colorado, USA), Danube, Ebro, Po and Rhone rivers (Europe), the Yellow, Yangtze and Mekong rivers (Asia), the Nile (Africa) [9], the southeast coast of Australia [31] and even California [32], and the coast of Indonesia [33].



In Spain, the current overall trend in the variation in the sea level on the coast is 2.5 mm/year. When this is extrapolated to the year 2050, there would be an average increase in sea levels of 0.125 m [34,35]. Furthermore, no relevant changes have been observed in the magnitude of wave energy, and the estimated directions of exceeded wave heights have tended to increase slightly along the whole coast, implying a reduction in the operability of ports. Moreover, the increase in sea levels gives rise to a variation in flood levels, which would affect the first 200 m of land inwards from the shore [35]. According to Spain’s National Plan for Adaptation to Climate Change (PNACC), for the period of 2021–2030, a significant increase in sea levels has been observed since 1993 along the whole of the Spanish coast. However, in the Mediterranean, there is greater uncertainty regarding the increase in the average sea level due to regional effects, although the rise in the Mediterranean sea level is also notorious [36].



There are more than 1200 large dams and reservoirs throughout the Spanish territory for regulating river basins, which together have a total capacity of 56,000 hm3 and the objective of supplying the existing water demands in terms of quality and sufficient quantity [37]. However, the existence of many transversal works is generating shoreline retreats in different coastal areas of Spain.



On the Atlantic coast in the north of Spain, erosion processes can be observed on the Cantabrian coast, for example on Gerra Beach (Cantabria) [32]. Meanwhile, according to the Environmental Hydraulic Institute of the Universidad de Cantabria, the coast of San Sebastián (Basque Country, Spain), which borders the Atlantic Ocean, is experiencing an increase in its sea level, which is generating coastal erosion processes on the beaches of Ondaretta and la Concha, the beach on the island of Santa Clara and Zurriola Beach. All of this is caused by the regulation of the River Urumea through the Añarbe and Artikutza reservoirs and control dams. This is also the case with the Zadorra River in Blibao, with four large reservoirs that reduce the load of sediment transported via the river to the coast [15].



On the Mediterranean coast, Prats-Puntí et al. [18] analysed the effects of engineering works in the Llobregat River (Catalonia) on the retreat of its delta, which has experienced a retreat of 800 m since the end of the nineteenth century and throughout the twentieth century. The construction of these works, which reduce the frequency of floods and retain sediment in situations of average flows, is responsible for the regression of the coastline [18]. Blay and Ávila [11] analysed the coastal retreat that is experienced at the Ebro Delta since the impact of Storm Gloria (January 2020) and as a result of the construction of reservoirs upstream to regulate the supply of the Ebro basin, which is generating a drastic reduction in the sediment deposited on the coast and leading to a coastal retreat process. Oliva and Olcina [38] analysed the coastal retreat experienced in the south of the province of Alicante and its impacts on the coastal area of the district of Vega Baja del Segura, specifically the beaches of Guardamar del Segura, Torrevieja, Orihuela and Pilar de la Horadada, where there are clear processes of retreat due to the intense regulation of the Segura River Basin, among other actions. These effects can also be seen on the Cádiz coast, particularly after coastal storms [39].



The regulation of river basins leads to a rupture of the river system in terms of the erosion, transport and sedimentation processes along rivers and at their coastal mouths. This has been demonstrated through the monitoring of the effects of the demolition of dams on rivers. In Spain, there are many cases, particularly in the north and west of the peninsula [40], such as that of the Gatera dam in the higher section of the Bernesga River in Leon [41]. According to ministerial data, in 2022, a total of 618 dams and transversal objects had been demolished.



Between 1998 and 2011, the General Directorate of Hydraulic Works of the Provincial Council of Guipúzcoa carried out 63 projects for the demolition of transversal walls, having conducted 11 total demolitions, 9 partial demolitions and 5 ramps for fish [42]. These projects included the complete demolition of the Mendaraz dam (2010) regulating the River Urumea (Guipúzcoa, Basque Country) and the partial demolition of the Inturia dam (2014) that regulated the River Leitzaran (Guipúzcoa, Basque Country) [40,43]. According to Ollero et al., (2014), just six months after the demolition of the first dam, rapid movements of sediment downstream were observed, thanks to an extraordinary swelling of 423 m3/s of the River Urumea on 6 November 2011, which generated significant geomorphological changes due to the downstream transportation of the majority of the sediment retained in the former water body [40].



The majority of the Spanish coasts have hydraulic infrastructure to defend against offshore storms, taking the form of breakwaters, jetties, sea walls and gabion walls, among others, that affect coastal drift. Furthermore, the channelling of the final stretches of the rivers also leads to the rupture or alteration of the functioning of coastal dynamics, which distribute the sediment along the coast. On the other hand, the economic activities carried out in these spaces also cause the rupture of coastal dynamics through the construction of yachting and commercial harbours with the presence of long jetties and the construction of buildings on beaches, which seriously affect the areas of sediment accumulation (dune ridges) and the disruption of the wind circulation which transports sediment by air.



In 2014, 4.2% of the land area in Spain corresponding to the first five kilometres leading inwards from the coast concentrated 44% of the Spanish population [44]. Between 2011 and 2020, the Spanish population increased by 0.6%, but this increase has principally affected the coastal areas (+1.6%), as opposed to the non-coastal areas, which have lost population (−0.1%). Currently, 18 million inhabitants are registered in coastal urban nuclei, with a density of 429 hab/km2, which is five times that of the average density of Spain as a whole [45]. This continued demographic growth process in coastal areas underwent an explosive phase called the “urbanisation tsunami”, experienced in Mediterranean coastal areas between 1995 and 2007 [46], when an intense “coastalisation of risk” occurred [47]. This accelerated occupation of the Spanish coastline has generated serious environmental problems and has reinforced the direct effects of erosion in coastal areas [38].



In the Region of Valencia, there is a high level of risk on the Mediterranean coast due to anthropogenic actions on the coastal system, which constitutes a very serious problem. The increase in the sea level, the regulation of the river basins and the anthropogenic pressure on the coast increase coastal erosion, raising the risk of coastal floods due to offshore storms affecting homes built on beaches [38].



This article analyses the coastal retreat on a beach sector in the south of the Province of Alicante. It completes and expands on the work carried out by Oliva and Olcina [38], focusing on the dune ridge of the Municipality of Guardamar del Segura (Alicante, Spain), where the effects of coastal retreat are extremely severe.



