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DEVELOPING A BEACH EROSION SENSITIVITY INDICATOR USING RELATIONAL SPATIAL 1 

DATABASES AND ANALYTIC HIERARCHY PROCESS  2 

 3 

Highlights  4 

• A simple beach erosion sensitive indicator is developed an applied in Cadiz (south of 5 

Spain). 6 

• Mediterranean beaches are more likely to be erosion sensitive than Atlantic ones. 7 

• Results are validated by comparing with regenerated beaches. 8 

• The indicator points out zones where more detailed analysis is desirable optimising 9 

time and resources. 10 

• The indicator can be applied to other regions and is useful for coastal planners. 11 

 12 

Abstract 13 
This paper presents a methodology that is based on the use of relational spatial databases and 14 

Analytic Hierarchy Process (AHP), to generate an indicator of sensitivity to erosive processes 15 

for dry beaches, which was then applied in the province of Cádiz (Southern Spain). The 16 

variables ‘width of dry beach’; ‘accommodation space – width and type of sedimentary 17 

substrate’; and ‘mid-term erosion rate’ (1977-2013) are calculated in detail (1:2500). Following 18 

this, the accommodation space variable is weighted according to its sedimentary substrate 19 

before calculating the sensitivity indicator by aggregating all variables. Results suggest that 20 

Mediterranean beaches are more likely to be erosion sensitive than Atlantic ones (69% against 21 

62% respectively). Both groups share similar features: similar dry beach width, a tendency to 22 

erode, and the existence of little or no  accommodation space. 23 

Of those beaches in the extremely sensitive bracket, 29% are located in urban areas, especially 24 

common along the Mediterranean facade, where the presence of infrastructure (mainly 25 

retaining walls and seaside promenades) prevents both the increase of the beach’s potential 26 

expansion areas and the oscillation of the shoreline.  27 

The methodology developed can be applied to other regions and will be of interest for coastal 28 
planners and managers, whom can use this information to understand coastal erosion hazards 29 
and to readily identify areas that are less resilient to erosive phenomena and where more 30 
detailed analyses should be carried out. 31 
 32 
Keywords: dry beach, coastal erosion, accommodation space, resilience, Cádiz 33 
 34 
 35 
1. Introduction 36 

Coastal areas provide key ecological services and are an important economic asset, and thus 37 
need to be adequately managed and protected. It is, therefore, essential to understand 38 
erosion hazards and to identify the potential impact of erosion and the areas which are 39 
especially prone to it. 40 
  41 
Erosion is one of the main threats to coastlines worldwide, and the topic has received much 42 
attention in recent decades (Bird, 1985; Eurosion, 2004; Gracia et al., 2018; Luijendijk et al., 43 
2018). According to Mentaschi et al. (2018), approximately 28,000 km2 of coastline were 44 
eroded away between 1984 and 2015, about twice as much as was deposited by accumulation 45 



processes. In Europe, 16% of the population (70 million) live in coastal areas, and about 20% 46 
(20,000 km) of this coastline is at risk of erosion (EEA, 2010). 47 
As such, coastal erosion-related methodologies are as diverse as the characteristics of research 48 
programmes and their objects of study (erosion of beaches, cliffs, tidal marshes, etc.). Thus, 49 
coastal erosion is a common variable in studies related to shoreline changes (Mujabar and 50 
Chandrasekarn, 2013; Kabuth et al., 2014; Tamassoki et al 2014; Kankara et al., 2015; Prieto-51 
Campos et al., 2018) and studies on  the impact of erosion on coastal infrastructure and vice 52 
versa (Olympio et al., 2014; Chenthamil et al., 2016; Muthusankar et al., 2017; Rangel-Buitrago 53 
et al., 2018).  54 

Along with other variables, erosion also features frequently in coastal vulnerability studies, the 55 

main focus of which is the rise of sea levels owing to climate change or extreme natural 56 

phenomena such as storms, tsunamis, etc.… (Kumar et al., 2015; López et al., 2016; 57 

Vousdouskas et al., 2016; Angelica et al., 2017; Priya et al., 2019, etc.). Studies on vulnerability 58 

to erosion  are few and have adopted a variety of approaches (Zhu et al., 2019).  59 

Coastal vulnerability indices can be assessed in a variety of ways (Balica et al. 2012). Some 60 

authors calculate physical and natural vulnerability (Bagdanavičiūtė, et al., 2015; Kumar et al. 61 

2015; Pantusa et al., 2018; Priya et al., 2019), while others combine these with socioeconomic 62 

vulnerability variables (Ojeda et al., 2009; Murali et al., 2013; Zhu et al., 2019). Concerning 63 

physical-natural vulnerability, it is possible to distinguish between external and internal 64 

variables. Internal variables are concerned with the physical characteristics of coastlines- 65 

characteristics which are related to resilience and susceptibility-while the effects on the beach 66 

of marine forces are regarded as external variables (McLaughlin and Cooper, 2010; Zhu et al, 67 

2019).  68 

The number of variables used to classify beaches varies drastically from one index to another. 69 

Composite indices range from five variables (Priya et al., 2019) to complex analyses with both 70 

physical and socioeconomic variables (12) (Zhu et al., 2019). In most cases, all variables are 71 

deemed to contribute equally to beach erosion, but some recent studies have begun to weight 72 

variables. Identifying how and to what extent variables contribute to an index is not easy and 73 

requires the input of experts both in relation with the specific issue at hand and the broader 74 

area under study. Murali et al. (2013); Bagdanavičiūtė et al. (2015) and Zhu et al. (2019), used 75 

Saaty’s Analytical Hierarchical Processes (AHP) (Saaty, 1989; 1990) to weight criteria. In this 76 

sense, whereas Bagdanavičiūtė, et al. (2015) took the presence of sand bars, followed by 77 

historical shoreline change rates, as the variables with the greatest weight, in the case of 78 

Murali et al. (2013), the experts assigned greater weight to slope and beach geomorphology.  79 

The definition of beach limits is a complex matter that is still being debated; the dynamic 80 
nature of beaches, which are affected primarily by waves and tides and, to a lesser extent, by 81 
wind and other meteorological and anthropic phenomena, makes a stable definition of limits 82 
difficult. In this work we shall refer to dry beaches, defined as the area measured inland from 83 
the high water mark to the upper limit of storm wave effects (US Army Corps of Engineers, 84 
2008). 85 

