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Abstract: A good understanding of historical change rates is a key requirement for effective coastal
zone management and reliable predictions of shoreline evolution. Historical shoreline erosion for
the coast of Guardamar del Segura (Alicante, Spain) is analyzed based on aerial photographs dating
from 1930 to 2022 using the Digital Shoreline Analysis System (DSAS). This area is of special interest
because the construction of a breakwater in the 1990s, which channels the mouth of the Segura River,
has caused a change in coastal behavior. The prediction of future shorelines is conducted up to the
year 2040 using two models based on data analysis techniques: the extrapolation of historical data
(including the uncertainty of the historical measurements) and the Bruun-type model (considering the
effect of sea level rises). The extrapolation of the natural erosion of the area up to 1989 is also compared
with the reality, already affected by anthropic actions, in the years 2005 and 2022. The construction of
the breakwater has accelerated the erosion along the coast downstream of this infrastructure by about
260%, endangering several houses that are located on the beach itself. The estimation models predict
transects with erosions ranging from centimeters (70 cm) to tens of meters (30 m). However,
both models are often overlapping, which gives a band where the shoreline may be thought to be
in the future. The extrapolation of erosion up to 1989, and its subsequent comparison, shows that
in most of the study areas, anthropic actions have increased erosion, reaching values of more than
35 m of shoreline loss. The effect of anthropic actions on the coast is also analyzed on the housing
on the beach of Babilonia, which has lost around 17% of its built-up area in 40 years. This work
demonstrates the importance of historical analysis and predictions before making any significant
changes in coastal areas to develop sustainable plans for coastal area management.

Keywords: climate change; beach erosion; dune cliff; land management; data analysis

1. Introduction

Coasts are valuable and vulnerable environments that provide numerous ecosystem
services and support human populations in different ways [1]. It is estimated that sandy
beaches make up approximately one-half of the world’s ice-free coastline [2]. According
to the United Nations, approximately 10% of the world’s population currently lives in
coastal areas that are less than 10 m above sea level, and about 40% lives within 100 km
of the coast [3]. These areas are residentially, touristically and economically attractive;
thus, they are becoming densely populated, but the concentration of infrastructures due to
intense anthropic activity (i.e., ports, cities and resorts) puts additional stress on the coastal
environment, sometimes pressing it to its limits [4].
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Coastal zones are particularly vulnerable to natural erosive processes due to factors like
wave action or storm events [5]. These processes can lead to the loss of land, degradation
of coastal ecosystems, and increased risks for human settlements and infrastructure. The
problem is emphasized when anthropic constructions modify coastal dynamics in some
way, even though their primary objective is to protect the coast from erosion due to natural
phenomena [6-8]. While these structures (i.e., harbors, channels or breakwaters) may
provide immediate protection against erosion, they can disrupt the natural movement of
sediment along the coastline, leading to unintended consequences [9,10]. Many of these
hard structures were built from the 1950s to the 2000s, without accurate studies of the
effects on coastal sediment dynamics and flora and fauna [1]. In contrast, in the last two
or three decades, management strategies have focused on soft methods such as artificial
beach nourishment, revegetation of dunes or bioengineering [11,12]. For example, some
researchers have found a relationship between increased shoreline erosion in areas around
the mouths of dammed rivers and in areas with high population densities in the Gulf
of California [13]. Research conducted on the East Coast of South Korea found that the
artificial structures constructed along the coast have not completely solved or stopped
erosion but shifted it from one location to another [14]. On the contrary, work by Skilodimou
et al. [15] shows how coastlines have been enhanced by 40% over the last 76 years due to
human interventions, in this case, earth filling.

The effects of climate change on coastal regions are critical due to their exposure to
rising sea levels, increased storm intensity and changes in oceanic and atmospheric condi-
tions [16]. In general, rising sea levels can be a significant factor in shoreline changes [17].
Higher water levels mean that waves and storm surges can reach farther inland, eroding
coastlines and flooding low-lying areas. This can result in the loss of beaches, dunes and
other coastal landforms, which can lead to feedback loops, e.g., as coastal areas erode,
sediment may be lost, reducing natural coastal barriers and exacerbating erosion. This, in
turn, can increase vulnerability to coastal hazards. Changes in ocean wave characteristics,
including alterations in wave height, period and direction, can further impact coastal
erosion, sediment transport and stability. In addition to this, storms, including hurricanes
and tropical cyclones, can cause significant changes due to intense erosion and the trans-
portation of large amounts of sediment along the coastline [18]. An example is the work of
Simeone et al. [19], who demonstrate that the beaches studied in Western Sardinia (Italy)
show greater changes when faced with consecutive storms and not with an isolated one.
These climate change impacts can lead to the loss of coastal land, damage to infrastructure
and the displacement of communities. For these reasons, the analysis of the long-term
effects of anthropic actions in past cases, in combination with information on the adverse
effects of climate change (both at the global and regional levels), is fundamental to ensure
the long-term sustainability and resilience of the new actions to be taken.

