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Abstract: Coastal dune systems have been significantly altered due to erosion from
environmental and human factors, and nature-based solutions have become important
in restoring these ecosystems in the face of climate change. The ¢/ Cortal de la Devesa
beach (Gulf of Roses, NE Spain) has been the focus of such nature-based solutions
with the installation of sand fences. Two campsites along this beach have implemented
contrasting integration strategies over time. The Northern campsite has defined its
boundaries and regulated beach access, while the Southern campsite did not. This study
aimed to develop high-resolution (10 cm) digital elevation models to quantify changes
in sediment retention and dune height both pre and post construction of the fences, to
assess differences between the campsites. Results indicated the Northern site had
higher overall values in average height, maximum height and volume of sand dunes
than in the Southern site. Also, a porosity of 50-60 % proved 85 % efficient in this
context. This study contributes objective data that highlights the potential role that
tourist-recreational sites play along coastlines in climate change resilience.
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Introduction

Coastal dunes are dynamic structures formed by wind-transported sediments
accumulating against natural obstacles, primarily plant debris deposited by wave
action on elevated beaches. These obstacles reduce wind transport and encourage
vegetation growth, leading to the formation of initial dunes that eventually develop
into more substantial foredunes. The primary source of these sediments is the
beach, where tidal variations and wave dynamics deposit sand, as detailed by [1]
and [2]. Dunes are continuously shaped by environmental factors such as wind,
water, and human activities. Their formation and characteristics are influenced by
local climate conditions, wind patterns, sand availability, and vegetation presence.
The global distribution of dunes showcases significant variance in size, from
modest hills to expansive areas stretching thousands of kilometers. This diversity
is classified based on material characteristics and formation processes, with types
including transverse, longitudinal, oblique, linear, and star dunes [3]. Coastal
dunes, often smaller than their desert counterparts, are crucial for protecting
shorelines from sea level changes and storm impacts, necessitating thorough
research and science-based management strategies. As dunes grow, they support
more varied plant species, indicating increased dune stabilization. This ecological
succession, along with factors such as sand mobility and erosion tolerance, plays a
pivotal role in shaping dune landscapes, as described by [4] and [2].

Currently, global dune degradation, driven by tourism and urbanization,
underscores the urgency of conservation. In Europe, dune areas have declined by
approximately 70 % in the past century, with Catalonia losing nearly 90 % of its
dunes [5]. Increased conservation efforts have emerged, exemplified by Spain's
legislative measures and the establishment of protected areas. The "European Dune
Conference" in 1987 and the formation of the "European Union for Coastal
Conservation" highlighted the commitment to dune preservation. One of the
recognized methods involves strategic use of sand fences to retain sediment and
disrupt wind-driven transport. These structures, ranging from synthetic plastic
meshes to natural fabric meshes, are crucial for mitigating wind effects on sediment
movement. Their design, particularly porosity and alignment with prevailing
winds, is critical for effectiveness, with a general recommendation of 40+50 %
porosity [14].

El Cortal de la Devesa beach (Gulf of Roses, NE Spain) is a 2-kilometer-long
beach-dune system that has faced significant tourism pressure and has been the
focus of such nature-based solutions. Under a dune restoration project, the
installation of sand fences and rope fences was completed in 2020, along with
various management strategies to stop mechanical cleaning of the upper beach.
This part of the coastline is also entirely encompassed by developed campsites.
Within this area, two campsites have adopted contrasting management approaches
over time. The Northern campsite has clearly defined its boundaries and regulated
beach access. In contrast, the Southern campsite, where management ceased in
2021, has neglected to control beach access, limit mechanical cleaning, and has
also been overrun by invasive plant succession. Using unmanned aerial vehicles
(UAVs), the objective of this study was to create high-resolution (10 cm) digital
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elevation models for quantifying changes in sediment retention and dune height
before (2019) and after (2023) the construction of the fences. This was done to
evaluate variances between the Northern and Southern campsites. By comparing
these distinctly managed areas, the aim is to gain a more comprehensive
understanding of coastal dune dynamics and to contribute to the development of
more effective strategies for their preservation and restoration. A key focus is the
challenge of foredune recovery, emphasizing the critical role of management
practices in camping areas and visitor behavior. This study also provides empirical
evidence, underscoring the significant potential of tourist-recreational sites in
bolstering climate change resilience along coastlines. Implementing management
strategies with nature-based solutions could improve beach-dune profiles, thus
safeguarding coastal users and facilities from the impacts of climate change.