Most coastal erosion studies focus on dry beaches and, to a lesser degree, on submerged 86 
beaches. Only with the generalisation of airborne Light Detection and Ranging systems (LiDAR) 87 
have morphodynamic studies that consider whole beaches begun to appear (Prieto, 2017). In 88 
addition, although 3D volumetric analysis is the most reliable method to calculate erosion 89 
(Ojeda, 2000), the lack of historical 3D data prevents a retrospective analysis (LiDAR data is 90 
available only for certain locations and for recent dates). Although 3D data based on aerial 91 
photographs and GPS are available, and studies monitoring 3D coastal morphological changes 92 



have been undertaken using these techniques (Ojeda et al., 2002; Pierre, 2006; Obanawa and 93 
Hayakawa, 2018, among others), this research has been mainly confined to small study areas 94 
and requires photogrammetric processing skills (Westoby et al., 2018). 95 
 96 
Beaches which have the highest rates of erosion are generally deemed to be the most 97 

vulnerable. However, similar erosion rates may have very different effects according to various 98 

variables, such as the size of the beach, the presence of dunes and the morphology of the 99 

beach, etc. (Alexandrakis and Poulus, 2015). Generally, not all variables are available for all 100 

areas, and they are costly to obtain, especially for large areas.  101 

Calculating the slope, profile and morphology of exposed and submerged beaches is costly and 102 

difficult, especially in large study areas for which no LiDAR information is available. With the 103 

development of geographic information technologies, this sort of information can be generate 104 

on a global scale. Especially of note is the recent work by Athanasiou et al. (2019), who 105 

published the first ever global database of nearshore coastline slopes, which could be 106 

enormously valuable for the calculation of future indices. 107 

The aim of this work is to develop a methodology to calculate a ‘beach sensitivity to erosion 108 
rates’ indicator; a simple and reliable indicator that could be reproduced in other areas, 109 
allowing meaningful comparisons to be carried out. This indicator will constitute  the first 110 
attempt to characterise beaches according to their capacity to withstand erosive phenomena 111 
(whatever their cause) on a the regional scale. 112 
 113 
This indicator will allow coastal planners to gain a general understanding of the allocation of 114 
resources and of where to focus more detailed analyses, where other variables (beach slope, 115 
presence of underwater bars, height...), which are costly and difficult to obtain for large 116 
extensions, should be taken into account.  117 
 118 
In this work, we note that the concept of beach sensitivity is closely linked to beach resilience, 119 
and this reflects how the physical features of beaches help them cope with erosive 120 
phenomena.  121 

In essence, sensitivity will be measured using three variables, calculated on the basis of aerial 122 
orthophotographs, namely: width of the dry beach, mid-term erosion rates and availability of 123 
accommodation space, taking into account its width and typology. Accommodation space is 124 
the free space (i.e. free from buildings, rock cliffs and other non-decomposable material) 125 
which allows the beach to react naturally to possible erosive processes (Prieto et al., 2019; 126 
Jiménez et al., 2017). 127 

 128 
The present paper contributes to the existing literature in five main ways: 129 
 130 

1. The indicator is simple, since it is based on three variables that are easy to obtain from 131 

orthophotos, and this increases replicability and therefore comparability. The indicator 132 

points out zones where more detailed analysis is desirable, taking into account cost 133 

variables and optimising the use of time and resources. 134 

2. Despite the presence of foredunes reducing the risk of erosion (Tomasicchio et al., 135 
2011; D'Alessandro et al., 2012: 2016), this variable is rarely incorporated in coastal 136 
indices, and, when it is, it is only regarded as a nominal variable (presence/absence) -137 
Murali et al. (2013); Zhu et al. (2018). This study not only takes into account the 138 
potential presence of dunes, but also incorporates other potential sedimentary 139 
sources (accommodation space).  140 



The measurement of the width of the dune, is rarely taken into consideration for 141 
coastal indices, unless only a small area is being examined (Pantusa et al., 2018), in 142 
which case it is measured directly from orthophotos. In this study, the width of the 143 
accommodation space is measured from orthophotos (1D) for the whole area under 144 
study, which comprises 260 km of coastline. Together with these orthophotos, 145 
additional sources of information have been used (e.g. physiographic maps of the 146 
Andalusian coast).  147 

3. The width of the accommodation space has been weighted according to type of 148 
sedimentary substrate. The weighing process was carried out by an expert panel 149 
according to AHP methodology (Saaty, 1989; 1990), which applies consistency ratios to 150 
ensure the consistency of judgments established by these experts. 151 

4. Since the variables used to calculate the sensitivity indicator are based on proxies, 152 
additional thematic and geomorphological information has been incorporated in order 153 
to ensure the correct interpretation of the results. 154 

5. The spatial study presented in this paper has been carried out with the aid of a 155 
relational spatial database, through the open-access spatial database management 156 
system PostgreSQLPostGIS and the construction of spatial Structured Query Language 157 
(SQL) sentences. It facilitates reproducibility, scalability and automatisation of the 158 
analysis to other areas. 159 

 160 
 161 
 162 
2. Materials and Methods 163 

2.1. Study area 164 

The study focuses on exposed beaches in the province of Cádiz, the southernmost province in 165 

continental Spain (Figure 1). The coastline of Cádiz is 260 km long and is divided into different 166 

sectors: the 220 km-long straight Atlantic sector is broadly NW-SE oriented (170 km), and SW-167 

NE oriented (50 km-long sector around the Strait of Gibraltar). The Mediterranean sector is 168 

NNE-SSW oriented (approximately 40 km long). 169 

Of the total length, 65% (170 km) comprises beaches, divided into two facades separated by 170 

the Strait of Gibraltar (Punta de Tarifa). According to Del Río et al. (2013a), four types of 171 

exposed beaches have been identified: rectilinear, reef-supported, z-bays, and enclosed 172 

beaches. The features currently presented by beaches are the result of multiple factors 173 

(geomorphology, hydrodynamic conditions, wind regime, human presence). The Atlantic (133 174 

km of beaches) and Mediterranean shores (37 km) have different morphologies, as a result of 175 

the impact of two main geographical features, the Baetic Range and the Tertiary Guadalquivir 176 

Basin.  177 

The northern sector of the Atlantic facade, which is the westernmost sector of the study area, 178 

is characterised by an extensive and gently sloping continental platform, which is largely due 179 

to the influence of the Guadalquivir Basin. The presence of important sedimentary inputs 180 

(from the Guadalquivir and Guadalete rivers among others), along with a significant NW-SE 181 

coastal drift, has led to the formation of large dune cordons (barrier islands) enclosing wide 182 

bays, which in turn has led to the formation of extensive saltmarshes. All of this has 183 

contributed to the formation of large, flat and fine-sanded beaches with substantial dunes. As 184 

it approaches the Strait of Gibraltar (the southernmost reaches of the Baetic range), the 185 

coastline becomes progressively more abrupt. There, tectonic dynamics raised Palaeogene and 186 

Miocene sea levels (Martín-Algarra, 1987), leading to the formation of turbiditic outcrops 187 



(flysch, Campo de Gibraltar complex). This resulted in the alternation of enclosed beaches, z-188 

bays, and littoral platform-supported beaches at which sediment is less readily available and 189 

which are characterised by coarser sands and fewer dune formations (Prieto, 2017), with the 190 

exception of a few river mouths (Barbate) and tombolos (Cabo de Trafalgar). 191 

Tides become progressively less acute from NW to SE, especially from Cabo Trafalgar 192 

eastwards, going from 2.96 m in the westernmost sector of the study area (Cádiz) to 1.22 m in 193 