The aims of this work carried out in Guardamar del Segura, Alicante (Spain) are as
follows: (1) analyze the historical evolution of the shoreline from 1930 to 2022, taking into
account different anthropic constructions; (2) study the effects of these constructions on the
erosion rates of the shoreline and a cliff dune; (3) evaluate the loss of built surface (houses)
due to changes in coastal dynamics; (4) estimate the shoreline situation for the year 2040
with the information from available data and the use of two prediction models based on
historical recession rates and changes in sea level; and (5) compare, with the use of these
computational models, the positions that the coastline would have had in the years 2005
and 2022 without the constructions carried out in the area. The results and methodology
provided by this work can be used as the basis for coastal planning and management,
especially in areas with key infrastructures.

2. Study Area

This work focuses on the coastline of Guardamar del Segura located in the southeast
of Alicante, Spain, on the Mediterranean coast (see Figure 1). The area has a population
of more than 16,000 inhabitants, and the main economic activity in the region is summer
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tourism. The studied coast includes the beaches of Los Viveros (corresponding to zone B in
Figure 1c) and Babilonia (zone C in Figure 1c). These two beaches have an actual length
of 2.7 km and an average width of 12 m, reaching a maximum of 35 m. They are open
beaches of golden sand with a grain size of around 0.27 mm [20], which is between fine
and coarse sand.

TOE S0 TO7T 000 TO8 S0 AT D
n e 4221000
Barcainna 8
Maclrin
Lighoa & 220500
Aurgyed
o, 220 00
Alacamialcania
Murgia D
4210500
Carlapena
Oodirus A 215 000
4. 318500
Turraw s
04,500 o, 00 o, 500 TOT 000
i) 1
#Hﬂl

Figure 1. (a) Location of the study area. (b) Orthomosaic of the coast in 1930 and details of the
transects used in the study. (c) Orthophoto of the coast in 2022. Note that the coordinates used are
UTM ETRS89 H30N.

Guardamar del Segura coast is a fetch-limited environment with a predominance of
sea waves. This coast is an environment with small astronomical tides (as is common in
the Mediterranean) that oscillate about 0.3 m (SIMAR data from Puertos del Estado [21]).
However, the so-called meteorological tides can reach up to 0.45 m. The dominant wave
direction is northeast, creating a net N-S-oriented coastal current. Significant wave heights
in this area, from 1958 to 2023, are 50.80% of the time between 0 and 0.5 m, 37.52% between
0.5 and 1 m, 8.7% between 1.0 and 1.5 m, 2.06% between 1.5 and 2.0 m and the remaining
0.92% between 2.0 and 3.5 m [21]. It should be noted that according to the available data [21],
the maximum monthly values up to 1970 did not exceed 3 m of significant height. In the
1980s, there were already some peaks that exceeded 4 m, a trend that remained constant
with peaks between 2.5 m and 4 m until 2010, but with an average value of around 2 m.
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However, in the last 13 years, the average has risen around 3 m with some peaks in 2019 of
almost 7 m. The latter peak is due to the large Isolated Depression at High Levels (DANA
in Spanish) that occurred in the area in 2019 [22]. As for the peak period, the histogram is
centered on the 5-6 s interval (23.94% of the time), distributed on the 2—4 s interval (29.12%)
and then on the 4-5 s interval (19.59%), 67 s interval (17.89%) and 7-10 s interval (17.43%).

According to the latest data published by the Intergovernmental Panel on Climate
Change (IPCC), the trend of accelerating sea level rise in the Mediterranean is consistent [23].
However, there are important differences depending on the methods and time horizons
used in the analyses. In general, the accepted sea level rise referred to in the 20th century
was 1.4 £+ 0.2 mm yr~! [24]. However, by 2050, it is estimated that the sea level may rise
between 0.52 and 1.22 m above the mean relative sea level between 1996 and 2014. The
relative sea level rise from 1927 to 2012 in Alicante was 1.28 + 0.5 mm yr‘1 [25].

This coastline has a long history of anthropogenic actions since the 18th century. The
dune system in this area was left unfixed due to the massive felling of trees for the fishing
industry during the 18th century. This meant that for a long time, the town 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 mobility of the dunes and,
therefore, prevented the burial of the town. The houses of Babilonia (zone C in Figure 1) did
not respond to the predatory model of the urbanism of the second half of the last century
around the Spanish Levante. On the contrary, they had an environmental function and
fit perfectly with the coastal physiognomy of the municipality in the 1930s. The number
of houses increased until the end of the 1970s and remained constant until the 2000s, but
since then, houses started to naturally and progressively collapse due to marine action. See
Figure 2 for some photographs of the area since 2010.

Figure 2. (a) View from north of Babilonia Beach on 2 April 2010. (b) View of Los Viveros artificial
dune on 2 April 2010. (c) View from north of Babilonia Beach on 5 May 2021. (d) View from north of
Los Viveros Beach and artificial dune on 13 August 2021.