Study Area

The Gulf of Roses is located on the Alt Emporda plain, on the Northern coast
of Costa Brava (Catalonia, Spain). El Cortal de la Devesa beach is located in the
Southern section of the gulf (Figure 1), where sediment transported by the
longitudinal current from the NNE contributes to the formation of the widest beach,
spanning between 50 and 75 m in width. Stretching 2 km in length, e/ Cortal de la
Devesa beach encompasses a total area of 15 hectares.
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Figure 1 — Study Area: e/ Cortal de la Devesa beach (B) is in the Southern sector of the Gulf
of Roses (A), Spain. The precise area under study is indicated with red dots. The 2023 aerial

photograph. Source: Cartographic and Geological Institute of Catalonia (ICGC), and
Spanish Institute of Oceanography (IEO).
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The beach-dune systems in the Gulf of Roses feature transversal dunes, some
with parabolic and barchanoid shapes, and foredunes on the upper beach. South of
the Fluvia river mouth, the coastline's orientation shifts, enabling the tramontana winds
from the north to create one of Spain's most significant mobile dune systems [5].
These dunes, devoid of vegetation and crescent-shaped with horns pointing leeward,
form under strong winds in sediment-rich areas. The prevailing north-northwest
winds push these dunes parallel to the coast, primarily consisting of well-sorted
medium and fine sands. The foredunes here are weak and fragmented, marking the
transition between the beach and wetlands. The southern Gulf of Roses, facing
north, receives sediment from the north via longshore currents, forming smaller
barchans. These dunes undergo cycles of destruction and formation multiple times
a year due to storm conditions and wind patterns. The inner arms of the barchans
play a crucial role in supplying sediment to the foredunes, which are then stabilized
by vegetation, delineating the sandy coastal areas from the marshlands.

Materials and Methods

This study investigated the geomorphological changes of the foredune between
2019 and 2023 following the implementation of recovery-oriented management
measures (Table 1A). The sand traps constructed in 2020 have dimensions of
10+15 min length, with a 5060 % porosity and a height of 85 cm, a width between
10 and 15 m each, and orientated NNW (Figure 2).

showcasing the natural accumulation process over time.

Unmanned aerial vehicles (UAVs) with RGB sensors were used to collect data
before and after the installation of sand fences. High-resolution (10 cm) digital
elevation models (DEM) were generated from the collected data using PIX4Dmatic
software which is based on photogrammetric techniques. For high-resolution
DEMs, 80 % frontal and 70 % lateral image overlap were used, with a flight
altitude of 70 m. Both ground control points and checkpoints were utilized to
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calibrate the DTMs and assess their accuracy. The checkpoints specifically
measured the error in the Z-axis of the DTMs, with the Root Mean Square Error
(RMSE) calculated using the Point Sampling Tool plugin in QGIS. This allows us
to confirm that we are working with digital topographic models with an average
altitude error of 4 cm.

UAV flights occurred in May 2019 and in May 2023, before and after the
implementation of management measures. Analyses focused on sediment
accumulation, including variations in dune height (Average height (AH),
maximum height (maxH), and minimum height (minH)) and volume development
(Vol) (Table 1). These variables were calculated from the delimited foredune
within each grid block using native tools in QGIS 3.34.1 and ArcGIS Pro.

The criterion for defining the studied foredune area varied according to the
beach section and the management measures implemented. Although it always
starts from the appearance of the foredune notch in 2019, the end of the foredune
was delineated based on following criteria. When sand and rope fences were
installed, the foredune was considered from the foredune notch presented in 2019
to the restricted area marked by rope fences installed in 2020; when no rope fences
were implemented, the foredune area was considered between 25 m from the
foredune notch presented in 2019.

The Northern campsite extends 800 m along the beach profile, while the
Southern campsite extends 1200 m, resulting in comparative analyses of values

between the two campsites of 8 grid blocks and 12 grid blocks (100 m length),
respectively.

Statistical analyses included the independent samples t-test to determine
significant differences between the means of the Northern and Southern campsites.
The test was conducted under the hypothesis that the Northern campsites’ sand
accumulation and height was greater than the Southern campsite, expressed as
H. u N > p S, with a confidence level of 95 %. Analyses were conducted using the
jamovi project (2021) (jamovi Version 2.2.2, Computer Software, retrieved from
https://www.jamovi.org).