Punta de Tarifa (Del Río et al., 2019). Waves, that have a long fetch and are clearly dependent 194 

on the dominant south-westerly winds, have led to substantial NW-SE coastal drift, between 195 

20,000 and 100,000 m3 per year (MAPAMA, 2013), depending on morphologic conditions and 196 

the availability of sediment.  197 

From the point of view of dynamics, storm events constitute the most important cause of 198 

coastal erosion, as no single sea level trend has been attested to dominate coastal dynamics in 199 

the area over the last 40 years (Rangel-Buitrago and Anfuso, 2011; Marcos and 200 

Tsimplis, 2008). However, recent decades have witnessed a clear process of coastal 201 

stabilisation. This process of stabilisation has intensified in recent years, mostly for two 202 

reasons: the aforementioned construction of infrastructure parallel to the coastline and the 203 

construction of reservoirs higher up the course of those rivers which contribute the most 204 

sediment. As a result, the quantity of sediment being deposited at the beaches has decreased 205 

(Prieto et al., 2018), which in some cases has called for artificial beach nourishment measures 206 

to be implemented. 207 

The Mediterranean shore, located to the south-east of the study area, is subsumed in the 208 

Complex of Gibraltar formation, the geomorphological characteristics of which are similar to 209 

those in the southern sector of the Atlantic facade. Despite the fact that sediment is less 210 

readily available, with the absence of major inputs, there are important sandy formations 211 

(barrier islands and tombolos) have been formed in the Bay of Gibraltar and the mouth of the 212 

main rivers (Palmones, Guadiaro, etc.). However, it should be noted that these areas present a 213 

high degree of anthropisation (Del Río et al., 2019). 214 

A micro-tidal (< 1 m) regime prevails between Punta de Tarifa and Punta Chullera (Del Río et 215 

al., 2019). Waves present little fetch and depend on north-westerly winds (Levante), which are 216 

especially strong around the Strait of Gibraltar, leading to a NE-SW coastal drift that is rarely 217 

above 20.000 m3 per year (MAPAMA, 2013). 218 

From the point of view of dynamics, the torrential nature of storm events constitutes the most 219 

important cause of beach erosion in the Mediterranean coastline (Molina et al., 2019). This 220 

sector is more heavily anthropised, and therefore very stable; this, alongside beach 221 

nourishment practices, may contribute to masking erosive processes (Del Río et al., 2019). 222 

Approximately 35% of the coast of the province of Cádiz is situated in protected areas, 60% of 223 

which is comprised of beaches of great natural and ecological value. Acknowledgement of this 224 

value has contributed to limiting urban pressure, although beach tourism has increased in 225 

recent years: the number of overnight tourist stays during the summer months of 2019 was 226 

314,315, about 40% more than in the summer of 2005 (INE, 2019). 227 



 228 

Figure 1. Study area  229 

 230 

2.2. Methodology 231 

The methodology devised to characterise dry beaches according to erosion sensitivity is based 232 

on data that has been integrated into a relational spatial database, and consists of five steps: 233 

• Identification and calculation of the necessary data and variables, 234 

• Design of the database’s conceptual model. 235 

• Implementation of the model in a spatial data-management system, 236 

• Exploitation and analysis of the data the calculation of a sensitivity indicator,  237 

• Spatial display of results. 238 

The coordinate reference system used throughout the process – European Terrestrial Reference 239 
System 1989 (ETRS89), UTM zone 30 N – follows current regulations (Royal Decree 1071/2007). 240 

Each of these steps is explained in detail in the following sections. 241 

2.2.1. Identification and calculation of the necessary data and variables  242 

The selection of suitable variables is an important step in the development of any index. 243 

Inevitably, the selection of variables is a subjective exercise. In this study, variables are chosen 244 

in order that the indicator would: provide a simple indicator that can be used in other areas, 245 



be capable of characterising beaches according to their ability to withstand erosive 246 

phenomena, and indicate areas where more detailed analysis may be required. 247 

Accordingly, variables are chosen largely based on their contribution to the indicator and 248 

statistical independence, and on the availability of data.  249 

The three variables selected are: erosion rates (expressed as rate of shoreline change), 250 

backshore width, and accommodation space (width and typology). 251 

Regarding the contribution of variables to the sensitivity indicator, it can be argued that wider 252 
beaches that are subject to accumulation trends and possess a wider accommodation space 253 
are less sensitive to erosion, and thus are more resilient to this process. In contrast, narrower 254 
beaches that are subject to higher erosion rates and possessless accommodation space are 255 
regarded as more sensitive to erosion.  256 

Concerning the availability of data, the 3D data necessary to carry out a full retrospective 257 
analysis to calculate erosion rates were lacking. Also, given the large area of study (260 km), 258 
the use of 3D data based on aerial photographs and GPS would be inappropriate. Table 1 259 
presents the sources used for the characterisation of spatial data related to the selected 260 
variables and based on existing orthophotos.  261 
 262 
Digitalisation was undertaken at a 1:2500 scale by a single interpreter, as a way of ensuring 263 
spatial and thematic consistency. 264 
 265 
Table 1. Characteristics of orthophotos based on photogrammetric flights.  266 

 267 

It is also important to note that the variables selected are statistically independent of one 268 
another: after selecting the , a linear regression analysis was carried out to establish this. 269 
Figure 2 expresses the statistical independence of variables, and thus their suitability for 270 
generating the sensitivity indicator.  271 

 272 

Figure 2. Statistical independence of the variables 273 

Flight name Date Pan / Colour 
Spatial 

resolution 

Interministerial flight (IRYDA)  1977  Panchromatic  0.5 m 

Andalusian digital photogrammetric flight 2009 Colour 0.5 m 

Andalusian digital photogrammetric flight  2011 Colour  + NIR 0.5 m 

Andalusian rigorous photogrammetric flight  2013  Colour   + NIR  0.25 - 0.5 m  



• Erosion rates 274 

The proxy selected to calculate erosion rates was the contact backshore/foredune, cliff foot or 275 
line of infrastructure (Figure 3); these are regarded in the specialised literature as the most 276 
stable variable in the mid-term in meso-tidal coastlines (Anfuso, 2001; Moore and Giggs, 2002; 277 
Del Río, 2007; Del Río et al., 2013a; Paris et al., 2013; Prieto, 2017; Prieto-Campos et al., 2018).  278 

Since long-term coastal changes tend to homogenize in response to a gradual change in the 279 
coastline, widespread digitalisation has been carried out in order to avoid abrupt variations 280 
that could lead to erroneusinterpretations (Prieto-Campos et al., 2018). 281 

 282 

 283 

Figure 3. Digitalisation criteria based on different kind of contacts. A) Foredune; B) Cliff foot; C) 284 
Infrastructure. 285 