The main period of anthropic actions began in the mid-1970s and lasted about
20/25 years. In the 1970s, a small groin was built in the southern part of the mouth
of the Segura River, which was completed in the mid-1980s with the construction of a larger
groin in the northern part. In the period between 1987 and 1988, a large dredging of the
mouth of the Segura River was carried out. Between 1990 and 1994, to reduce the risk
of flooding, its mouth was channeled by means of a 525 m breakwater with an east and
northeast orientation (zone A in Figure 1c), the opposite of all those built in the Spanish
Levante [26]. This orientation stops the longitudinal transport of sediments from the north
and blocks the outflow of sediments transported by the Segura River [7]. This forces the
“Confederacion Hidrografica del Segura (CHS)” to schedule periodic dredging due to
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sediment accumulation that, if not executed, could cause breakage of the breakwater [27].
A volume of 14,000 m3 of material extracted in the works of the early 1990s was used to
raise Viveros beach (zone B in Figure 1c), and the rest of the material was used to raise
other beaches to the south of the area of this study. Between 1996 and 1999, the Guardamar
marina was built. In this project, a volume of sludge of approximately 200,000 m*® was
obtained, basically sand, with a low proportion of fines, very similar to that which makes
up the current dune system. This sediment was dumped on a foredune originating an
artificial dune (with the appearance of a small cliff) about 500 m long and of variable height
(zone D in Figure 1) with a trapezoidal section, ranging from 8 m in the sector closest to the
riverbed to 4.5 m in the southern part [6,28]. From 2002 to 2011, an attempt was made to
eliminate the dumped anthropogenic materials, leaving the existing dune sands uncovered,
and native species were planted to fix them [29]. Currently, this small cliff dune has areas
up to 10 m high and slopes of up to >45° [30].

3. Methodology

The explanation of the methodology is divided into three blocks: shoreline evolution
data, historical data analysis using the Digital Shoreline Analysis System (DSAS) [31] and
prediction of future shorelines.

3.1. Dataset Preparation

Twenty aerial images covering a period of 93 years were used, with images in the
following years: 1930, 1946, 1956, 1977, 1985, 1989, 1997, 1999, 2003, 2005, 2007, 2009, 2012,
2014, 2017, 2018, 2019, 2020, 2021 and 2022 (see Table 1 for details). They were obtained from
different sources: National Geographic Institute (Instituto Geografico Nacional (IGN) [32])
and Valencian Cartographic Institute (Institut Cartografic Valencia (ICV) [33]) photo li-
braries. The used reference system is ETRS89, UTM projection zone 30. In all images, the
sea is calm, and therefore, all available data can be used for a comparative study.

Table 1. Main information from the aerial imagery used in this research. Note that GSD is the ground
sampling distance: the distance between two consecutive pixel centers measured on the ground. This
concept is equivalent to spatial resolution in remote sensing.

Year, Source Flight Type Date GSD (m) PhoI:ogram.m etric
rocessing

1930 Ruiz de Alda Analogical B/W 1929/1930 0.75 Orthomosaic
1946 American Flight Series A Analogical B/W 1946 0.43 Rectification
1956 American Flight Series B Analogical B/W 1956 0.63 Rectification
1977 Interministerial Flight Analogical B/W February 1977 0.45 Rectification
1985 National Flight Analogical B/W March 1985 0.75 Rectification
1989 Coastal flights Analogical Color March 1989 0.12 Rectification
1997 Flight OLISTAT Analogical B/W October 1997 1 Orthomosaic
1999 Five-Year Flight Analogical Color 27 August 1999 1 Rectification
2002 Institut Cartografic Valencia Analogical Color 12 May 2002 0.50 Orthomosaic
2005 Institut Cartografic Valencia Analogical Color 30 September 2005 0.50 Orthomosaic
2007 Institut Cartografic Valencia Digital Color 23 August 2007 0.50 Orthomosaic
2009 Institut Cartografic Valencia Digital Color 5 August 2009 0.25 Orthomosaic
2012 Institut Cartografic Valencia Digital Color 16 June 2012 0.50 Orthomosaic
2014 Institut Cartografic Valencia Digital Color 21 June 2014 0.22 Rectification
2017 Institut Cartografic Valencia Digital Color 18 August 2017 0.25 Orthomosaic
2018 Institut Cartografic Valencia Digital Color 13 June 2018 0.25 Orthomosaic
2019 Institut Cartografic Valencia Digital Color 14 May 2019 0.25 Orthomosaic
2020 Institut Cartografic Valencia Digital Color 2 May 2020 0.25 Orthomosaic
2021 Institut Cartografic Valencia Digital Color 13 May 2021 0.25 Orthomosaic
2022 Institut Cartografic Valencia Digital Color 8 May 2022 0.25 Orthomosaic
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The photographs of the first flight used (Ruiz de Alda 1929-1930) were treated with
AgiSoft Metashape to obtain an orthomosaic of the study area since the photos were not taken
systematically [34]. Control points identified on the 2022 orthomosaic were used to make
the 1929-1930 orthomosaic. It seems clear that, although the 1930 orthomosaic has an error
(Table 1), it can be considered within acceptable limits when working with data 50 years old
or more [35], especially when you consider that it provides an important piece of information
that is worth considering. The 1946, 1956, 1977, 1985, 1989, 1999 and 2017 aerial photographs
were rectified using easily identified points on the 2022 orthomosaic, which was taken as a
reference for the entire work. The remaining used images were orthomosaics produced by the
official cartographic agencies and downloaded from their data servers.