To do this, the objectives of the current research were the following:




	(a)

	
To analyse the regulation works on the Segura River Basin with the reduction of average and extraordinary flows.




	(b)

	
To analyse the coastal retreat experienced between 1929 and 2023 on the coast of Guardamar del Segura, specifically the problem of Babilonia Beach.




	(c)

	
To analyse sea currents, waves and winds.




	(d)

	
To make proposals for the recovery or reduction of coastal retreat in the sector of Guardamar del Segura.









Analysing these points enabled us to provide a series of proposals for adapting to climate change that will help slow down or reduce the coastal retreat in this space, increasing the resilience of coastal areas and, specifically, the sector located in the south of the mouth of the Segura River, a highly anthropised space which manifests the effects of the climate change process.




2. Materials and Methods


2.1. Study Area


The area of study is located in southeastern Spain and belongs to the Segura River Basin (SRB). This selected area corresponds to the Municipal District of Guardamar del Segura, where the mouth of the Segura River is found, which is the principal source of sediment input on the coast of this sector (Figure 1).



The predominant climate in the Segura River Basin corresponds to a Mediterranean climate, with particular typologies in the different areas that make it up (inland areas, coastal areas, mountain areas and river plains) [48]. The average annual temperature of the Segura Basin is 16.5 °C (for 1994–2014) [48]. The average annual rainfall of the Segura River Basin is 382 mm (1940–2006) or 362 mm (1980–2006), and it is characterised by a rainfall regime with large spatiotemporal imbalances and a clear contrast between the headwater areas and the middle and lower parts of the basin, including the coastal areas [48]. The wettest months are the autumn months: September, October, November and December. These are followed by a second peak in spring: March, April and May. The average potential evapotranspiration is of the order of 700 mm, and the average actual evapotranspiration is estimated at 328 mm (for 1940–2006) [48].



The Municipal District of Guardamar del Segura has a population of 16,138 inhabitants, according to the municipal population register of the INE (2022). The principal economic activity of the region is summer tourism [49], commonly known as sun and beach or mass tourism, which places greater anthropogenic pressure on the dune system.



The Guardamar del Segura coast has a long history of anthropogenic actions dating back to the eighteenth century [49]. As indicated by Fernández-Hernández et al. [49], the dune system of this area did not consolidate due to the mass felling of trees for the fishing industry during the eighteenth century. For a long time, the village of Guardamar was “threatened” by the movements of the dunes. From 1900 to 1930, the engineer Mira y Botella directed the reforestation of the area, which reduced the movements of the dunes and, therefore, prevented the burial of the village. Specifically, the houses on Babilonia Beach did not respond to the predatory urban planning model of the second half of the last century on the Spanish Levante coast. On the contrary, these houses were built before 1930. Over the years, the number of houses constructed on the beach increased until the end of the 1970s and remained constant until the 2000s [49].




2.2. Methodology


In order to fulfil the objectives of this research, historical data were obtained from an official organisation, specifically the Confederación Hidrográfica del Segura. In addition, many scientific–academic studies were consulted on topics related to the regulation of river basins, examples of dam demolitions, the behaviour of sediment and coastal retreat problems in coastal areas in other parts of the world and in river deltas. The literature on nature-based actions was also consulted, together with successful cases of coastal places’ recovery in other parts of Spain and the world.



Maps were developed using a GIS (geographical information system, specifically QGIS 3.26.2.), which presented the obtained results visually and graphically so that we could understand the evolution of the regulation works and the coastal retreat processes existing in the area of study.



The methodology applied to obtain the results presented in Section 3.1 was based on the consultation of public documents drawn from official sources (Confederación Hidrográfica del Segura), supported and complemented by a scientific–academic bibliography in order to establish the year of the regulation works in the Segura Basin. Furthermore, in order to obtain the average flows, we created our own graphs based on data gathered from the Hydrological Plan of the Segura Basin (2022–2027). The data referring to extraordinary flows or notorious floods of the Segura River and its network of tributaries were obtained from the SAIH (Automatic Hydrological Information System) of the Segura Basin for the period of 1994–2023, the years for which data on the functioning of the stations were available.



In order to obtain the results presented in Section 3.2, historical flight photographs from 1929 to 2023 were considered from three specific sources: the viewer of the Segura Hydrographic Confederation [50], the viewer of the Valencian Cartographic Institute (ICV) [51] and the WMS connection services of the National Geographic Institute (IGN) [52]. Therefore, through GIS, mapping was conducted manually to draw the coastal line that existed in each year chosen (1929, 1956, 1969, 1977, 1987, 1997, 2007 and 2023). This enabled us to observe the historical evolution of the area’s coastal retreat and relate it to the anthropogenic actions in the basin and coastal areas. The methodology applied to conduct the mapping was based on the study by Fernández-Hernández et al. [49]; it entailed drawing a line between dry sand and the sand that had been wet by waves [48] (Figure 2).



The measurements carried out started at the drawn line and finished at the end of the beach, where the line met the pine forests that fix the area’s dunes. In other words, the line that was drawn to the area where the tree cover starts was measured.



The number of homes was obtained by consulting the cadastre of the Region of Valencia, available in the viewer of the Valencian Cartographic Institute (ICV) [53] and the areas that represent the homes constructed and demolished through the calculation of areas in the GIS program.



In order to determine the frequency of offshore storms that affect Babilonia Beach, the newspaper archive of Diario Información was consulted, together with other digital sources and newspapers published in the area of study (Vega Baja Digital and Alicante Plaza, among others).



With respect to Section 3.3, the data referring to wind and waves and the modelling of existing marine currents in the area of study were obtained from the oceanographic section of the portal Puertos del Estado (State Ports) [54] associated with the Ministry of Transport, Mobility and Urban Agenda of the Spanish Government.





3. Results


3.1. Major Regulation Works in the Segura Basin and the Reduction of Ordinary Average Flows and Extraordinary Maximum Flows


There is a direct relationship between the retreat effects in the coastal space of Guardamar del Segura and the large regulation works carried out in the Segura River Basin from the 1940s to the present day. The coastal retreat process experienced in the coastal area of Guardamar del Segura began with the construction of large dams or reservoirs.



In this case, the Valdeinfierno (1788) and Puentes III (1884) reservoirs particularly stand out, with a capacity of 20 hm3 and 36 hm3, respectively. However, the Guadalentín River has an ephemeral flow in which water circulates in situations of abundant or torrential rainfall. Therefore, its sediment input is produced in times of swelling or floods.