In order to ensure the continuity of the digital shoreline, infrastructures, anthropic elements, 286 

tidal areas and rocky outcrops were also digitalised. Thematic information concerning the 287 

coastal typology (anthropic, beach, rocky, marshy) has been added to each independent 288 

coastal segment, as well as complementary information (official toponymy), to aid the 289 

interpretation and analysis of erosion rates (see Fernandez-Nunez et al., 2015; Prieto-Campos  290 

et al., 2018).  291 

After digitalising lines for different dates, the Digital Shoreline Analysis System (DSAS) was 292 

used to calculate changes over time (Thieler et al., 2003; US Geological Survey, 2007; Thieler et 293 

al., 2009). In order to do this, an onshore baseline parallel to coast was digitalised, from which 294 

a series of transects orthogonal to shoreline were generated at 50 m intervals. Thus, 4,020 295 

transects were thus created.  296 

The method used to calculate the rates was simple linear regression, as according to the 297 

specialist literature this is the most reliable method for examining shoreline trends over mid-298 

to-long-term periods based on several lines (Crowell et al, 1997; Douglas et al, 1998; Luijendijk 299 

et al., 2018). The availability of different orthophotos has made it possible to generate real 300 

absolute measurements (m) between the most current and the oldest line (Net Shoreline 301 

Movement –NSM-) as well as rates (m/yr) based on a linear regression (Linear Regression Rate-302 

of-change –LRR-). A weighted analysis has been disregarded (Weighted Linear Regression –303 

WLR-) since it has the same characteristics in terms of spatial resolution (Figure 4). The 304 

uncertainty range (±m/yr) has been calculated as the quadratic sum of the errors in the data 305 

sources divided by the total time period (Coyne et al., 1999; Del Río, 2007). 306 



 307 

Figure 4. Rate-of-change by transects in the period 1977-2013. 308 

 309 

• Average beach width 310 

Beach width (backshore) is closely related to its physical tourism carrying capacity (Ojeda et al., 311 
2013). This value has been calculated using two proxies: i) the lower limit, marked by the 312 
highest tidal water mark; and ii) the backshore described in the previous section. The 313 
difference between these two points was calculated with a DSAS tool in the polygons formed 314 
by the transects and the backshore and high water line limits.  315 

Given the highly dynamic nature of beaches, the time interval between orthophotos and the 316 
high number of variables that may affect beach width at any given time, the values obtained at 317 
different dates were averaged. The data for 2009, 2011 and 2013 were considered most 318 
suitable, because they were not only the most recent but were also all taken during the 319 
summer, making their profiles more comparable (Figure 5).  320 

 321 

 322 

Figure 5. Digitalisation of inner (in this case, foredune) and outer (high water line) of coastlines 323 
and calculation of average width. 324 

 325 

• Width and typology of accommodation space 326 



The calculation of accommodation space width was based on the most recent orthophoto. 327 
Digitalisation was based on identifying its inland limit from the proxy backshore/foredune 328 
(Figure 6). Data concerning the type of substrate was added to polygon data. In order to 329 
calculate accommodation space width, the accommodation space polygon was adjusted to the 330 
transects. 331 

 332 

 333 

Figure 6. Calculation of accommodation space width. 334 

 335 

Finally, it should be noted that the substrate of the accommodation space will also affect 336 
sensitivity. Foredunes and other sedimentary formations allow beaches to maintain their 337 
profile and quality, as well as allowing for a faster response than that afforded by more 338 
compact substrata, such as fractured cliffs or other rock sedimentary substrata. These, while 339 
allowing for the beach to retreat, lead to a decrease in quality from a touristic perspective, 340 
owing to changes in sand granulometry. The type of substrate used in the analysis was based 341 
on the Mapa de Unidades Fisiográficas del Litoral de Andalucía (Department of Agriculture, 342 
Livestock, Fisheries and Sustainable Development, 2007), which identifies four types of 343 
substrata (foredunes, aeolian dunes, detritic substrate associated to deltas, floodplains and 344 
coastal plains, fractured rock sediments and other rock sediments substrate). 345 
 346 

2.2.2. Design of the database conceptual model 347 

After the data and variable requirements were established, it was necessary to design the 348 
database conceptual model (Figure 7).  349 

The data was modelled with an entity relationship diagram (ERD) which allows the relevant 350 
entities in an information system, as well as their relationships and properties, to be 351 
represented (Dhabe et al., 2010). 352 



 353 

Figure 7. Data model  354 

 355 

The ERD was comprised of a central geometric entity (TRANSECT), representative of the 50 m-356 
interval transects (4,020 in total), and is related to a series of entities/tables that characterise 357 
these transects. The following points describe each table and their mutual relationships:  358 

• Table Beach: polygonal geometric entity that is representative of the beach area 359 
polygon for each date. It is related by a 1:M cardinal intersection spatial relationship 360 
with table TRANSECT. Table Beach is calculated from 1:M cardinal intersection 361 
relationships with tables High Water Line (representative of proxy ”highest water 362 
mark” for each date), and Backshore/foredune (representative of proxy 363 
“Backshore/foredune Line”). 364 

• Table Backshore/foredune line: it represents the “backshore/foredune” line for each 365 
date. Gemorphological (beach, estuary, marsh) and anthropic information (type and 366 
position of infrastructures) was collected for each independent coastal segment. 367 

• Table Rates: Alphanumerical entity resulting from a M:M cardinal relationship 368 
between table Backshore/Foredune and table Transect. It represents erosion rates for 369 
each date.  370 

• Table Accommodation space: polygonal geometric entity that is representative of the 371 
accommodation space polygon and the type of substrate for the most recent date 372 
(2013). It is related by a 1:M cardinal intersection relationship to table Transect. 373 
 374 



2.2.3. Implementation of the model in a spatial data management system 375 

The data model was implemented by means of a spatial data-management system (open 376 
access PostgreSQL) which, in combination with PostGIS, allows for the implementation of 377 
spatial functions. In this way, all data was entered (PostgreSQL 10.2/PostGIS 2.3) and prepared 378 
for analysis by the physical assignation of primary and foreign table keys, required in any 379 
methodology of relational spatial database. These keys uniquely identifies each record in the 380 
table and allow relationships between tables, as well as the integration and consistency of the 381 
database to be maintained (Dhabe et al., 2010; Díaz et al., 2018; Prieto-Campos et al., 2019). 382 
Finally, the construction of spatial and thematic indices has been carried out to speed up the 383 
process of analysis.  384 

2.2.4. Exploitation and analysis of the data for the calculation of the indicator  385 

After implementing the data management model, a series of spatial SQL sentences were 386 
designed in order to obtain the primary results. First, variables were standardised in a range 387 
between zero and one values with Malczewski’s Eq. (A.1) (1999), where x equals the value of a 388 
variable in the original data set: 389 