Once the 20 mosaics with the orthophotos of all the years of study were uploaded
to GIS, the next step was the vectorization of the shorelines, the cliff top and the houses
of Babilonia Beach. The shoreline was drawn manually by the same operator instead of
using automatic techniques more commonly used in remote sensing [36], following the
last wet tide mark on the beach profile (see Figure 3 as an example). This line defines the
boundary with the backshore and can be visually identified in orthophotos [37,38]. This
methodology can be used in sedimentary littoral formations exposed to the open sea (i.e.,
beaches). To profile the cliff dune, the top (crest) of the slope is used, which is a visually
perceptible feature [39]. The calculation of the number of dwellings and occupied area is
based on the most current 2011 cadastral data [40]. On these cadastral data, the remaining
19 layers were manually modified to adapt them to each orthophoto from 1930 to 2022. All
this work was carried out by the same operator to ensure a uniform criterion in the choice
of geomorphological features.
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Figure 3. (a) Orthomosaic of the coast in 1930. (b) Orthomosaic of the coast in 1930 with the drawing
of the shoreline. (c) Detail of the shoreline in the area of transects 4 and 8 (north of zone B in Figure 1).
(d) Detail of the shoreline in the area of transects 25 and 29 (south of zone C in Figure 1).
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3.2. DSAS—Historical Shoreline Analysis

Digital Shoreline Analysis System (DSAS) version 5.1 [31] was used to analyze the
historical evolution of the coastline. For its analysis, the study region was divided into
three parts, in addition to the cliff area (see Figure 1c). In total, there are 40 transects, 3 of
which are in zone A (numbered 1 to 3), 14 are in zone B (numbered 4 to 17), 12 are in
zone C (numbered 18 to 29) and 11 are in the zone D or cliff zone (numbered 1d to 11d).
The transects are spaced 50 m apart in zones A and D, while in zones B and C, they were
spaced 100 m apart. Each transect is a line perpendicular to the coastline, which joins
the intersection points of the coastline of each of the available images (dates) with said
perpendicular line.

The first analysis of the historical data was performed considering the complete time
series from 1930 to 2022, except for zones A and D. In zone A, the analysis was conducted
up to 1989, as this area was removed during the construction of the north breakwater and
the channeling of the Segura River. Zone D was analyzed from 1999 to 2022 after human
intervention. In addition, to improve the analysis and interpretation of the results and
consider the important anthropic actions in zones B and C, an analysis of two-time intervals
was also carried out: 1930-1989 (before the channeling of the Segura River) and 1997-2022
(after the construction of the marina and artificial dune).

The classical linear regression model was selected to estimate the rates of shoreline
change. This technique is based on accepted statistical concepts, includes all the data of the
series and provides the necessary data for the prediction models used in this research. In
detail, the data provided by the DSAS software with this calculation method are as follows:

e  Net shoreline movement (NSM): Maximum displacement of each transect between
the first and the last available data. Measured in meters.

e Linear regression rate (LRR): A least-squares linear regression is fitted to all points of
a transect. The historical rate of change in the shoreline is the slope of the fitted linear
regression. Measured in meters per year (m/yr).

e  Standard error of the slope (LCI): This estimator is often referred to as the standard
deviation and describes the uncertainty (or variability) associated with the calculation
of the LRR at a given confidence interval. In this case, it was calculated at 99%, thus
ensuring that 99% of the data is within the LRR + LCI. Measured also in meters per
year (m/yr).

e  R-squared of linear regression (LR2): Also known as the coefficient of determination,
it is the percentage of variance in the data that is explained by a regression. Values
close to 1 imply that the regression fits the data well, while values close to 0 imply that
the regression does not fit as well.

3.3. Prediction of Future Shoreline

While it is challenging to make precise projections on future shorelines, researchers
use available data and models to understand potential scenarios [41,42]. Calculated data
on historical shoreline changes generally serve as the first, and perhaps most important,
input for prediction models. However, these data alone are valid for extrapolation, if in
the future it is assumed that the system remains in the same dynamic equilibrium as in the
historical period analyzed. Otherwise, some variability must be added to the historical
data (i.e., standard deviation) or, in more complex models, the elements in each zone that
are most likely to be affected by future changes must be included.

