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Abstract: In this paper, an innovative method consisting of the construction of an artificial dune
reinforced with a composite made by combining sand and seagrass wrack is presented. The
performance of this reinforced dune is compared with sand-only dunes, built at the same time,
through data collected during 17 field campaigns (covering a period of one year) carried out with an
unmanned aerial vehicle (UAV), whose images allow to build digital elevation models (DEMs). The
results show that, on the medium term, while the sand-only dunes lose much of their volume (up to
25% of the refilled sediment), the reinforced dune only reduces its volume by around 1.4%. In
addition, the transverse and longitudinal profiles extracted from the DEMs of the dunes indicate that
sand-only dunes greatly reduce the elevation of their crests, while the profile of the reinforced dune
remains almost unchanged. This suggests that the addition of seagrass wrack can greatly contribute
to increase the resilience of restored dunes and the time between re-fillings, reducing, therefore, beach
protection costs. At the same time, this work illustrates how UAVs can acquire the data needed to
map coastal restoration works in a fast and economical way.

Keywords: dune restoration; seagrass wrack; Ebro delta; coastal erosion; digital elevation model
(DEM); unmanned aerial vehicle (UAV)

1. Introduction

In a context of climate change induced sea level rise, there is a growing perception that the
traditional engineering solutions for coastal protection (groins, seawalls, bulkheads, etc.) are
unsustainable [1,2] because they may require a large amount of resources for construction and
maintenance. Furthermore, traditional solutions can generate negative impacts, such as habitat
degradation or even coastal erosion [3].

These growing concerns about traditional engineering solutions, coupled with the pursuit of
more sustainable alternatives, have sparked significant interest in the adaptation of nature-based
solutions (NBS) to cope with coastal hazards [4,5]. NBS, such as salt marshes, dunes, seagrass
meadows or biogenic reefs have the natural ability to protect shorelines against erosion and flood
risks [6]. These NBS are more cost-effective to maintain in the long-term and more environmentally
friendly [7,8] since they can respond better to sea level rise (SLR) and provide added benefits such as
a wide variety of ecosystem services [9], although their implementation and development are still in
the early stages [10].

Coastal dunes are common morphologies along coastlines [11,12]. They are increasingly
recognized as feasible NBS [13,14] and provide protection against waves and storm surges,
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preventing coastal flooding [15]. They serve as physical support for various species and offer
additional ecosystem services such as tourism and recreation [16]. Nevertheless, they are highly
dynamic and fragile systems [17], very prone to degradation and have been included in different
directives and guidance manuals [18-21] for their protection because they are among the most
threatened habitats [10,22].

Various methods have been used to stabilize coastal dunes, such as reprofiling [23], fencing
[24,25], vegetation planting [26] and fencing with native species revegetation [27]. The aim of these
methods was to construct stabilized dunes to provide greater protection to the beach from waves and
storm surges.

In recent years, increased efforts have been made to build dunes on low-lying beaches to increase
their resilience to erosion and flood risk, as well as sea level rise [2,28,29]. Numerous studies of dune
restoration and regeneration can be found in the literature [30,31], some of them with different
designs to enhance dune protection. Examples of these dune strengthening approaches include the
application of geotextiles [32,33], reinforcing with a rocky core [34,35], building artificial dunes made
with sand, coconut fibres and wooden poles, combined with a seagrass meadow [10], using seagrass
remnants as berms or interference wind barriers [36] or the placement of seagrass wrack at the toe of
a dune [37].

The present study is aligned with the research of [36,37] and proposes an innovative method for
constructing artificial dunes. The method consists of using a composite that combines layers of sand
and seagrass wrack. Such wrack is common in coastal areas where seagrass meadows exist and are
mostly composed of leaves, stems and rhizomes [38]. In sandy beaches with gentle slopes, large
deposits of seagrass debris can be found covering vast areas of the coast [39,40].

Some authors [41-43] pointed out that seagrass wrack plays a protective role on beaches against
winter storms. In addition, wrack and seagrass debris stranded on beaches can influence the foredune
development, trapping sediment transported by wind and supporting the development of a new
foredune [44,45]. Furthermore, seagrass beach debris can provide nutrients [46], positively affecting
further colonization by plants and contributing to the growth of the incipient foredune [47,48].