�� = (����	(�


���(�
�	��	(�
                                                              Eq. (A.1) 390 

Table 2 presents the statistical values of the quantitative variables used to standardise the 391 

variables.  392 

Table 2. Standardised variable statistics 393 

 Max(x) Min(x) Average (x) 

Beach average width (m) 340.86 0.05 39.33 

Accommodation space width (m) 2906.01 0 269.43 

Erosion rates 1977-2013 (m/yr) -0.11 -16.04 -0.83 

Accretion rates 1977-2013 (m/yr) 7.09 0.11 0.75 

 394 

Once criteria were standardised, experts were asked about the possibility of weighting these. 395 
As the experts were not able to make judgments on the importance of one variable with 396 
respect to another, we decided to maintain the same weight to all the variables. Nevertheless, 397 
the variable space of accommodation was weighted according to its type of substrate. Weights 398 
have been established using the Analytic Hierarchy Process (AHP), proposed by Saaty (1989; 399 
1990). This method allows for the analysis, integration and weighting of qualitative variables, 400 
which are typically left out of the analysis owing to the complexity of their measurement.  401 

The AHP method is based on the linguistic decision-maker’s preferences, incorporated by a 402 
pairwise comparison process that compares the importance of each criterion using the values 403 
of the Saaty scale (Saaty 1989), see Table 3. Values 2, 4, 6 and 8 on the Saaty scale correspond 404 
to intermediate situations. 405 

Table 3. Saaty scale 406 
 407 

 1 3 5 7 9 

Definition Equal 
importance 

Moderate 
importance 

Strong 
importance 

Very Strong 
importance 

Extreme 
importance 



According to the reciprocal judgments, this process generates an auxiliary matrix “X”, where if 408 
the relative importance of the criterion 1 over the criterion 2, C12, is judged to be 5 “strong 409 
importance” in Saaty scale (see Table 3), the relative importance of the criterion 2 with regard 410 
to the criterion 1, C21, has the reciprocal value, that is 1/5. 411 

X = � ��� = � C12 = 5 C13 = 3			C21 = 1/5 ��� = � C23 = 2			C31 = 1/3 				C32 = 1/2 ��� = ��   Eq. (A.2) 412 

When the pairwise comparisons were obtained, the matrix was normalised. This process 413 
involved dividing the elements of each column by the sum of the elements of the same 414 
column. Subsequently, a geometric average was applied to the responses and produced the 415 
final weightings. Finally, the weight vector is obtained using a linear algebraic operation, which 416 
is the principal eigenvector of the matrix (Zhu et al., 2019).  417 
 418 
To verify the accuracy and consistency of the pairwise comparisons, the consistency ratio (Cr), 419 
is calculated using Eq. (A.3). The consistency ratio determines the internal coherence of the 420 
decision-maker’s judgments. This is calculated using the consistency index (Ci) Eq. (A.4) and the 421 
random index (Ri) by applying the following formula: 422 
 423 

Cr = ��
��                   Eq.  (A.3)                                          Ci = (λ�	


(	��
         Eq. (A.4) 424 

Where n is the number of variables in the comparison matrix, and λ is the value of the main 425 
eigenvector normalised “W” multiplied by the pair comparison matrix. 426 

The random index (Ri) is the Ci of a randomly generated pairwise comparison matrix of order 1 427 
to 10 (Saaty, 1989).  Table 4 shows the value Ri sorted by the order of matrix. 428 

If Cr < 0.10, the ratio indicates a reasonable level of consistency in the pairwise comparisons; if, 429 

however, Cr > 0.10, then the values of the ratio are indicative of inconsistent judgments and 430 

requires the weighting to be revised.  431 

Table 4. Value of Random Index 432 
Order matrix 1 2 3 4 5 6 7 8 9 10 

 
Definition 

 
0.00 

 
0.00 

 
0.58 

 
0.9 

 
1.12 

 
1.24 

 
1.32 

 
1.41 

 
1.45 

 
1.49 

Concerning the weight of accommodation space width, in this work, two PhD holders (an 433 
expert in integrated marine and coastal management and a geographer, specialised in the 434 
study area and coastal geomorphology) were asked to obtain the pairwise comparisons. 435 
Results obtained for accommodation space revealed that foredunes, followed by aeolian dunes 436 
sediments, had the lowest sensitivity and highest resilience values (0.467 and 0.327 437 
respectively), because these types of substrate not only guarantee the survival of the beach, 438 
but also the ready availability of a high-quality substrate (Table 5). 439 

 440 

 441 

 442 

 443 



Table 5. Pairwise comparisons relating type of substrate of accommodation space 444 

 V1 V2 V3 V4 V5 W 

V1 1 2 6 8 9 0.467 

V2 1/2 1 5 7 8 0.327 

V3 1/6 1/5 1 5 6 0.127 

V4 1/8 1/7 1/5 1 3 0.049 

V5 1/9 1/8 1/6 1/3 1 0.029 

V1= FOREDUNE; V2= AEOLIAN DUNES; V3= DETRITIC SUBSTRATE; V4= FRACTURED ROCK SEDIMENTS; V5= OTHER 445 
ROCK SEDIMENTS  446 

W1= ORDER OF PRIORITY OF FACTORS; W= VALUE OF THE WEIGHTS, IN THIS CASE NORMALISED TO 1. 447 
λ = 5.440; Cr = 0.098 448 

 449 
 450 
Once weights have been assigned and their consistency has been estimated, the beach erosion 451 
sensitive indicator (SI) was calculated using the linear weighted sum. Due to the disparity in 452 
rate-of-change results, a data standardisation was undertaken separately (positive rates –453 
accretion-, and negative rates –erosion-). For this reason, both trends were taken into account 454 
separately in the same equation, adding or subtracting according to their sign.   455 

 456 
Eq. (A.5). � = !" + ("1$%�
 + % − '								Eq. (A.5) 457 

 458 
where, BW= beach average width; W1= weights obtained according to type of substrate of 459 
accommodation space; AS= accommodation space width; A= accretion; E= erosion. 460 

 461 

2.2.5. Spatial presentation of results 462 

The mapping and semiological representation of results was undertaken by means of open 463 
access GIS QGIS software. This software allows for the reliable and fast visualisation of data 464 
stored in PostgreSQL/PostGIS. 465 

 466 

3. Results  467 

3.1. Variables 468 

3.1.1. Erosion rates 469 

Figure 8 presents the erosion rates results for the period 1977-2013, by facades.  470 

In general both facades show a stable trend. Nevertheless, the Atlantic coastline is more 471 

dynamic (33% accumulative sectors and 29% erosive sectors), than the Mediterranean. The 472 

proxy used means that this stability should not be mistaken in all cases for stable sedimentary 473 

behaviour. The presence of cliffs and artificial infrastructures (retaining walls, seaside 474 

promenades) “rigidise” the coastline used for the calculation of rates, preventing natural 475 

oscillation and, therefore, leading to 0 values. This perception of stability might mask severe 476 

erosive processes, hampering the identification of vulnerable beaches. In these circumstances, 477 

the thematic information included in the database is essential (section 2.2.2) and could ensure 478 

the correct interpretation of the results. Similarly, those low values within the uncertainty 479 

range of the data (±0.1 m/yr) have been taken into account within the same interval. 480 