Results

The delineation of the grid blocks (100 m in length) and foredune shape area
for sand accumulation calculations are shown in Figure 3. The blocks from 1 to 8
are situated adjacent to the Northern campsite, whereas blocks 9 to 20 are located
opposite the Southern campsite. Therefore, these blocks have been respectively
linked to the Northern and Southern campsites for assessing the results of this
analysis. There is a clear relationship between management measures applied in
the Northern section of el Cortal de la Devesa beach and sand accumulation on the
foredune. Sand fences and rope fences have led to an increase in both average
height and volume, predominantly ranging from 1 m to 1.5 m in height and
reaching maximum values exceeding 2 m (blocks 1 to 7 in Figure 3). The volume
of sand ranges from 25 to 40 m? per 25 m?.
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Conversely, volumetric and altimetric increases in the Southern beach zone
have not been as notable due to the absence of management measures of nature-
based solutions such as sand fences and rope fences. Nevertheless, it is noteworthy
that mechanical leveling and cleaning operations have ceased in the Southern
sector, potentially contributing directly to dune system improvement. This factor
may have resulted in height increases ranging from 40 to 60 cm in some blocks,
whereas in others such as blocks 9, 15, and 16, the average height does not exceed
40 cm. The blocks with less sand increase are characterized by numerous pathways
and access points from the campsite to the beach, may have influenced dune

recovery.

--------- Foredune blocks

Mean height gain 0-40cm 40-60cm 60-80cm  80-100cm  100-150 cm  150-215 cm
oo s - - - R - - - - - - - - - - - - - I - -
Volume increase 0-10m® 10-15m3  15-20m3  20-25m3?  25-37.5m3 37554 m3

Figure 3 — Topographic changes at e/ Cortal de la Devesa beach from 2019 to 2023, detailed
by the mean height gain and volume increase in the foredune, using a 5 square meter grid
per cell.

Table 1 indicates averages of the development of sand dunes between the two
campsites both in the years of 2019 and 2023. The Northern campsites dune
profiles indicate lower average height, minimum height and volumes compared
with the Southern campsite in 2019. However, in 2023, average height, maximum
height and volumes increased by 60.1 %, 41 % and 60.15 %, respectively, surpassing
the Southern campsite in overall values. The Southern campsite values showed
modest increases in average height, maximum height and volumes, with 23.4 %,
20.4 % and 23.8 % respectively. In 2023, the Northern campsite’s total volume
accounted for 65.6 % of the total beach volume from sea level of the study area,
while the Southern campsite’s total volume made up the remaining 34.4 %.

Prior to the implementation of the sand fences in 2019, no significant
differences were found between the Northern and Southern campsites in dune
average height, maximum height, minimum height, and volume (Table 2).
However, the Northern campsite dunes increased significantly in 2023 and were
greater than the Southern campsite’s dunes in all variables except for minimum
height, which did not vary significantly between the Northern and Southern
campsites.
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Table 2 — Independent samples t-test to determine significant difference between the means
of the Northern and Southern campsites for average height (AH), maximum height (maxH),
minimum height (minH) and volume (Vol). The test was conducted under the hypothesis
that the Northern campsites’ sand accumulation and height was greater than the Southern
campsite, expressed as: H, p N > p S with significance of p < 0.05 indicated with asterisks.

2019 2023

Variable Statistic df p Variable Statistic df p

AH -12.84 18 1 AH 1.84 18 0.04*

maxH -2.48 18 0098 maxH 3.01 18  0.004*

minH -12.32 18 1 minH 0.05 18 0.48

Vol -6.82 18 1 Vol 3.36 18 0.002%*
Discussion

Before the implementation of nature-based solutions and the installation of the
sand fences, both the Northern and Southern campsite beaches had similar sand
dune morphologies, with the Southern campsites’ average height and minimum
height significantly higher than the Northern campsites’ (data not shown here).
Although the reasons for this fall outside the scope of this study, the installation of
the fences in 2020 appeared to have an influence in the increase in sand accumulation
in both areas, which is evident in the increases in the Southern campsite by 2023.
However, with the management of dune restoration ceasing in the Southern
campsite’s beach area in 2021, the accumulation slowed, with the Northern
campsite’s sand accumulation surpassing the Southern campsite by 2023, accounting
for over 60 % of the total sand volume for the entire study reach. Previous studies
found that the main causes of dune degradation in Spain included, amongst others,
massive tourist development and that once mitigated or controlled, “soft”
techniques such as sand trapping and dune fencing were effective in reducing dune
degradation [6]. The significant changes experienced over a short time span
between the two campsite areas indicate the effectiveness of these implementations
and highlight the importance of managing these areas after installation. Without
regulating beach access and limiting mechanical cleaning, the effectiveness is
somewhat negated, with slower progression in dune recovery and more
susceptibility to other occurrences, such as invasive plant succession [7] and [8].
Given the destructive-formative cycles that occur annually, vegetation stabilization
is crucial in reinforcing the first stage of dune succession created by sand trapping
and is linked to access control and fencing. The rate of sand accumulation over a
4-year period also indicates the potential for recovery, given the right conditions.