Despite these benefits, the perception of these plant accumulations by different stakeholders
(beach managers, local administrations and tourists) is often negative; they consider these deposits
removable waste, rather than a natural and valuable component of the coastline [42]. As a
consequence, seagrass debris is harvested for biomass exploitation [39] or is removed to allow beach
exploitation for tourist activities [49]. Removal of seagrass wrack from beaches in winter and spring
could expose beaches to erosion due to storm events, having an impact on beach geomorphology. In
addition, its withdrawal can generate the permanent loss of nutrients, affecting the ecosystem
functioning [41]. Moreover, the removal is usually carried out by mechanical means using heavy
machines, which easily collect the sediment mixed with seagrass wrack and can substantially
unbalance the sediment budget [39].

The aim of this study is to assess the potential of seagrass wrack in enhancing the stability of
restored dunes. A total of 17 UAV surveys were conducted over a restored dune field, with one
section reinforced using the aforementioned composite of sand and seagrass wrack. The study
examines the evolution of these dunes, comparing the performance of conventional sand dunes to
that reinforced. The objective is to determine whether the incorporation of seagrass wrack improves
dune resilience against eroding driving forces.

2. Materials and Methods

2.1. Study Area

The study area is located in the Ebro delta, which is situated in the NW Mediterranean (Figure
1). It has a 50 km-long sandy shoreline developed during the last five centuries by sediment
transported by the Ebro river. Nevertheless, in the last decades, the dramatic reduction of sediment
supply [50] caused by the construction of many dams along its course, resulted in the redistribution
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of the limited sediment reaching the sea. The redistribution of sediment has generated a net longshore
sediment transport directed towards the south in the southern hemidelta and towards the north in
the northern part of the delta [51]. This has led to the formation of two sand spits at the ends of the
delta, with an accretive character, whereas erosion of the shoreline prevails at other stretches. At
present, it is estimated that almost 80% of the Ebro delta shoreline is erosive [52].

LArenal beach

-

La Marquesa
beach —»

Ebro delta

Figure 1. Location of the study area (Ebro delta) in the NW Mediterranean and the Ebro delta with La Marquesa
beach (in yellow), the sand-borrowing areas (in orange) and the location of seagrass wrack (in green) used for

the reinforced dune.

The Ebro Delta is a wave-dominated tidal environment, with mixed tides that are predominantly
semidiurnal and a tidal range of around 25 cm [52]. However, storm surges are an important dynamic
agent in the area, having the same order of magnitude as the astronomical oscillations and, in extreme
events, greatly exceeding them, causing total sea level rises (tide plus storm surge) of about 1 m [51].

In this region, the prevailing winds during the summer are S and SW, although the strongest
come from the E. During winter, the most frequent winds blow from the NW. Considering the whole
year, the prevailing and most intense winds come from the NW. The most frequent wind velocities
are around 4 m/s, while annual maximum speeds exceed 20 m/s and reach up to 30 m/s.

Consequently, incident waves in the Ebro delta come mainly from three directions: ENE, S and
NW [53]. The mean wave height is 97 cm in winter and 63 cm in summer, but this value can be
exceeded by up to 5 times under extreme regimes [54]. The mean storm duration in the Ebro Delta is
20h [54]. The mean wave period is 3.9 s and the peak period is 5 s. Nearly all the mean wave periods
have values between 2 and 8 s. The maximum peak period during storms is about 11 s [53].

The area covered by the field study is La Marquesa beach (Figure 1), which is a 1120 m long
dissipative beach with a variable width between 38 m and 87 m. It is composed of well sorted, fine
sand of deltaic origin with a median diameter of 203 um and a standard deviation of 38 um [55],
featuring a mild slope at the front part of the beach.

Historically, this beach featured dune systems that were aligned nearly perpendicular to the
shoreline, as illustrated in Figure 2. This figure shows how, since the beginning of the last decade, the
size of the dunes has decreased, until they practically disappeared last year. Prior to the restoration
project, the only remaining dune was at the backshore, separating it from the road that runs parallel
to the coastline. This dune was artificially constructed from remnants of the original dunes and
positioned to form a sand cordon parallel to the beach, acting as a partially vegetated foredune to
protect the road from flooding.
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Figure 2. Orthophotos of La Marquesa beach recorded in different years, showing the pre-existing dunes.

In addition to the disappearance of the dunes, La Marquesa beach exhibits an erosive
morphodynamic pattern, with an average annual shoreline retreat of 6.4 m [55].

2.2. Restoration Strategy

Given the erosive nature of La Marquesa beach, the Servicio Provincial de Costas de Tarragona
from the Spanish Ministry of Ecological Transition, in collaboration with the Laboratori d’Enginyeria
Maritima from the Universitat Politecnica de Catalunya, designed an intervention to slow down the
ongoing narrowing of the beach. The goal was to protect the backshore rice fields from flooding
during major storms, while preserving the area’s high ecological value.