In this paper, two simple but well-known models were used to estimate the position
of the shoreline in the future: Lee—Clark [43,44] and Leatherman [45-47] models. The
Lee—Clark model is based on the extrapolation of historical data (LRR). In this model, the
standard deviation (LCI) of the measured erosions is incorporated to consider the variability
in the rates over time. Erosion calculation is simple, and the result in year T would be:
LCe = (LRR £ LCI) x T years. The Leatherman model (also known as historical trend
analysis) is basically based on the “Bruun rule” to estimate the potential shoreline retreat
(R measured in m/yr) resulting from a rise in sea level as: Ry = S>(LRR/S1), where Sy is
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the sea level rise rate (m/yr) during the analyzed period and S is the projected sea level
rise rate (m/yr) in the study area.

4. Results and Discussion

The results and their discussion were structured by zones, starting with the evolution
of the shoreline, then the cliff dune and ending with a section dedicated to the comparison
of the coastline in 2005 and 2022 with and without the effects of anthropogenic actions.

4.1. Shoreline Evolution (Past and Future)

Table 2 shows the rates of coastline change for the three periods analyzed (1930-1989;
1997-2022; and 1930-2022) in the three areas (A, B and C) that have or have had shorelines.
In zone A, between 1930 and 1989, the erosion is important, with an average rate in the
zone of 1.13 m/yr (Figure 4). As can be seen in Figure 5, most of this erosion is due to the
period 1930-1956. Even in transect 1, the 1977 shoreline was ahead of the 1956 shoreline,
reflecting a small accretion in the area, probably due to the construction of the small groin
on the south side of the river mouth. It seems evident that in this area, there was some
erosion near the natural mouth of the Segura River before it was channeled.

Table 2. Erosion rates for profiles 1 to 29, including zone A, B and C for three different study periods:
1930-1989, 19972023, 1930-2022. Negative sign means erosion, while positive sigh means accretion
for NSM and LRR.

Period 1930-1989 Period 1997-2022 Period 1930-2022
NSM LRR LCI NSM LRR LCI NSM LRR LCI
ZONE TRANSECT (m) (m/yr)  (m/yr) LR2 (m) (m/yr)  (m/yr) LR2 (m) (m/yr)  (m/yr) LR2
1 —78.70 —1.08 1.38 0.76 - - - - - - - -
A 2 —75.33 —1.16 0.74 0.93 - - - - - - - -
3 —7824 -—1.16 0.88 0.90 - - - - - - - -
4 —69.08 —1.02 0.87 0.88 —41.80 -1.25 0.96 0.60 —128.64 —1.16 0.22 0.93
5 —64.72 —0.94 0.67 091 —-3526 —1.31 1.25 0.53 —131.03 —-1.23 0.21 0.94
6 —5941 —-091 0.50 095 —4714 -1.24 0.95 0.60 —126.75 —1.15 0.20 0.94
7 —58.93 —0.90 0.46 095 —44.07 -1.49 1.24 059 —121.82 —-1.12 0.20 0.94
8 —46.07 —0.68 0.47 092 —4363 -1.17 0.70 0.68 —111.34 —-1.05 0.20 0.93
9 —35.72 —-0.62 0.38 094 3686 —1.25 0.69 0.74 —10045 —-1.03 0.20 0.93
10 —-3251 —-043 0.37 0.88 —43.60 —1.18 0.49 0.82 —90.12 —0.93 0.21 0.90
B 11 —2643 —0.33 0.45 0.74 —-3538 —-1.23 0.49 0.85 —88.18 —-094 0.24 0.87
12 —21.07 —-0.24 0.41 0.64 —3848 —1.21 0.61 0.77 -=7976 —0.84 0.25 0.84
13 —-1649 —0.21 0.31 071 -3041 -1.22 0.40 0.89 —69.21 —-0.81 0.23 0.85
14 —-10.70 —-0.05 0.41 0.08 —3421 -1.15 0.50 0.84 —-68.15 -0.73 0.27 0.77
15 —6.42 0.04 0.57 0.03 —-3385 -—-1.15 0.55 0.79 —-60.27 —-0.64 0.28 0.71
16 —3.40 0.01 0.67 0.00 —2274 —-1.40 0.73 079 —60.59 —0.64 0.29 0.69
17 —0.70 0.15 0.69 019 -36.04 -1.15 0.72 0.72 —=57.08 —0.54 0.30 0.59
18 —4.30 0.06 0.77 0.03 —-1951 -0.77 0.31 093 —-3521 —-0.37 0.30 0.55
19 3.68 0.17 0.52 055 —21.66 —0.98 0.59 071 —3572 —0.60 0.29 0.68
20 —-560 —0.03 0.62 0.01 —-524 —033 0.54 040 —35.03 —0.32 0.18 0.65
21 -7.69 —0.05 0.47 0.06 —437 -0.17 0.73 0.16 —-3094 -0.32 0.15 0.70
22 —18.75 —-0.24 0.77 034 —1156 —-0.35 0.35 053 —40.14 -0.31 0.13 0.75
23 —-19.27 —-0.23 0.68 038 —473 —-0.26 1.44 028 —4587 —-0.39 0.15 0.78
C 24 -7.33 —0.09 0.55 0.11 —-1563 —-0.48 0.39 0.63 —29.02 -0.33 0.15 0.73
25 -744 —-0.12 0.41 031 —-13.64 -0.39 0.31 069 —-3196 —0.33 0.12 0.79
26 —-527 —0.08 0.32 026 —13.76 —-0.43 1.25 038 —32.85 —0.28 0.16 0.60
27 -948 —0.14 0.27 0.59 —-10.27 —-0.09 0.55 0.06 —-2936 —0.19 0.14 0.48
28 —1542 —-0.24 1.04 073 —-1329 -0.37 1.07 039 -31.99 —-0.20 0.16 0.45
29 -7.77  —0.08 2.00 0.08 —-11.39 -0.27 0.71 043 —2825 -—-0.17 0.17 0.34
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Figure 4. The upper graph shows the NSM of all transects in zones A, B and C in the periods
1930-1989 and 1997-2022. The lower graph shows the LRR values of each transect for the same zones
and periods.