A chronological diagram was created, and it indicates the most important historical floods in the Segura Basin in the period of 1900–2020, together with the evolution of the construction of the reservoirs or control dams in said basin. Some were built to defend against floods and others to regulate the river basin and its water supply (Figure 3).



Figure 4 shows a map of the location of the reservoirs built in the Segura Basin and their year of construction (Figure 4).



It may be observed that the construction of reservoirs began with those in the Guadalentín Basin, as it affected the City of Murcia directly. In fact, after the flood of October 1879, the works proposed were concentrated in the Guadalentín Basin and were considered an urgent priority, as stated in the “Project of flood-defence works in the Segura Valley (1886)”, created by Ramón García and Luís Gaztelu, which were subsequently complemented by the works in the Segura Basin. Moreover, the first regulation works began in the headwaters and mid-section of the basin. This part of the Segura Basin was not regulated until the approval of the Segura Basin Flood-Defence Plan (1987).



Table 2 shows the total capacity of reservoir water from 1900 to 2020. Currently, the total capacity of reservoir water in the basin is 1257 hm3. All of these regulation works have influenced the river regimes of the main course of the basin, which is reflected in the flow data (Table 2). Cells painted in yellow represent reservoirs whose capacity has been reduced. Cells coloured green represent reservoirs whose capacity has increased and is related to the reduction of their capacity. Hence, it was decided to enlarge the reservoirs.



The data on total reservoir capacity correspond to the latest update in 2020 by the basin organisation of the Confederación Hidrográfica del Segura.



The reservoirs whose total storage capacity had decreased due to the accumulation of sediment are shown in yellow, while those whose storage capacity had increased due to their regrowth or maintenance tasks are shown in green. Both cases are signs of the sediment transport capacity of the river courses of the Segura Basin, and the retention of sediment in these infrastructures affects the coastal area of the mouth of the Segura River. Of particular note is the sharp reduction in the capacity of the Valdeinfierno reservoir. This is explained by the enormous erosion capacity in this area with poor-quality soils or those that are bare of vegetation.



Calvo García-Tornel [55] indicated that, in a non-regulated regime, the Segura River would display pluvio-nival behaviour, with the presence of permanent waters throughout the whole of its length and a very low presence in dry seasons, although it could even dry up. For the last two decades, the regime of the Segura River has been much more pluvial than nival due to the effects of climate change since snowfalls are becoming rare at its headwaters. Its regulation through the use of reservoirs has led to a constant flow during the whole year, but this means a reduction in the circulating volume and sediment at the mouth.



With respect to the ordinary average flows of the Segura River in the headwater reservoirs, the average for the period of 1959–1980 was 541 hm3, while for the period of 1981–1989, it was 343 hm3 and for the period of 1990–1994, it was 263 hm3 [49]. The reduction in average flows was due to the regulation of the river basin and drought periods that lasted for years, such as during the last period.



Gil Olcina and Canales [56] indicated that, in the historical period of 1930–2003, the input of surface resources at the headwaters of the Segura amounted to 490.27 hm3. The average inputs for the period of 1930–1980 were 573.15 hm3, and for the period of 1981–2003, they were 310.1 hm3. This sharp reduction in flows at the headwaters of the Segura River has been called the “Efecto 80”, whereby there is a sudden fall or rupture with respect to the previous situation [56,57].



In relation to this point, the Confederación Hidrográfica del Segura has a more updated data series included in the Hydrological Plan of the Segura Basin (2022–2027) with a long series from 1940 to 2019–2022, depending on the gauging station. Three gauging stations were chosen for this study along the course of the Segura River (Figure 5).



With respect to the highest section (Cenajo), the annual average flow calculated was 380 hm3 for the period of 1940–2022. Furthermore, the average calculated for the short period of 1940–1980 was 406 hm3 and 353 hm3, respectively. In the mid-section (Ojós), a reduction in the ordinary annual average flows may also be observed (hm3/year) in the historical period of 1940–2019. The average of the historical period of 1940–2019 is 668 hm3/year, and analysing the short period of 1940–1980 and 1981–2019 revealed that the average was 708 and 623 hm3/year, respectively. Finally, in the lower section (Guardamar del Segura), a reduction in the ordinary annual average flows may also be observed (hm3/year) in the historical period of 1940–2019. The average for the historical period of 1940–2019 is 818 hm3/year. Analysing the short periods of 1940–1980 and 1981–2019 revealed an average of 708 and 623 hm3/year, respectively.



These data reveal a considerable reduction in the annual ordinary average flows for the series analysed, as well as a negative trend. The reduction in the Segura River flows throughout the whole of its length has led to a reduction in the sediment transported, reducing the natural processes in the river dynamics and, therefore, reducing the amount of sediment that reaches the river mouth. The consequence of these effects is an increase in the retreat processes of coastal areas, given that the result of the balance between inputs and erosion is negative. Therefore, through the regulation of river basins, the ordinary average flows are not able to transport a sufficient amount of sediment to the coast since they are retained in longitudinal works.



The sediment input is drastically reduced due to the large and extraordinary floods experienced in the basin. The Automatic Hydrological Information System (SAIH) provides data from 1996 to 2023 to provide an approximate idea of the sediment input in relation to the flows recorded. However, until the installation of new gauging stations, much data could not be collected from different points. The flood episodes in which the flows registered at the gauging stations in the Segura Basin can be considered sufficient to transport large volumes of sediment were selected (Table 3). Nevertheless, there are many points where the materials were retained.



It should be pointed out that the real flows of the floods of December 2016 and 2019 of the lowest section of the Segura River were higher than those registered at the gauging stations. Furthermore, the contributions of the flows from the Guadalentín River were also considerable in many of these episodes, although the volumes of the flood water are unknown due to the absence of stations installed by the SAIH—for example, that of September 2012, when the Guadalentín River experienced swelling of 2500 m3/s as it passed through Lorca.



Furthermore, it can be observed that, when the rainfall originates in the Mediterranean, in DANA or cold-drop situations, abundant and intense rains occur in the lower parts of the Segura Basin, where large floods are experienced and where a double behaviour can be seen from the headwaters (04A06) to the beginning of the mid-section in Ojós (02A02) and from this point to Rojales (07R06) and to its mouth in Guardamar del Segura. Finally, it should be noted that, in the episode of September 2019, the data recorded at the gauging station of Orihuela (07A06), with a flow of 111.454 m3/s, are incorrect since the station ceased to function. This means the actual flow was even higher.