The thematic information has made it possible to differentiate between the different causes of 481 

stable values. The Atlantic facade shows a predominance of values by natural trend of the 482 

coast (17%). The forced stable sectors are mostly due to the presence of cliffs (13%), whereas 483 



infrastructures cause only 8%. For the Mediterranean facade, however, stable  sectors caused 484 

by the presence of cliffs (28%) and infrastructures (15%) predominated. The stable sectors 485 

caused by natural factors account for only 9% 486 

 487 

                            Figure 8. Percentage, distribution and rates by facade and period 488 

 489 

3.1.2. Average beach width 490 

Despite there being substantial differences in the average width of Atlantic and Mediterranean 491 

beaches, the proportion of beaches whose width is less than 25 m (Figure 9) clearly 492 

predominates, including 44% of Atlantic beaches (56 km) and 52% of Mediterranean ones (19 493 

km).  494 

Beaches between 25 and 50 m wide are primarily with urban beaches and embedded beaches 495 

which have not changed greatly. The percentage is very similar for both facades: ranging from 496 

28% (36 km) on the Atlantic facade to 25% (10 km) on the Mediterranean. 497 

Beaches between 50 and 100 m wide are characterised by the presence of transverse 498 

infrastructures, which alter the longitudinal dynamics, generating accumulation zones and 499 

thereby increasing the average width of certain sectors. The percentage is still very similar for 500 

the Atlantic and Mediterranean facades, ranging from 21% (27 km) to 22% (8 km), respectively. 501 

The width of beaches greater than 100 m was determined, firstly, by the presence of major 502 

transverse infrastructures (ports, dikes...) and, secondly, by the presence of a gently sloping 503 

continental platform. This geomorphology, which has been mentioned above and which is 504 

present in most of the Atlantic shore, permits the development of wide beaches. Such beaches 505 



make up  6% of the total (9 km) as opposed to 1% (0.15 km) of the Mediterranean facade, 506 

where the absence of beaches greater than 200 m stands out. 507 

 508 

 509 

510 
Figure 9. Percentage and spatial distribution by facade. 511 

 512 

3.1.3. Accommodation space typology and width 513 

Concerning the width and type of accommodation space (Figure 10), the results indicate that a 514 

large proportion of Atlantic beaches (82%) have accommodation space (104 km). The 515 

Mediterranean facade, which is more abrupt, has a lower percentage of beaches with 516 

accommodation space (52%; 19 km). 517 



 518 

Figure 10. Width, spatial distribution and typology of accommodation space substrate* by 519 

facade 520 
*The typology called "brittle rocky substrate" incorporates fractured rock sediments and other rock sediments 521 

substrate. 522 

 523 

The less extensive accommodation spaces (less than 25 m) correspond to areas which have an 524 

anthropic presence closer to the coast, and to abrupt areas with little margin for foredune 525 



development;  these areas account for 7% of Atlantic beaches and nearly double that (12%) for 526 

Mediterranean beaches. 527 

The ranges 25-100 m and 100-250 m correspond to areas where the urban presence respects 528 

the beachfront and where the accretion of sediments (due to the presence or not of 529 

transversal infrastructures) has allowed an important foredune development. Both ranges are 530 

predominant on both facades (60% of Atlantic beaches and 47% of Mediterranean ones).  531 

The widest ranges of accommodation space (250-1,000 and more than 1,000 m) are associated 532 

with non-anthropised areas. On the Atlantic facade, the natural character of many of these 533 

areas is due to the presence of protected beaches (natural parks Bahía de Cádiz, La Breña and 534 

Marismas de Barbate, El Estrecho...), which constitude34% of the beaches, where they can 535 

reach 1,500 m width. On the Mediterranean facade, the greatest widths of accommodation 536 

spaces are concentrated on both sides of Punta Mala (41%), where the accommodation space 537 

is not limited and reaches almost 3,000 m. Limitations to space mainly consists of cliffs made 538 

of brittle rocky material.  539 

Concerning the type of substrate of the accommodation spaces, both facades are dominated 540 

by foredunes (80 y 77%, respectively), regardless of the accommodation space width. This is 541 

the best possible substrate in terms of beach quality. In a substantial number of beaches in 542 

both facades the predominant substrate constitutes eroded rock material (14%), especially in 543 

cliff-encircled coves in the vicinity of the Strait of Gibraltar. The detritic substrate is mainly 544 

observed on the Mediterranean facade (9%), where fluvial deposition platforms (deltas) 545 

predominate more than on the Atlantic facade. Conversely, the aeolian dune substrate, 546 

elevated from the current sea level, exists only in the Atlantic area (3%); its gently-sloping 547 

relief is interrupted only by the vicinity of the Strait of Gibraltar. 548 

 549 

3.2. Sensitivity indicator 550 

Figure 11 and Table 6 present the sensitivity indicator results. Each value corresponds to 551 

intervals of 50-m distance.  552 

Table 6. Sensitivity indicator values, percentage and beach length by facade 553 

  
Extremely 

sensitive 

-0.68-0.10 

Highly 

sensitive 

0.10-0.26 

Moderately 

sensitive 

0.26-0.49 

Slightly 

sensitive 

0.49-0.83 

Very 

slightly 

sensitive 

0.83-1.24 

Total 

A
tl

. 
F

a
ca

d
e

 Percentage 
(%) 

36 37 16 7 4 100 

Length 
(km) 

46.5 47.4 20.4 8.3 4.9 127.5 

M
e

d
. 

F
a

ca
d

e
 Percentage 

(%) 
53 26 11 5 5 100 

Length 
(km) 

19.3 9.4 4 2 2 36.7 

 554 

The indicator values range between -0.68 and 1.24, categorised by natural breaks (jenks). Of 555 

the beaches under consideration, 75% (123 km) are regarded as highly or extremely sensitive 556 

to erosive processes. These beaches share similar features: reduced dry beach width, exposure 557 



to high erosion rates, and little to no accommodation space. Although the Atlantic facade 558 

presents a lower percentage of beaches in the high or extreme sensitivity bracket (73%; 94 559 

km), it also presents the lowest individual value (-0.68): this is at the distal end of Playa de 560 

Levante (Puerto de Santa María), which is affected by the dynamic of the mouth of the San 561 