Figure 5. (a) Shorelines and transects 1 to 3 from 1930 to 1989 (background image from 1989).
(b) Image from 2022 of the same area.

In the northern area of zone B, near the breakwater (transects 4-8, Table 2 and Figure 6),
the erosion during the period 1930-1989 is significant, with an average of 0.89 m/yr. Itis
worth remembering that between 1990 and 1992, the beach was regrown by about 50 m due
to the creation of the marina [4]. As shown in Figure 4, this material added to the beach
eroded rapidly, as the 1997 shoreline was behind the 1989 one. However, for the period
1997-2022, the values shot up to an average of 1.29 m/yr. It seems more than evident that
the construction of the breakwater and the channelization of the river has accelerated a
natural process (Figure 4). From transects 9 to 13, erosion rates only reach 0.36 m/yr for the
period 1930-1989. This indicates that this zone, already farther from the mouth of the river,
was less affected by the natural shoreline erosion. In contrast, after construction works
in the area, the rate skyrockets to 1.22 m/yr, almost one meter more in a much shorter
period of only 25 years. The erosion data for the area between transects 14 and 17 present a
low LR2 for the first epoch analyzed. This is because the shorelines in this area are very



Appl. Sci. 2023,13, 9792

10 0of 18

close together, having accretion and erosion epochs, which makes it difficult to fit the linear
regression [48]. In any case, the net movement of shoreline erosion in these transects was
5 m for the 60-year period (1930-1989). However, for the period 1997-2022, the mean NSM
for these transects is 31.71 m, which seems to confirm the increase in erosion south of the
breakwater. Looking at the entire period of 92 years, the mean erosion of all transects in
zone B is 0.92 &+ 0.24 m/yr. It happens that throughout zone B, erosion rates have increased
after anthropic actions, reflecting their negative effects, especially in the southern part
(Figure 4).

T u
e

Figure 6. Zone B. (a,d) Shorelines and transects from 1930 to 1989 (background image from 1989).
(b,e) Shorelines and transects from 1997 to 2022 (background image from 2022). (c,f) Shorelines and
transects from 1930 to 2022 (background image from 2022).

In zone C, for the period 1930-1989, something similar to zone B occurs with some of
the linear regression, where the LR2 value is low. In this zone, some of the transects show a
net accretion for this period (see Figures 4 and 7a). Erosion at Babilonia Beach was very
small until 1989, with only 8.72 m in 60 years, whereas in the last 25 years, 12.09 m, about
40% more, eroded in less than half the time. This has caused the loss of beaches in front of
houses and, therefore, has left them directly exposed to sea waves (see Figure 2). However,
as can be seen in Figure 7, the houses of Babilonia Beach act as an artificial barrier (or
artificial shoreline), and therefore, there can be no further erosion except for the destruction
of the houses themselves. If zone C is analyzed for the entire available time set, it can be
observed that the fits are better and that the NSM value amounts to 33.86 m (0.32 m/yr).
As in zone B, Figure 4 shows how erosion rates have increased after anthropogenic actions.

The effect of erosion on the houses of Babilonia Beach was also analyzed. During the
1930s and up to the 1970s, the built-up area increased, with 8533 m? (55 houses) in 1930;
12,277 m? (80 houses) in 1946; 17,976 m? (117 houses) in 1956; and 19,463 m? (126 houses)
in 1977. This last value remained stable until 1999. From then on, and as a natural response
to the values already discussed, the built-up area has been in continuous decline. Until
2005 the loss of floor area was a mere 131 m? (one house). But from 2005 to 2012, the loss
increased by 2218 m? (14 houses) and has not stopped until 2022 (last data available), with
a loss of another 1003 m? (6 houses). One should consider the numerous attempts to protect
these houses with the use of rock dikes, Hesco barriers filled with rock and sand, etc., that
have managed to somewhat slow down the destruction of these houses [49].
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Figure 7. Zone C. (a,d) Shorelines and transects from 1930 to 1989 (background image from 1989).
(b,e) Shorelines and transects from 1997 to 2022 (background image from 2022). (c,f) Shorelines and
transects from 1930 to 2022 (background image from 2022).