The intervention consisted of the relocation of sand in the Ebro delta, moving sediment from
areas where it accumulates to sediment-deficient sectors, such as La Marquesa beach, in an attempt
to make these sensitive areas more resilient to moderate storms. The sand-borrowing areas are shown
in Figure 1.

With the idea of promoting nature-based solutions, the works on the Marquesa beach attempted
to imitate the historical reference area, constructing dune systems similar to those previously
observed there (see Figure 2). The formation of these dune systems is clearly linked to the prevailing
winds in the area, which are NW (as indicated above), and their purpose is to allow the prevailing
winds to distribute the deposited sand in order to raise the beach level and, as a consequence, its
resilience to storms.

Therefore, 62 dunes of about 25 m long, 5 m wide and 2.6 m high were constructed. The distance
between dunes was 10.7 m in average and the total length of the dune system was 689 m. All but one
of the dunes were constructed using sand from the borrowing areas (see Figure 1). The other dune
(named Dune C) was formed by placing alternating layers of 15 cm of sand and seagrass wrack
(Figure 3), collected from L’Arenal beach (see Figure 1). The objective of this dune, once it was
formed, was to evaluate its response, with emphasis on their behavior in relation to sand-only dunes.
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Figure 3. Pictures of the seagrass wrack collected in L’ Arenal beach.

2.3. Data Acquisition and Analysis

In recent years, Unmanned Aerial Vehicles (UAV) have proven to be a very useful tool for
environmental monitoring, as they allow the collection of high-resolution images at a relatively low
cost [56]. As a consequence, their use has increased for both coastal morphology [57-63] and coastal
dune evolution studies [64-67].

Leveraging the advantages of this technology and its relatively low cost, drone images of La
Marquesa beach were captured from November 2023 to November 2024 (Figure 4a). A total of 17
flights were conducted, in which high-resolution elevations across the entire beach were acquired: 9,
22 and 29 November and 18 December in 2023; 16 and 26 January, 8, 12 and 22 February, 15 and 22
March, 3, 12 and 25 April, 4 July, 17 September and 5 November in 2024. The first flight was made
before the dune restoration, the second during the works (when the sand-only dunes had been built
but not Dune C) and the third once the works were completed. Hereafter, flights will be referred to
as campaigns.

a) b) <)
Elevation (m)
51-58
44-51
B 369-4.4
I 299 -3.69
Elevation (m) B 228299
Value I 1.58-2.28
12,9415 N I 08 - 1.58
0.17 - 0.88
& — -2.7286 ¥ A 053-017 ¥
0 0.040.08  0.16 km 0 0.040.08  0.16 km 0 0.040.08  0.16 km
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Figure 4. a: Aerial view of the intervention; b: DEM raster generated in the third campaign; c: DEM TIN

generated in the third campaign. The marked zone corresponds to the area where the study is focused.
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The UAV used in this study was the DJI Mavic 3E, equipped with a camera with a lens 0.2 mm
£2.8, a resolution of 72 pixels per inch, and an image size of 5280 x 3956. The flight altitude above the
ground was 55 m and 3 ground control points were marked in the area, allowing for the correction
of errors. The UAV images were processed using Agisoft Metashape Professional to create a 3D point
cloud, which was used to generate a DEM.

The processed DEM (.asc) files were uploaded into ArcGIS Pro 2.7.0 as raster files (Figure 4b).
The resolution of the raster files (rasters) was maintained from the original (.asc) files, so that the cell
sizes were around 0.06 m x 0.06 m. The rasters were projected with the ETRS 1989 UTM Zone 31N
datum, using a spatial reference local to the coast of the Ebro Delta. Two methodologies were used
to interpret the spatial information contained by the rasters. Firstly, transects were placed on
alternating sets of the restored dunes to assess their profiles. Secondly, a beach analysis was carried
out, examining the changes in sand volume.

The behavior of the restored dunes has been analyzed through cross-shore transects placed at
the dune crests. Transects were defined by establishing a baseline along the road and a shoreline
reference line beyond the full raster limits, in the water. These transects extended from the baseline
to the shoreline, intersecting the center of the dunes, as seen in the orthographic images from the
second and third campaigns. The central, reinforced dune is labelled Dune C. North of Dune C are
Dunes CN, numbered 01 to 15 (e.g., Dune CNO03, with 01 being the closest to Dune C). South of Dune
C are Dunes CS, also numbered 01 to 15 (e.g., Dune CS11). Figure 5 illustrates this arrangement. Data
were collected from dunes numbered 01-05 and 11-15, corresponding to the marked zone in Figure
3. Elevation profiles were plotted against distance from the baseline, and the dune volume per unit
width was calculated as the area under each profile. Changes in dune volume over time were also
plotted.