In addition to the construction of dams and reservoirs, the works to channel river courses should also be considered. The Segura River has been channelled from Contraparada (Murcia) until its mouth in Guardamar del Segura, a total of 66.50 linear kms. The channel has different sections with walls or reinforced concrete structures that reduce the deposit of sediment on the shores and coastal areas. Furthermore, the design of the channel was based on meander cut-offs of the Segura River, giving rise to a straight-line course along most of its length, eliminating a total of 56 meanders, which is equal to a reduction in the active area of 699,200 m2 and a reduction of 10.376 km in the length of the Segura River [56]. This has also had a negative effect on the natural dynamics of the Segura River and the possibility of the geomorphological processes (erosion–accretion and lateral) in the river course and its implications for the sediment deposits on the coast.



We should not forget that, in the mid and lower sections of the Segura River, there is an irrigation network formed by ditches that collect the excess irrigation water that also influences the sediment inputs at the mouth of the Segura River. This occurs after irrigation, when the excess waters drag sediment from the croplands and incorporate them into the ditches. The ditches move the stagnated waters after irrigation with sediment and transport them in the river along with the materials. An example of this is the enormous sinking problems at the mouth of the old Segura River, where 10 ditches discharge their waters.



We should also take into account other types of anthropogenic action, such as the construction of inverted breakwaters at the mouth of the Segura River which break the dominant coastal drift in this sector or the construction of a yachting harbour inside the course of the Segura River. These projects were executed practically at the same time, which led us to believe that the breakwaters were built to protect the harbour instead of protecting against the easterly storms or facilitating the discharge of floodwaters from the Segura River.




3.2. Evolution of the Coastal Retreat Process in the Coastal Area of Guardamar del Segura as a Result of the Anthropogenic Actions in the Segura Basin and the Coastal Space


Establishing a chronological list of the regulation works in the Segura Basin enabled a comparison to be made with the effects on the coastal area of Guardamar del Segura from the beginning of the twentieth century to the present day (Figure 6).



As we can see in Figure 6, on the coastline to the left (and north) of the mouth of the Segura River, a process of retreat occurred from 1929 to 2022, which has been increasing over time. It should be remembered that the first dams to be constructed in the Segura Basin have already generated significant regression in this sector, which is evident if we study the coastline between 1929 and 1956. Between 1956 and 1969, the loss in the coastal area was considerable due to the construction of the Cenajo hyper-reservoir. Since then, the erosion has been gradual over time. However, since the approval of the Flood Defence Plan of 1987, an intensification of the coastal retreat processes can be observed, resulting from all the dams built to defend against flooding, which were completed in 2002.



The distance between the seashore and the dunes or buildings in the coastal area of Guardamar del Segura was measured (Table 4).



With respect to the data referring to erosion, Fernández-Hernández et al. [49] indicated that, for the coastline south of the mouth of the Segura River in the coastal areas referred to as “Guardamar dunes” in this article, the average erosion rate for the period of 1930–1989 was found to be 1.13 m/year. Regarding the Babilonia Beach sector, they indicated that there was a low level of erosion until 1989 at 8.72 m over 60 years [49]. From that year, with the construction of the current and inverted breakwaters, together with the basin regulation works, the rate of erosion has increased to 12.09 m over the last 25 years (1997–2022), when more than 40% of the erosion took place in less than half of the period, which is concerning [49] (Figure 7). These data correspond to the reduction in sediment due to the regulation works in the basin, the construction of the inverted breakwater, the yachting harbour and the presence of buildings on the beach, together with the alteration in winds due to high-rise buildings being located in the town.



With respect to the evolution of the buildings on Babilonia Beach, in 1930, there was a built area of 8533 m2, composed of a total of 55 houses. This area had increased to 19,463 m2, with 126 houses, by 1977. This figure remained stable until 1999 (Table 5).



Until 2005, the loss of built-up land barely amounted to 131 m2 (1 house), but in the period of 2005–2012, the demolished area increased to 2218 m2 (14 houses), and this process did not end until 2022, with a loss of 1003 m2 (6 houses) despite the contention dyke works constructed in order to protect the homes [49]. In addition to these demolished areas, there are another 425 m2 corresponding to three more homes that were to be demolished in 2023, while another 80 homes are awaiting the ruling of the Constitutional Court (Table 6).



After Storm Gloria in January 2020 and the formation of unprecedented waves and sea storms in the Mediterranean, the sea directly affected many homes on Babilonia Beach located directly on the beach which will be destroyed by waves (Figure 8).



The following figure shows the houses constructed in 1977, the area that these buildings occupied and, in contrast, the houses existing today that cover their total area and the demolished homes to date (Figure 9).



A total of 102 houses occupy an area of 15,686 m2 in the first line of the coast, and they are at risk of destruction due to offshore storms because of their location [38] (Table 7).



In fact, episodes of offshore storms are becoming increasingly frequent in the Mediterranean, affecting the houses built on beaches, such as those on Babilonia Beach (Figure 10).



As shown in Figure 10, from 1980 to 2000, the offshore storm events that affected Babilonia Beach occurred between zero times and twice a year. However, from 2007 to 2023, the frequency of these episodes increased to between one and four episodes a year. All of this is derived from the coastal erosion–regression processes and the increase in sea levels.




3.3. Dominant Winds, Waves and Marine Currents


The following results were obtained from the oceanographic portal of Puertos del Estado, which is managed by the Ministry of Transport, Mobility and Urban Agenda of the Spanish Government, which is the competent authority in coastal actions.



In order to understand the functioning of the coastal dynamics in the area of study, certain specific points should be analysed. Cape Santa Pola and the Island of Tabarca act as walls or screens, changing the direction of the N–S flow to E–W. When they reach the coast, the marine currents acquire an N–S direction from Santa Pola to Guardamar del Segura. The sectors closest to the coast maintain this direction, and some that are more offshore experience a change in direction to W–E and join the SW–NE current (red) (Figure 11).



Although the functioning of the marine currents may or may not be related to the surface waves, it should be noted that the direction of these currents also influences the distribution of sediment. Therefore, an N–S direction was confirmed for the area of study, as indicated by Fernández-Hernández et al. [49].



The data series for the period of 1958–2023 were extracted from three stations located in the sea that measure the winds and dominant sea swells and the direction they come from (Figure 12).



Figure 12 shows the results of three marine stations close to the coast, from north to south: SIMAR 2077098—Santa Pola, SIMAR 2077097—Guardamar del Segura and SIMAR 2077096—Torrevieja. As we can observe, the fastest winds belong to the first and second quadrants, that is, winds from the ENE, NNE and E (warm colours) for the time series of 1958–2023. This means that, in situations of intense winds, their origin is from these quadrants, so the maritime storms occurring in the area will have this location.