Having historical erosion data in different transects, it is possible to apply the pre-
diction models explained in Section 3.3. An adequate time horizon, preferably shorter
than the available observation period (92 years), should be chosen to consider the data
variability and, at the same time, to reduce the impact of data uncertainty on the quality
of the results [39]. Therefore, the simulation is extended for 18 years, up to the year 2040
(see Table 3). Uncertainties have been incorporated for each model, including lower/upper
bounds, having a surface area that delimits the possible solution (Figure 8). In the Lee—
Clark model, uncertainty in the calculation of future erosion (LCe) is incorporated by
adding (upper bound) and/or subtracting (lower bound) the LCI to the LRR value for
each transect (see Table 2). For the Leatherman model, the limits are introduced using a
minimum and maximum estimate of the rate of sea level rise in the future (S;). According
to local estimates, the future rates will be a maximum (upper bound) of 0.5 mm/yr, with a
reasonable minimum (lower bound) value of 0.25 mm/yr [25]. As mentioned in Section 2,
the historical relative sea level rise (S1) has been 1.28 mm/yr.

As can be seen in Figure 8 and Table 3, the prediction models overlap in most cases. In
this situation, it can be said that the shoreline is most likely to be located at some intersection
surface of the two models. The Lee and Clark model has a larger difference between the
lower and upper limits than the Leatherman. This is probably because the variability in
historical erosion rates is greater than the effect of sea level changes for this relatively short
simulation period. In the northern part of zone B, the shoreline is predicted to reach the
area currently occupied by the cliff dune that, therefore, would also be eroded. In zone C,
the houses continue to act as a barrier, although in the northern zone, erosion will increase
and the loss of built-up area is likely to increase following the actual trend.

4.2. Cliff Dune Evolution (Past and Future)

The historical evolution of the cliff dune shows episodic erosion with major events
between 2005 and 2007 and, more recently, between 2021 and 2022 (see Table 4 and Figure 9).
In general, this is due to periods of major storms and an increase in wave height in the
region [4,50]. In any case, the mean erosion value (including the 11 transects) for this area
is 1.12 £ 0.66 m/yr. In this part of zone B, erosion data are 1.11 4= 0.20 m/yr for the period
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19302022 and a little bit higher, 1.31 &= 0.77 m/yr, for the period 1999-2022. This shows, as
is logical, that both cliff dunes and shorelines are closely related.

Figure 8. Shoreline model predictions (Lth—Leatherman; LC—Lee and Clark) by year 2040: (a) general
view of zone B; (b) detailed view of zone B; (c) detailed view of zone C; (d) general view for zone C.

Figure 9. (a) Cliff dune erosion since 1999, zone D. (b) Cliff dune erosion predictions (Lth—Leatherman;
LC—Lee and Clark) by the year 2040.

The behavior of the Lee—Clark and Leatherman model prediction results are very
similar to those obtained for the shoreline, with greater variability in the LC model and
the Leatherman model mostly bordering the upper bound of the LC model. With both
models, the prediction for the year 2040 is that erosion will be such that the paved road
that parallels part of the marina will be eroded.
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Table 3. Total shoreline erosion by 2040 in meters.

Lee-Clark Leatherman
Lower Upper Lower Upper
Zone Transect Bound Bound Bound Bound
4 —17.02 —24.79 —24.98 —29.07
5 —18.21 —25.93 —26.38 —30.69
6 —-17.12 —24.44 —24.84 —28.90
7 —16.69 —23.76 —24.18 —28.13
8 —15.22 —22.50 —22.54 —26.23
9 —14.95 —22.04 —22.10 —25.72
10 —13.02 —20.63 —20.11 —23.40
B 11 —12.52 —21.25 —20.18 —23.48
12 —10.70 —-19.71 —18.17 —21.14
13 —10.31 —18.75 —17.37 —20.21
14 —8.25 —17.96 —15.67 —18.23
15 —6.53 —16.63 —13.84 —16.10
16 —6.36 —16.81 —13.85 —16.11
17 —4.20 —15.12 —11.55 —13.44
18 —1.34 —12.09 —8.03 —9.34
19 —5.58 —15.94 —12.86 —14.96
20 —2.59 —9.05 —6.95 —8.09
21 —2.96 —8.46 —6.83 —7.94
22 —3.30 —8.04 —6.77 —7.88
23 —4.27 —-9.73 —8.37 —9.74
Cc 24 —3.31 —8.53 —7.08 —8.24
25 —-3.73 —-7.99 —7.01 —8.15
26 -2.17 —7.90 —6.02 —7.01
27 —-1.02 —5.92 —4.15 —4.83
28 —0.70 —6.58 —4.35 —5.06
29 —0.05 —6.24 —3.70 —4.30

Table 4. Erosion rates for profiles in zone D (cliff area) for the period: 1999-2022. Negative sign means
erosion, while positive sign means accretion for NSM and LRR. Also, the total shoreline erosion with
both models by 2040 in meters is shown.