Furthermore, the use of UAVs in this study has provided empirical data for
comparison between two distinctly managed areas and has provided insights into
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coastal dune dynamics under strategies that are often difficult to quantify, given
the qualitative nature associated with the implementation and enforcement of such
strategies. Highly accurate coastal monitoring is challenging at best, given the
complexity of coastal landforms [9]. Only by accurately mapping the changes over
time of sand dune dynamics and growth can assessments of management be
accurate and objective. In the same study area, [10] examined the historical
evolution of beach-dune systems over the past five decades and identified a clear
relationship between sustainable management measures or nature-based solutions
and the recovery of the dune system over time. However, they did not employ
empirical methods capable of quantifying dune recovery, relying instead on a more
qualitative approach compared to the quantitative methods utilized in this study.

Interestingly, comparable results were observed at the La Pletera beach,
located in Costa Brava, NE Spain [11]. Notably, the primary height of the foredune
increased from 1.6 m to 2.7 m between 2017 and 2018 following the installation
of sand fences. This mirrors the elevation change observed at the northern part of
El Cortal de la Devesa beach (Table 1), which showed an increase from 0.9 m to
2.1 m, marking the most significant findings in our study. The average increase at
La Pletera beach was comparatively higher (68 %) than the increase observed at
the northern part of E/ Cortal de la Devesa beach (60.1 %). This difference can be
attributed to La Pletera beach's initially lower elevation above sea level and the
limited one-year duration of the current study. This study at la Pletera suggests that
the implementation of management measures is unequivocally the key factor in
dune recovery regarding morphology. In fact, the unmanaged areas of our study,
such as the Southern campsite, have not achieved comparable figures to those
attained at la Pletera beach or the northern sector of el Cortal de la Devesa beach,
failing to even reach a 25% increase in average height, rising from 1.5 mto 2 m in
average elevation.

Most field and wind tunnel studies suggest that sand-trapping fences with
porosities around 40 % to 50 % are most effective in capturing sand drift [12].
Fences that are too dense can alter wind direction, whereas overly porous ones have
a limited impact on airflow, resulting in minimal sand deposition. In contrast to
established recommendations, studies along the Costa Brava employed fences with
porosities ranging from 50 % to 60 %, yielding positive outcomes. Similarly,
research conducted in Taiwan [13] achieved favorable results with a porosity of
66%, challenging prevailing guidelines found in reviews and manuals. Given the
unique dynamics and complexities of each beach environment, it is prudent to
conduct rigorous tests and trials specific to the site before installing sand fences.
This assessment should include a thorough examination of factors such as porosity,
height, and fence density to optimize the effectiveness of the restoration strategy.

Conclusion

As tourism-driven dune degradation increases, so too does the need for
integrated conservation strategies by combining nature-based solutions with
management strategies, to restore and protect these important ecosystems. The use
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of UAVs in this study has quantified changes in sediment retention and dune height
of the foredune area of both campsite areas between 2019 and 2023 and has
provided a unique comparison of inherently similar morphologies and climatic
conditions, but with different management strategies. Despite the initial increase
in sand accumulation in the foredunes of both areas, the Northern campsite
surpassed the Southern campsite by 2023 in volume, maximum height, and average
height. This is attributed to the discontinued management of people access and
mechanical cleaning of the foredune area in 2021 in the Southern campsite. Also,
an 85 % efficacy in trapping sand was noted with a sand fence porosity of 5060 %.
Through empirical evidence, this study has highlighted the potential of tourist-
recreational sites in bolstering climate change resilience along coastlines.
Implementing management strategies with nature-based solutions could improve
beach-dune profiles, thus safeguarding coastal users and facilities from the impacts
of climate change.
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