The graphs with cool colours show that, for the series of 1958–2023, the predominant direction of the swells differed with respect to the speed and direction of the winds. The Santa Pola station (SIMAR 2077098) observed that the predominant wind is from the SSE, followed by the E, corresponding to the third quadrant of the sea swell. This disposition explains the erosion of the dune ridge of Guardamar del Segura, to the north of the mouth of the Segura River, as the materials are deposited on the west of the port of Santa Pola. At the Guardamar del Segura station (SIMAR 2077097), located to the south of the mouth of the Segura River, close to the Municipality of Guardamar del Segura, the predominant sea swell originates in the second quadrant or E direction, followed by ENE. And in the station closest to Torrevieja, the majority of the sea swell proceeds from the E, followed by the ENE, corresponding to the third quadrant. According to these three stations, winds from the south occur very rarely.



This shows that the sediment deposits on the coastal areas are related to sea swells from the E, with a coastal drift in an N–S direction. However, the lack of sediment deposits from the Segura Basin as a result of its regulation has fostered the retreat processes of the sector, given that the natural distribution of the coastal drift does not have materials to distribute, which explains the evolutionary erosion of the coast of Guardamar del Segura. Furthermore, the storm events, which naturally enhance the coastal erosion–regression process, are derived from the winds from the ENE and E. This behaviour of the coastal area of study demonstrates the role of the lack of sediment inputs.





4. Discussion


This study constitutes an initial approach to analysing the retreat processes in coastal spaces as a consequence of the regulation of river basins, specifically the retreat experienced in the dune ridge of Guardamar del Segura due to the regulation of the Segura River Basin in the period of 1929–2023. A chronological list was created that evidences the processes experienced and that was based on annual average flow data since 1940. Moreover, the potential dragging and transport of sediment in situations of extraordinary flooding were identified based on the highest flows recorded in the Segura River between 1994 and 2023.



This study could be expanded in future research through the use of instruments and techniques that enable the transport of sediment with average, high and extraordinary flows to be measured, for example, with the Helley–Smith method [58,59], which could be applied to different bridges along the length of the Segura River. In this way, data referring to the transport of sediment from point A to point B could be estimated, for example, from the Fuensanta reservoir to the Cenajo reservoir. This would reveal the quantity and size of the sediment that is stored in the reservoirs and the amount that continues to circulate [60,61]. Trackers could also be installed in elements such as gravel to determine their displacement in different future hydrological events [62,63,64,65]. Therefore, the study could be expanded with another series of data if sufficient means were available.



With respect to the regulation of the river basins, many studies have indicated that the construction of dams and reservoirs drastically reduces the circulating flow and the sediment transported [9,11,14,59]. It is necessary to generate extraordinary swellings for an adequate transport of sediment to the mouth of a river so that coastal drift can subsequently distribute the sediment in accordance with its direction [10].



These retreat problems in coastal areas are occurring in different river courses throughout Spain, for example in the lower Ebro [66,67,68] and in its delta [11,69] or the Llobregat River [17]. In response to this problem, many recent cases of dam demolitions have favoured the recovery of river systems and the transport of sediment. In Spain, until 2022, a total of 618 dams and transversal objects had been demolished. This currently constitutes the principal action of river recovery [70]. The conclusion obtained by some authors is that, in a few months with high flows, rapid movements of sediment can occur in the downstream river courses, and if there is a considerable swelling of the river, geomorphological changes are generated, causing noteworthy sediment dragging, leading to the total recovery of the river section affected by the former structure and revealing an adequate transport of sediment to lower courses and river mouths [40,43].



Local anthropogenic actions have also influenced the coastal retreat processes on the dune ridge of Guardamar del Segura, particularly the construction of housing on the beach and breakwaters at the mouth of the Segura River.



As shown in the results section, the beaches of Guardamar del Segura have been experiencing a retreat process since the beginning of the twentieth century as a result of the regulation of the river basin and the breakwaters on the mouth of the Segura River. This has accelerated the erosion process of Babilonia Beach, and since 2007, many homes on the beach have been suffering damage from the waves due to offshore storms. Moreover, the increase in sea levels due to the effects of climate change has led to the recording of higher waves. For example, in the case of January 2020 with Storm Gloria, waves of almost 7 m were recorded [71]. In addition, it is estimated that the increase in sea level generates a landwards penetration of 200 m during offshore storms [34,35].



The houses built on Babilonia Beach are owned by the state, which grants temporary concessions to the usufructuaries who may live in housing located in the maritime–terrestrial public domain (DPMT) that is due to be demolished. In fact, the majority of the existing homes were badly damaged by Storm Gloria, and they represent a high risk to the physical safety of people in flood events due to a sea storm [38].



The presence of these houses in the DPMT has also influenced the retreat process since they provoke a rupture in the natural dynamics of the dune ridge of Guardamar del Segura. They constitute a negative aspect for which the only solution is their demolition. There are examples of houses that have been removed from the coastal areas in the DPMT, and after their demolition, the coastal space has been partially recovered, and the existing dunes have even expanded. In Vizcaya, the Goriz dune system has been recovered through nature-based solutions, the demolition of buildings and the modification of several types of infrastructure on the beach. This has enabled the recovery of a space that had been suffering from retreat processes and has increased the length of the beach [71]. In addition, actions have been carried out to apply nature-based solutions in the deltas of the Danube, Mississippi, Atchafalaya and the Yellow rivers [14]. On the Mississippi River, a mixed solution action programme of engineering and bioengineering works and nature-based solutions has been implemented in response to the storms and hurricanes after Hurricane Katrina in 2005. The application of these measures has enabled the protection of these spaces against less severe storms and hurricanes. Furthermore, nature-based solutions have a greater effect in protecting human lives and reducing economic costs than structural works [8].



The design and current location of the existing breakwaters in the mouth of the Segura River were not included in the 1987 flood-defence plan, given that the proposals in this plan consisted of the channelling of the river through a single course and with an outlet to the Mediterranean Sea free of obstacles or in maintaining the previously constructed breakwaters. This led us to believe that these breakwaters at the mouth of the Segura River were constructed for other reasons.



Before the flood of November 1987, aerial photographs were taken of the south of Alicante at a scale of 1:25,000 in which a breakwater on the mouth of the Segura River can be seen according to the natural coastal drift in the Province of Alicante (N-S), causing the lengthening of the beach on the left side of the Segura River and also favouring the input of sediment in situations of large floods in the mouth whose natural dynamics could distribute the materials along the beach of Guardamar del Segura.