Figure 5. Cross-shore and longitudinal transects in the study area.

In addition, four longshore transects were delineated and named LA (the closest to the baseline),
LB, LC and LD (the closest to the shoreline). These longitudinal transects begin at 44 m from the
north-end of the beach and end 395 m south, and their location is also displayed in Figure 5.

The area covered by the UAV in each survey was slightly different due to the hydrodynamic
conditions and, consequently, the derived DEMs and raster images. Therefore, to calculate the sand
volumes, a mask of each campaign had to be made. To create the mask, boundary polygons were
constructed for each campaign. The boundary polygons all begin at the southern end of the beach,
follow the edge of the barrier dune, and finally vary at the northern end of the beach and along the
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shoreline. The boundary along the shoreline was drawn along the line where the elevation reached
roughly zero meters. With the masked rasters, triangular irregular networks (TIN) files were built
(Figure 4c), which allowed to calculate beach volumes. In Figure 6, a flow chart of the followed
methodology is presented.
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Figure 6. Flow chart of the followed methodology.

Finally, wind data corresponding to the studied period were retrieved from the Puertos del
Estado buoy (https://www.puertos.es/es-es/oceanografia/Paginas/portus.aspx) located some 40 km
off the Ebro Delta. These data are displayed in Figure 7 showing wind speed and direction vs. time.
In addition, hindcasting wind data (also provided by Puertos del Estado) obtained off La Marquesa
beach covering a long period (1958-2024) were considered to characterize the long-term wind climate
and were also plotted in Figure 7.
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Figure 7. Above: Wind speed and direction versus time, where the values on the horizontal axis indicate the
dates of the campaigns. Below: wind climate including the distribution of velocities and directions for the period
1958-2024.

3. Results

To assess the restoration’s effectiveness, transversal profiles of dunes C, CN01 to CN05, CN11
to CN15, CS01 to CS05, and CS11 to CS15 were plotted for each campaign. Graphs for all these profiles
are provided in the Supplementary Material (Figure SM1). However, due to the large volume of data,
the similarity in behaviour of nearby dunes, and the minimal differences between some campaigns,
we have presented only 9 dunes (Figure 8) out of the 21 studied. These 9 dunes are shown for 6
selected campaigns—namely the first, third, seventh, tenth, fourteenth and seventeenth (the final
one) —chosen for their significant profile evolution.

). Distributed under a Creative Commons CC BY license.
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Figure 8. Evolution of cross-sectional profiles over time.

The results show an increase in dune elevations between the first and the third campaign as a
consequence of the intervention. Subsequently, there is a significant reduction in the elevations of all
dunes except for Dune C, where the variations are very small. The rate of reduction of dune elevations
is very fast initially and then slows down over time, so that one year after the restoration most of the
dunes retain part of the sand. Again, the different behaviour of Dune C should be noted, as variations
in the transverse profile are very limited. In this dune, the differences in elevation between the last
campaign and the third one involve reductions varying between 5 and 12 cm, although in some points
they reach 25 cm. Nevertheless, the profile of this dune also shows several bulges in the last campaign
which, as will be seen later, are due to the appearance of vegetation. On the other hand, at the toe of
Dune C, the differences in elevations between campaigns 17th and 3rd are positive, reaching up to
25 c¢m, indicating that the sand lost at the top of the dune is mostly deposited at the toe. Finally, in
the area closest to the shoreline, the elevations in the last campaign are again lower than in the third,
with values of up to 22 cm. This is because this part of the profile is exposed to wave action and rising
sea levels, which tend to erode the beach.

In contrast, the other dunes experience a relatively rapid loss of sand from the 3rd to the 7th
campaign (a little more than two months after the intervention). Thereafter, the rate of dune erosion
slows down and the differences in elevation between the 7th and 17th campaigns are much smaller.
These dunes show total reductions (between 3rd and 17th campaigns) in profile elevation between
40 cm and 1 m.

Further interesting information can be extracted by analysing the evolution of the longitudinal
transects. This evolution is presented in Figure SM2 for the 17 campaigns and in Figure 9 for the same
6 campaigns selected in Figure 8, in order to reduce the number of lines and to better observe the
changes.
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Figure 9. Evolution of longitudinal elevation profiles over time.