Pedro River. The Mediterranean facade, on the other hand, has a higher percentage of 562 

beaches in the high or extreme sensitivity bracket (79%). Its lowest value (-0.21) is scored near 563 

to Punta Chullera.  564 

Of those beaches in the extremely sensitive bracked, 29% are located in urban areas, where 565 

the presence of infrastructures (mainly retaining walls and seaside promenades) restricts the 566 

formation of accommodation spaces and the oscillation of the shoreline. The Mediterranean 567 

facade presents a slightly higher percentage of urban beaches than the Atlantic facade (31% 568 

and 29% respectively). 569 

A total of 17 km (13 of Atlantic and 4 of Mediterranean beaches) are slightly or very slightly e 570 

sensitive: about 10% of the total percentage per facade. Most of these beaches share the same 571 

features: a wide dry beach, the presence of a wide accommodation space dominated by dune 572 

formations, and an accumulative dynamic. The Atlantic facade presents the highest values 573 

(1.24) around the mouth of the Guadalete River, the effect of which is supported by dykes in 574 

both margins. The highest value on the Mediterranean facade (1.15) corresponds to Playa de 575 

La Hacienda (in the North of the municipality of La Línea de la Concepción). The low sensitivity 576 

values in this sector are mainly due to the existence of wide accommodation spaces. However, 577 

these mostly correspond to cliffs made of brittle rocky material, and the availability of 578 

sediments would not be immediate (as would be the case with other substrates with low 579 

compaction). 580 

The study area has a total of 49 km of protected natural areas. Almost 36% of the least 581 

sensitive beaches are located in protected natural areas, all of which are situated in the 582 

Atlantic facade, adding up to a total of 2.5 km length. Conversely, 34% of the most sensitive 583 

beaches (22 km) are in these areas, which represent 28.5% of the Atlantic seaboard (13 km) 584 

and 46% of the Mediterranean seaboard (9 km). These mainly correspond to small beaches 585 

associated with protected natural spaces characterised by cliffs without accommodation 586 

space. 587 



 588 

 589 

Figure 11. Sensitivity indicator and percentage per facade 590 
 591 
 592 
4. Discussion  593 
 594 
Decision-making processes involving coastal regions must be based on precise data (Rumson et 595 

al., 2017), and access to information plays a crucial role (Mokrech et al., 2011; Nicholls et al., 596 

2015). Although this necessity is recognised in many planning documents, it is frequently and 597 

inexplicably not accompanied by any detailed information about the coastal and marine 598 

environment in question. This is most likely because collecting such detailed information can 599 

be costly both in terms of time and money (Ojeda et al., 2013).  600 

The present work aims to design an indicator which would represent the sensitivity of beaches 601 
to erosive processes in the province of Cádiz, based on three variables – beach width, 602 
accommodation space (width and typology), and erosion rates.  603 
 604 
Variables were selected based on a number of criteria: relative weight, statistical 605 
independence (in order to avoid over-dimensionality), and availability of data (as the purpose 606 
is to make the methodology suitable for other scenarios). 607 
Although it should be note that the number of variables used to develop other coastal indices 608 
is not fixed and is usually higher than that used here, these indices include physical 609 
vulnerability, internal and external variables (McLaughlin and Cooper, 2010; Zhu et al., 2019), 610 
and socioeconomic vulnerability. In this work only internal variables, which aim to measure the 611 
beach’s resilience to erosive phenomena, were taken into account. In line with this, although 612 
the use of fewer variables could make an indicator less reliable, this can also translate into 613 



greater replicability and reduced data redundancy (Del Río and Gracia, 2009). Indeed, ensuring 614 
that variables are statistically independent is essential in the creation of composite indices; this 615 
has been lacking in some previous studies, even though potentially interdependent variables 616 
(coastal geomorphology/coastal geology and breaking wave height/ wave energy, among 617 
others) have been used in these studies. 618 
 619 
Following McLaughlin and Cooper, ‘at each scale of management there are different 620 
considerations and different types of data. There is no “one size fits all” index of coastal 621 
vulnerability that can be applied at all scales’ (McLaughlin and Cooper, 2010: 234). The 622 
developed indicator is the first attempt to characterise beaches on a regional scale according 623 
to their ability to withstand erosive phenomena. Several issues concerning the variables, the 624 
methodology and the results are worth discussing further.  625 
 626 
Concerning measurement of the variables, the lack of 3D data, together with the need to use 627 

easily obtainable variables to make the indicator more replicable, meant that we decided on a 628 

1D analysis. We are aware of the possible limitations of using 1D information, and thus we 629 

have been especially careful with identifying and measuring the accommodation space and 630 

with interpretating erosion rates. 631 

In the methodology developed, variables used to calculate the indicator are based on proxies, 632 

and thus additional thematic and geomorphological information has been incorporated in 633 

order to ensure correct interpretation of the results. The incorporation of thematic data 634 

related to the presence of coastal infrastructure (transversal and longitudinal) allows for 635 

certain trends in sedimentary dynamics to be attested. This is especially significant for stable 636 

sections where the presence of infrastructure can ‘rigidise’ the proxy used to calculate erosion 637 

rates, correspondingly preventing the natural oscillation of the coastline and potentially 638 

masking serious erosive processes (Prieto et al, 2017). Similarly, it is possible to identify 639 

sections which present accumulative or erosive tendencies whose origin lies in the presence of 640 

transversal infrastructure that, by interrupting the flow of sediments along the beach, seriously 641 

alters its longitudinal dynamics. 642 

In contrast with most previous calculations of coastal sensitivity indices, which are based on 643 
proprietary-GIS, the present work develops a methodology based on relational spatial 644 
databases. For this purpose, it was necessary to design a conceptual data model that 645 
demonstrates the relationships between all the entities. Also, the data model had to be 646 
capable of meeting the proposed objectives. This data model is dynamic, enabling new data 647 
and erosion rate calculations to be entered, making it a tool that can be adjusted to different 648 
data needs. Subsequently, the model was implemented in a conceptual database management 649 
system, in this case Postgre SQL/PostGIS. This allowed for an analysis to be undertaken 650 
through the creation of SQL codes. Once the codes have been created, the methodology can 651 
easily be reproduced and applied to other settings and can also be used to recalculate the 652 
sensitivity indicators automatically whenever changes in the original data occur (erosion 653 
rate, beach width, etc.). The code does not need updating—only the input tables in the 654 
database manager need to be changed—turning the model into a very valuable tool for 655 
planners and managers (Díaz et al., 2018). It thus facilitates reproducibility, scalability and 656 
automating of the analysis in other areas.   657 
 658 
Regarding the use of AHP, this technique is widely used in decision-making, planning, and 659 
resource allocation in general, as well as for the development of coastal vulnerability indices in 660 
particular (Murali et al., 2013; Bagdanavičiūtė et al., 2015; Lin and Pussella, 2017; Zhu et al., 661 