However, the Directorate General of Ports and Coasts commissioned several organisations to conduct technical studies (1984 and 1987) prior to the flood of November 1987. With these studies, the CEDEX (Centre of the Centre for Public Works Studies and Experimentation) presented a single and final report, “Estudio del abrigo de la desembocadura del río Segura (Alicante)”, published in February 1988. This study justified the location of the current breakwaters based on the fact that the coastal drift of this sector is S–N and the dominant winds come from the SE and E, which generates the accumulation of sediment at the mouth of the Segura River. They also indicated that the offshore storms have this dominant direction; therefore, an inverted breakwater to reduce the effects of the SE (85% protection) and E (40% protection) storms was proposed.



Such reports were based on the comparison of historical time series maps and bathymetric charts of coastal areas to assess changes in sand volume and lower sand movement directions over the past century [72].



The study conducted by CEDEX and the data presented are incorrect for the following reasons:




	
They use data from the gauging station closest to Santa Pola, applying them to the mouth of the Segura River. As shown in the results section, the sea swell in the vicinity of Santa Pola is SSE, while in the area between and the mouth of the Segura River and Torrevieja, there is a predominantly ENE and E swell. Therefore, the placement of the breakwater should cover the SSE waves, which is incorrect.



	
The data used for the sea swell are based on 1751 observations. If each individual figure is understood as a day, it represents a time period of almost five years, which is insufficient for decision-making. In the results section of the current study, long series were used from 1953 to 2023, which reveal the real behaviour of the waves.



	
They consider the coastal drift to have an S–N direction, as it accumulates a greater volume of sediment towards the north. However, this interpretation of the data is incorrect, given that the greatest volume of sediment is found in the vicinity of the mouth of the Segura River, on its southern bank, and the further we move in this direction, the more we can observe a gradually greater reduction in the amount of materials. This justifies the distribution of materials via an N–S coastal drift from the mouth of the river to Torrevieja, which is the furthest point and is, therefore, where there is less sediment. Meanwhile, the materials deposited on the northern bank of the Segura River from S to N increase, but this is due to the waves from the SSE, as observed in the results section. Recent studies have shown that the dominant direction of the sea swell is NE, favouring the N–S coastal drift [49,71]. In fact, if the coastal drift were S–N, as indicated by CEDEX, after the construction of the breakwater, the beaches of Guardamar del Segura would have grown after more than 25 years in operation and would not have experienced a retreat process, which was shown in the results section of the current study with the evolution of the coastline from 1929 to 2023.



	
The final justification of the CEDEX study is that the placement of the breakwaters prevents the accumulation of materials in the mouth of the Segura River. This aspect has not been resolved, given that the sediment accumulates inside the breakwaters as its discharge from the river waters is hindered by the presence of the inverted breakwater, acting as a dam. This means that dredging actions have to be undertaken in the yachting harbour and the new and old courses of the Segura River. This situation also increases the difficulty of the flood waters of the Segura River in discharging, exponentially heightening the flood risk.



	
To all of this we should add a further problem: Between 1996 and 1999, the Guardamar yachting harbour was built inside the course of the Segura River in a former area of salt marshes. In order to construct it, 200,000 m3 of slurry was extracted and immediately deposited in the dune system, causing severe environmental damage and further aggravating the natural dynamics of the dune system [30,49,72]. The dumping of these slurries was halted by the Prosecutor’s Office for Environmental Crimes of the Provincial Court of Alicante [30,72]. Between 2002 and 2011, attempts were made to eliminate the anthropogenic materials that had been dumped [49].



	
The final result of all of these actions is the following negative effects: On the one hand is the channelling of the Segura River by way of the construction of an artificial canal that breaks the dynamics of the dune system of Guardamar del Segura in relation to its northern and southern coast. On the other hand are the long-existing and inverted breakwaters that break the dominant coastal drift (NE–SW), which enable the distribution of sediment in the coastal areas, favouring beach accretion processes in the coastal sector. This justifies the erosion–regression that exists in the area of study, particularly on the right bank of the mouth of the Segura River [30].








Currently, in flood situations, the sediment transported via the Segura River is lost in the sea, and the coastal drive cannot carry out its distribution function through the waves due to the presence of these breakwaters. Furthermore, the division of the Segura River between the old and new courses has not resolved the problem of sediment accumulation at the mouth and has led to the rupture of the dune system of Guardamar del Segura.



At this point, it is worth highlighting a similar example of the problem presented by the Segura River. This example is located in the United States, in the County of York (Pennsylvania) at Saco Bay, at the mouth of the River Saco.



Previous studies and reports indicated that the formation of sand in the bay came from glaciers, rather than from the Saco River. Also, the US Corps of Engineers considered the movement of sediment to have occurred in a north–south direction, so a breakwater of more than 2000 m in length was designed to trap sediment in the breakwater and encourage the accumulation of sand.



However, recent studies have shown the opposite [73]. Taking into account historical data and other sensor data, measurements and bathymetric maps, it has been possible to establish an S–N sediment direction [73]. Thus, the study carried out by an official body was proven erroneous. The consequences have been similar: the retreat of the coastline and the effect of extreme storms on the houses on the beach.



Finally, the proposals to attempt to reduce or mitigate the effects of coastal regression in the sector of Guardamar del Segura are as follows:




	
To increase the ecological flows with geomorphological patterns, enabling an increase in the transport of sediment from the river to its mouth. This action is, in any event, complicated within the context of climate change and the reduction of flows already recorded in the Segura River.



	
To eliminate some of the control dams in order to enable the input of sediment in the mid and lower sections of the Segura River. This action would require an economic feasibility study in order to evaluate the pros and cons in terms of the impact that it would have on the territory in the event of torrential rains and the flooding of the affected river courses.



	
To recover and restore the Segura River, eliminating the retaining walls built after the flood of November 1987 and the development, in the following years of the Segura Basin Flood-Defence Plan.



	
To completely eliminate the channelling of the old and new courses of the Segura River in its final stage in the Municipality of Guardamar del Segura and to eliminate the wall separating the old and new courses.



	
To completely remove the breakwaters at the mouth of the Segura River or construct a breakwater placed to protect from ENE and E storms, such as the one occurring in 1987 before the flood.