Period 1999-2022 Lee-Clark Leatherman

NSM LRR LCI Lower Upper Lower Upper

Transect (m) (m/yr) (m/yr) LR2 Bound B(ﬁfnd Bound B(flf’nd
1d —11.61 —0.64 0.57 0.81 —1.36 —-21.71 —13.79 —16.04
2d —33.56 —0.92 0.59 0.68 —6.02 —27.13 —19.81 —23.05
3d —37.87 —1.08 0.64 0.74 —-7.97 —31.00 —23.29 —27.09
4d —4291 —1.34 0.72 0.78 —11.16 —37.23 —28.92 —33.65
5d —48.39 —1.36 0.77 0.76 —10.58 —38.46 —29.31 —34.10
6d —46.96 —1.34 0.67 0.78 —11.93 —36.16 —28.74 —33.44
7d —42.83 —1.34 0.76 0.73 —10.41 —37.81 —28.82 —33.53
8d —-32.11 —0.99 0.76 0.63 —4.29 —-31.51 —21.40 —24.90
9d —29.69 —1.08 0.62 0.73 —8.25 —30.54 —23.18 —26.97
10d —30.31 —1.05 0.51 0.78 —9.57 —28.07 —22.50 —26.18
11d —36.85 -1.19 0.65 0.77 —9.68 —33.12 —25.58 —29.76

4.3. What Would Have Happened in the Area without Large-Scale Anthropogenic Actions?

With the data obtained in the previous sections, it is possible to simulate where the
shoreline would be without the anthropic actions and compare it with the real situation.
For this purpose, the Lee—Clark model is used in zones B and C for the pre-works period,
i.e., from 1930 to 1989, as shown in Table 2.
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In zone B (Figure 10), it can be seen how erosion has been advancing faster than
natural erosion would have. This effect is especially noticeable in 2022 (Figure 10c,d), about
32 years after the start of the main works. At some points, such as transect 6, there was a
difference of up to 10.85 m in 2005 (measured from the upper bound of the prediction to
the shoreline), while in 2022, that difference increased to 20.85 m. However, this effect is
felt more in the central sector of zone B; at transect 12, there was a difference of 23 m in
2005 and of 36 m in 2022. It appears evident that the effect of upstream constructions has
accelerated the erosive process on the shoreline, especially in the central section of zone B
(Figure 10b,d).

Figure 10. Shoreline and area of possible erosion predicted with the LC model: (a) north of zone B by
2005; (b) middle sector of zone B by 2005; (c) north of zone B by 2022; (d) middle sector of zone B by 2022.

In Babilonia Beach, the erosion behavior is strongly conditioned by houses. An
important characteristic in zone C is that in 2005 (Figure 11a,b), the houses had an important
beach area that protected them from the direct action of the sea. In the 2022 images
(Figure 11c,d), this beach does not exist anymore. Figure 11a,c show how a significant
number of buildings have been destroyed from 2005 to 2022 and how these houses have
been replaced by sand. This has left the way open for erosion, which has been increasing
in contrast to what the model predicts (transect 19). According to the projections of the
model used, erosion in some areas would have reached the housing area even without the
works carried out, but these have undoubtedly had an important effect on the acceleration
of this phenomenon.
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Figure 11. Shoreline and area of possible erosion predicted with the LC model: (a) north of zone C by
2005; (b) middle sector of zone C by 2005; (c) north of zone C by 2022; (d) middle sector of zone C by 2022.

5. Conclusions

In general, the results presented and the methodology shown can be used to improve

short- and medium-term decisions in areas where major construction is to be carried out,
as well as where and when to intervene in coastal erosion processes. The conclusions in
response to the objectives set out in the study are as follows:

1.

Erosion changes from one point of the coast to another and according to the period an-
alyzed (1930-1989 or 1997-2022), which demonstrates the complex effect of anthropic
actions that have accelerated the natural erosion of the area.

The erosion of the cliff dune (zone D) shows episodic erosion due to strong storms
but with rates in meters/year like those of the shoreline that protects it (zone B).
The breakwaters at the mouth of the Segura River caused a loss of 3353 m? of housing
and an increment in shoreline erosion rates until 2022.

The prediction models used overlap with each other; therefore, the predicted area
would be the most likely for the shoreline situation in the year 2040. The Lee—Clark
model (based on learning a model created on the derived dataset that is used for
extrapolation of historical data) has greater variability than the Leatherman one (based
on rates of sea level change), although the latter is always close to the maximum
erosion limit of the former. In this area, the effect of the rate of sea level change does
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not seem to be very important in shoreline erosion since this value was already quite
high during the last century.

5. Comparing the actual shorelines in the years 2005 and 2022 with those simulated
using the Lee—Clark model, it can be said that anthropogenic actions exhibit their
effect by increasing erosion rates. This effect is more noticeable in the central zone of
this study (southern part of zone B and northern part of zone C) and more limited
in the marina zone (northern part of zone B) and in the houses on Babilonia Beach
(southern part of zone C).
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