2019). As such, although the weighting process brings in subjectivity, this method underpins 662 
consistency of the judgments made by the experts. 663 
 664 
Concerning the results, historical changes in the coastline are often a central variable in the 665 
calculation of coastal indices (Kumar et al., 2015). With regard to beaches, despite the 666 
importance of beach width in dissipating wave energy, the absence of 3D data makes the 667 
inclusion of this variable in coastal indices less frequent. Usually, when this variable is 668 
incorporated into vulnerability analyses, especially analyses of large areas, 1D data is used 669 
(Pantusa et al., 2018). This work uses 1D beach measurements that are based on the 670 
digitalisation of high water mark and backshore/foredune proxies for the full 260 km of 671 
coastline under study. As we are aware of the variability of beaches, data from different dates 672 
were collected (2009, 2011 and 2013) and averaged, making sure that the data was 673 
comparable (all photos were taken during the summer). 674 
 675 
Regarding the dunes, these are mostly only noted as presence/absence (Murali et al., 2013; 676 
Zhu et al., 2018). The width of dunes rarely features in coastal indices, except for certain small 677 
areas, in which case it is measured directly from orthophotos -1D- (Pantusa et al., 2018). This 678 
study takes into account not only the potential presence of dunes, but also their 679 
accommodation space. Also, the width of the accommodation space is measured from 680 
orthophotos (1D) for a 260 km-long study area. Together with the orthophotos, additional 681 
sources of information for the interpretation have been used (e.g. physiographic maps of the 682 
Andalusian coast). It is worth noting that elevation data and other variables are lacking, and 683 
thus, for instance, the health of dune formations, which could lead to some inconsistencies. 684 
 685 
Although on a regional scale the indicator presents a simple picture of sensitivity to erosion, it 686 
is more complex than a picture painted by studying erosion rates alone or by noting the 687 
presence/absence of dunes. Figure 12 illustrates sensitivity measured according to erosion 688 
rates and the sensitivity indicator according to erosion rates, width and type of 689 
accommodation space by quintiles. Several points are worth stressing. Some beaches, despite 690 
being exposed to a low erosion rate, present decreasing values over time, owing to their 691 
having little or no accommodation space (for instance the eastern sector of Tarifa, Chipiona 692 
and Rota-El Puerto de Santa María). In contrast, other beaches which are exposed to high 693 
erosion rates but are endowed with a wide accommodation space present increasing values 694 
over time (for instance Bolonia – Tarifa – and Camposoto –San Fernando). 695 
 696 

Indicators are generally verified by comparison with other studies in the area. However, 697 
although works exist in relation to erosion rates (Prieto-Campos et al., 2018; Del Río et al., 698 
2019), the vulnerability of the Andalusian coast to sea level rise (Ojeda et al., 2009; López et al., 699 
2016), and on sensitivity to tourism (Díaz et al., 2014), none research has been found which 700 
measures physical factors and beach resilience to erosive processes. Domínguez et al. (2008) 701 
carried out an analysis of vulnerability to erosion for the north-west sector, but this only 702 
applies to the stretch of coastline between Sanlúcar de Barrameda and Rota (23 km). Their 703 
calculations are based on the semi-quantitative combination of erosion rates and beach use. 704 

 705 



 706 
 707 
Figure 12. Comparison by quintiles between: 1) Sensitivity measured by erosion rate; 2) 708 
Sensitivity measured by sensitivity indicator (erosion rates, average beach width and width and 709 
type of accommodation space).  710 

 711 

However, we tried to test the indicator by analysing the percentage of regenerated/artificial 712 
beaches with the aid of Web Mapping Services (WMS) provided by the regional environmental 713 
bodies (Plan Hidrológico 2009-2015) responsible for the Guadalete and Barbate river basins,1 714 
as well as for the Mediterranean basins2. Along with this, we also took into consideration 715 
regeneration work undertaken in the Bay of Cádiz between 1989 and 1999 (Muñoz et al., 716 
2000). 717 

The question remains whether those beaches that yield a higher sensitivity index are in fact 718 
the most sensitive and in most acute need of regeneration. The results, as shown in Figure 13, 719 
indicate that 83% of regenerated beaches are in the ‘extremely sensitive’ and ‘highly sensitive’ 720 
brackets. 721 
 722 

                                                           
1
 http://www.juntadeandalucia.es/medioambiente/mapwms/REDIAM_regulac_flujo_GB_2009_2015? 

2
 http://www.juntadeandalucia.es/medioambiente/mapwms/REDIAM_regulacion_flujo_MED_2009_2015? 



 723 

Figure 13. Percentage of regenerated beaches according to the sensitivity indices yielded by 724 

the study. 725 

 726 

 727 
5. Conclusions 728 

Any study concerned with coastal areas, regardless of its aim, must make use of a large 729 

amount of detailed information and then include representative indicators of the 730 

environmental conditions prevailing in these areas. However, the data available for different 731 

coastal sectors varies greatly.  732 

This article aimed to present a simple and reliable indicator of sensitivity of dry beaches to 733 

erosion, and discuss its implementation in the province of Cádiz. The indicator is based on 734 

three variables (width of the dry beach, mid-term erosion rate, and availability of 735 

accommodation space), which are easily obtainable from other sources. 736 

The methodology used, which is based on spatial databases, involves the design of a data 737 

model and its implementation by a spatial data-management system (in this case PostgreSQL). 738 

The exploitation and analysis of the data were undertaken by means of a SQL code, which 739 

makes the methodology easily scalable and replicable in other settings simply by changing the 740 

input data. This model is therefore very useful for coastal managers as it allows results to be 741 

continuously updated.  742 

Results show that 75% of the beaches in the province are in the high or extremely high 743 

sensitivity bracket; along the Mediterranean facade,  the percentage is 79%. Of those beaches 744 

in the extremely sensitive bracked, 29% are located in urban areas, where the presence of 745 

infrastructure (mostly retaining walls and seaside promenades) limits the development of 746 

accommodation spaces and hinders oscillation of the shoreline. These beaches should become 747 

a management priority, and more detailed analysis should be carried out. 748 

The indicator is simple and easy to reproduce. It helps planners to allocate resources and 749 
determine where to focus further analysis where other variables (beach slope, presence of 750 
underwater bars, height, etc.) that are costly and difficult to obtain for large areas should be 751 
investigated. The indicator and the associated methodology provide first-hand information to 752 
other researchers and policymakers, enabling them to mitigate the sensitivity of beaches to 753 
erosive events. The indicator can also be used by non-experts, as a first step towards more 754 
comprehensive assessments. It also allows for comparability and a direct and clear 755 
identification of the most sensitive areas although mitigation measures should be based on 756 
more detailed analysis using a finer scale and additional variables. 757 
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Highlights  

• A simple beach erosion sensitive indicator is developed an applied in Cadiz (south of 

Spain). 

• Mediterranean beaches are more likely to be erosion sensitive than Atlantic ones. 

• Results are validated by comparing with regenerated beaches. 

• The indicator points out zones where more detailed analysis is desirable optimising 

time and resources. 

• The indicator can be applied to other regions and is useful for coastal planners. 
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