	
In agreement with the concessionaires, to demolish the houses on Babilonia Beach and apply bioengineering techniques or nature-based solutions to protect the coast from offshore storms and to favour a greater accumulation of sediment and the recovery of the dune system. This is a controversial measure due to the assumption of the “ownership” rights among the concessionaires of the occupation of the maritime–terrestrial public domain, hence the need for the central and local administrations to reach agreements with the concessionaires to offer them land further inland in the municipality, where they can build new houses under feasible financial conditions. In the worst-case scenario, if an agreement is not reached between the administration and the concessionaires, the Climate Change Law (2021) (Art. 20) would open the door for the withdrawal of concessionary rights, in compliance with the Coast Law of 1988 and the non-renewal of them in cases where the effects of climate change on the territories’ object of administrative concession are evident. This aspect was ratified in the modification of the Coastal Regulation of 2020 (RD 668/2022) [74].








These proposals can be completed with actions derived from a study of the measurement of the sediment transported in average, high, ordinary and extraordinary flows.




5. Conclusions


The present investigation has demonstrated the direct relationship between the large regulation works in the Segura Basin (from the headwaters to its mouth) and the coastal retreat that the sand dunes in the Town of Guardamar del Segura are experiencing. This fact has been demonstrated on maps where the evolution of the coastline is represented from 1929 to 2023. Likewise, it was demonstrated with the results that the historical wave and wind data show a dominant direction typical of the Spanish Mediterranean coast. The predominant winds come from the NE, and the waves from the E. This favours the behaviour of the coastal drift from Santa Pola to Torrevieja, including Guardamar del Segura, the coastal drift being N–S. This coastal drift is interrupted by the presence of the breakwaters at the mouth of the Segura River. All of these factors have caused a sand accumulation beach to reverse its process towards beach erosion. This fact has led to the beach’s eroding until it reaches the homes on Babilonia Beach, where sea storms associated with extreme weather phenomena cause the sea to hit the homes, putting human lives at risk and generating serious material damage to the homes. The only way to provide sediment to reduce beach erosion currently is via large river floods, bioengineering techniques or nature-based solutions to promote the accumulation of sand.



This work is important because it shows the previously mentioned relationship and discusses the results obtained in an official study by CEDEX (the Center for Studies and Experimentation of Public Works), managed by the Ministry of Transport and Sustainable Mobility of the Government of Spain, which designed the provision to reverse the breakwaters at the mouth of the Segura River without taking into account scientific criteria or a database of a period of 30 years, as well as the misinterpretation of the results obtained from the CEDEX study.



The results and arguments presented in the current study are intended to promote a rethinking of the problem of the lack of sedimentary contributions from the Segura River to the coastal areas, the reimagining of the design for the reverse breakwaters at the mouth of the Segura River and the search for solutions that allow for the alleviation of coastal retreat processes.



The severity of the problem that exists in the coastal area of the study requires decisive actions which break from the current reality. This would mean the demolition of the infrastructure that is harming or destroying the natural dynamics of coastal drift and the sediment inputs in the river basins. Nevertheless, a detailed assessment of the economic costs would have to be conducted in order to analyse the pros and cons of these measures for the socioeconomic development of the area of study. Currently, technical actions based on nature-based solutions or bioengineering exist that could help mitigate the effects of erosion or protect coastal areas from offshore storms. In any event, the vacating of the properties on the dune ridge is a first necessary step for the gradual regeneration, though slow, of this section of the Mediterranean coast at the mouth of the Segura River.
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Figure 1. Study area on the scale of Spain’s river basins. 
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Figure 2. Cartographic methodology for the delimitation of coastal zones based on aerial photography in different stretches applied to the entire coastal sector of Guardamar del Segura. 
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Figure 3. Diagram of historical floods and evolution of reservoirs in the Segura Basin (1900–2020). 
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Figure 4. Location and chronological evolution of the construction of large regulation works in the Segura Basin. 
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Figure 5. Average annual flow (hm3/year) in the different sections of the Segura River (upper section: Cenajo; middle section: Ojós; and lower section: Guardamar del Segura) for the period of 1940–2022. 
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Figure 6. Evolution of coastal retreat in the coastal area of Guardamar del Segura as a consequence of the regulation works in the Segura Basin and anthropic actions on the coast. (A) the northern sector of the municipality of Guardamar del Segura; (B) the central sector of the municipal district of Guardamar del Segura; (C) the southern sector of the municipal district of Guardamar del Segura. 
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Figure 7. Evolution of coastal retreat at Babilonia Beach (Guardamar del Segura) (1929–2023). 
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Figure 8. The current situation of the dwellings on Babilonia Beach in Guardamar del Segura. 
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Figure 9. Comparison of dwellings and areas built and dwellings demolished on Babilonia Beach in Guardamar del Segura (1977–2023). 
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Figure 10. Maritime storm events that have affected Babilonia Beach in Guardamar del Segura (1980–2023). 
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Figure 11. Marine currents affecting the study area [54]. The arrows indicate the direction of the sea current in this sector on a day with atmospheric and sea stability. 
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Figure 12. Swells and prevailing winds on the coast of Guardamar del Segura. 
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Table 1. Conceptual scheme of natural and anthropogenic causes of coastal retreat processes.
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Origin

	
Cause

	
Consequence

	
Results






	
Natural

	
Maritime storms

	
Naturally recoverable coastal retreat

	
Sediment accretion or accumulation zones and shoreline area reclamation




	
Storms on waterways




	
Anthropic

	
Sea level rise due to climate change

	
Coastal retreat not recoverable

	
Coastal retreat not recoverable




	
River basin regulation

	
Sediment reduction




	
Land use changes in river basins

	
Sediment reduction




	
River-defence hydraulic works and alluvial material extractions

	
Sediment reduction




	
Coastal-defence hydraulic works

	
Break in coastal drift




	
Urban development in coastal areas

	
Coastal retreat




	
Wind disturbance




	
High economic losses




	
Risking human lives











 





Table 2. Storage capacity of water resources in the Segura River Basin.
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Segura River Basin




	
Rivers

	
Reservoirs

	
Project Reservoir Capacity

(hm3)

	
Total Reservoir Capacity

(hm3)






	
Guadalentín

	
Valdeinfierno

	
21

	
11.16




	
Puentes IV

	
29.3

	
29.3




	
Algeciras

	
42.3

	
42.13




	
José Bautista Martín

	
5.5

	
5.5




	
Segura

	
Alfonso XII

	
22

	
23




	
Fuensanta

	
210

	
224.7




	
Cenajo

	
437

	
465.59




	
Santomera

	
26.69

	
26.62




	
Taibilla

	
9.5

	
9.5




	
Argos

	
8.07

	
8.07




	
Ojós

	
3

	
2.8




	
Mayés

	
1.5

	
1.5




	
Pedrera

	
246.7

	
246.9




	
Moro

	
7.07

	
7.07




	
Judío

	
9

	
9




	
Cárcabo

	
2.79

	
2.79




	
Moratalla

	
5

	
5




	
La Risca

	
3.17

	
3.17




	
Mundo

	
Talave

	
35

	
39.11




	
Camarillas

	
38.63

	
38.63




	
Los Charcos

	
4

	
2




	
Bayco u Ortigosa

	
9

	
9




	
Boquerón

	
13

	
12




	
Mula

	
Cierva

	
5

	
7.28




	
Morrón

	
0.07

	
0.03




	
Doña Ana

	
2.54

	
2.36




	
Pliego

	
8.91

	
8.00




	
Rodeos

	
15.01

	
14.50




	
TOTAL

	
1120.75

	
1256.71











 





Table 3. Flows recorded through the SAIH during the most important flood episodes in the Segura Basin (1996–2019).
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Recent Episodes of Major Floods in the Segura River Basin

	

	

	

	




	
River

	
Gauging Stations

	
September

1997

(m3/s)

	
February

1999

(m3/s)

	
October

2000

(m3/s)

	
October

2003

(m3/s)

	
October

2006

(m3/s)

	
September

2012

(m3/s)

	
December

2016

(m3/s)

	
September

2019

(m3/s)






	
Segura River

	
04A06—La Graya

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A




	
04A04—El Gallego

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
10.742

	
36.457




	
03A03—Calasparra

	
N/A

	
N/A

	
N/A

	
N/A

	
6.903

	
28.669

	
30.336

	
69.587




	
02R01—Cieza

	
69.943

	
31.716

	
29.092

	
34.647

	
14.638

	
56.254

	
29.536

	
107.581




	
02A04—Blanca

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
63.153

	
34.697

	
192.949




	
02A02—Ojós

	
36.847

	
3.866

	
3.06

	
5.94

	
2.316

	
35.957

	
8.465

	
173.918




	
01A01—Contraparada

	
174.92

	
59.234

	
107.519

	
596.477

	
2.499

	
101.087

	
140.988

	
267.176




	
07R02—Alquerías

	
N/A

	
N/A

	
N/A

	
N/A

	
1.56

	
122.267

	
170.154

	
183.544




	
07A06—Orihuela

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
111.454 *




	
07R04—Benejúzar

	
N/A

	
N/A

	
N/A

	
N/A

	
92.587

	
85.288

	
117.483

	
173.715




	
07R06—Rojales

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
75.919

	
90.565

	
125.852




	
Mundo

River

	
03A05—Liétor

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
3.646

	
20.967




	
03A04—Azaraque

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
13.378

	
16.182




	
Mula

River

	
01O03—Albuidete

	
150.442

	
71.758

	
43.451

	
653.049

	
723.045

	
137.396

	
70.514

	
157.954




	
Guadalentín

River

	
01O05—El Palmar

(Murcia)

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A








N/A: No data. The stations are ordered from the highest points of the basin to its mouth. * The value represents the maximum flow of the Segura river recorded at the Orihuela gauging station at 07 am. After this time the gauging station was flooded and did not record any more flows. This suggests that the flow was greater than the number shown in this table.













 





Table 4. Distance between the seashore and the dunes or buildings in the Municipality of Guardamar del Segura (1929–2023).
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1929–1930

	
1956

	
1987

	
2000

	
2023






	
Guardamar del Segura

	
Northern coastline in relation to the mouth of the Segura River

	
Los Tusales Beach

	
159 m

	
102 m

	
31.3 m

	
23.4 m

	
12.5 m




	
Mouth of the Segura River

	
Mouth of the Segura River

	
90.8 m

	
55.5 m

	
41.6 m

	
8.3 m

	
2 m




	
Southern coastline in relation to the mouth of the Segura River

	
Guardamar dunes

	
96.4 m

	
54.9 m

	
30.2 m

	
21.8 m

	
5.2 m




	
Babilonia Beach

	
96.4 m

	
55.6 m

	
44.3 m

	
32.1 m

	
0 m




	
Centro Beach

	
120 m

	
73 m

	
62.1 m

	
55.6 m

	
41.3 m




	
Las Ortigas Beach

	
101 m

	
122.4 m

	
102.7 m

	
124.3 m

	
57.7 m




	
Data on regulatory works in the Segura Basin

	
Valdeinferno and Puentes III

	
Valdeinferno, Puentes III, Talave, Alfonso XII and Fuensanta

	
Valdeinferno, Puentes III, Talave

Alfonso XII, Fuensanta, Cenajo, Camarillas, Santomera, Taibilla, Argos, Ojós, Pedrera and Morrón

	
Valdeinferno, Puentes III, Talave, Alfonso XII, Fuensanta, Cenajo, Camarillas, Santomera, Taibilla, Argos, Ojós, Pedrera, Morrón, Moro, Judío, Cárcabo, Doña Ana, Pliego, Algeciras, Bayco u Ortigosa, Boquerón, José Bautista Martín, Puentes IV, Rodeos, Charcos, Moratalla, Risca, Encauzamiento Segura and breakwaters at the mouth of the river

	
-











 





Table 5. Evolution of the number of existing dwellings and the total built surface area on Babilonia Beach (Guardamar del Segura) (1930–1997).
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	Year
	Number of Dwellings
	Total Built-Up Area

(m2)





	1930
	55
	8533



	1977
	126
	19,463



	1997
	126
	19,463










 





Table 6. Evolution of the number of demolished dwellings and total area demolished on Babilonia Beach (Guardamar del Segura) (1997–2023).






Table 6. Evolution of the number of demolished dwellings and total area demolished on Babilonia Beach (Guardamar del Segura) (1997–2023).





	Year
	Number of Dwellings
	Total Built-Up Area

(m2)





	1997–2005
	1
	131



	2005–2012
	14
	2218



	2012–2022
	6
	1003



	2023
	3 (in progress)
	425 (in progress)



	Total
	24
	3777










 





Table 7. Number of existing dwellings and the built-up area on Babilonia Beach (Guardamar del Segura) in 2023.






Table 7. Number of existing dwellings and the built-up area on Babilonia Beach (Guardamar del Segura) in 2023.










	
	Number of Dwellings
	Total Built-Up Area

(m2)





	Dwellings built
	126
	19,463



	Demolished dwellings
	24
	3777



	Total
	102
	15,686
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