In the LA transect, the one farthest from the shoreline, there are significant differences between
the northern part of the surveyed area (left side of the figure) and the southern part (right side). This
is because the transect, in the southern part, intersects the existing dune, as shown in Figure 5. For
this reason, this part of the transect hardly registers any changes, as it is an artificially stabilised area.
In contrast, the dunes located north of Dune C follow a similar pattern to the transverse profiles, with
rapid and large changes between the 3rd and 7th campaigns, with reductions of the dune crest
elevation varying between 50 and 80 cm. After this campaign, the reduction in dune crest elevation
is slower but progressive, of the order of 20 to 25 cm more until the 14th campaign. After this, there
is a slight increase in the elevation of the dunes (a few centimetres) until the last campaign. On the
contrary, the level of Dune C remained practically unchanged since the 3rd campaign.

In transect LB, which is located near the centre of the dune, the evolution of all the dunes is very
similar, following the above-mentioned pattern of a large reduction in dune crest levels between the
3rd and 7th campaigns (varying between 42 and 83 cm), followed by a slower decrease, varying
between 20 and 40 cm betwixt the 7th and 14th campaigns. From this point onwards, the elevation of
the dunes varies very little, with very similar values or even slight elevations in magnitude, especially
towards the south of the dune C. It should be noted that some of the sediments eroded from the dune
crests end up in the areas between the dunes, filling them and, consequently, increasing the beach
level in these areas between 20 and 50 cm. Again, Dune C behaves differently from the rest of the
dunes, with much smaller changes and a reduction in elevation between the 3rd and 14th campaigns
of only few cm, followed by an increase, above the level of regeneration, in the last campaign.

In the LC transect, located (in the offshore direction) at a similar distance from LB to that between
LB and LA, and close to the end of the dune, the evolution over time is similar to that described for
LB, with decreases in its level, ranging between 60 and 100 cm (from 3rd to 17th campaign). The
elevation of the interdune spaces from the 3rd to the 17th campaign varies between 22 and 45 cm. In
this case, the level reduction between the 3rd and 17th campaigns in Dune C is 13 cm.

Finally, in the LD transect, the one closest to the shoreline, the changes are smaller because this
transect does not intercept any dune. It can be observed that between the 3rd and 7th campaigns the
beach levels decrease, particularly in the northernmost part (values between 25 and 56 cm), while in
the Dune C and southern half, the level reduction ranges between 5 and 30 cm. However,
subsequently, sand from the dunes begins to accumulate and the level increases. Nevertheless, the
elevations along this transect do not follow a clear pattern since there are areas, in particular at both
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ends of the stretch analyzed, where slight erosion was detected after the last campaign. In contrast,
in the center of the transect, there is small accretion.

The volume variation of the different dunes over time has been used to study the spatial
response of the dune field. This value is calculated as the area under the transverse profile obtained
in each transect for each campaign with respect to the baseline, corresponding to the volume per unit
width. In Figure 10, the changes in total volume per unit width of each dune compared to the first
campaign are shown. In all dunes an increase in volume can be observed between the first and the
second campaign as a result of the intervention. The exception is Dune C, which was mostly built
between the second and third campaigns. It is in this time interval that this dune registers the greatest
changes, increasing its volume by almost 17 m?m. In the other dunes, very small variations occurred
between the 2nd and 3rd campaigns, with increases or decreases in the order of 1 m?m, about 1% of
the volume per unit width of the dunes after the intervention.

Variation in total volume per unit width (m3/m) throughout the campaigns
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Figure 10. Changes in profile volume per unit width over time.

If the evolution over time is considered, it can be observed that the dunes located to the north of
Dune C tend to lose volume with time, in particular between the 2nd and the 6th campaigns. This
volume reduction ranges in this period from 9.8 m3/m (CN02) to 23.8 m3/m (CN15), which represent
losses between 10.2% and 22.2% of the initial volume of the dunes. Thereafter, volumes remain
relatively stable, with moderate increases or decreases. Note that the CN15 dune, in Figure 10, after
the 3rd campaign, shows lower volumes than those existing before the restoration. This is due to the
fact that the place occupied by this dune, before the intervention, was used to collect sand, as shown
in Figure SM1 (see dashed line), where the initial accumulation of sand can be clearly observed.

It is worth noting that the more northeastwardly located the dunes are, the greater the reduction
in volume they experience. In this way, dunes CN12 to CN15, from campaign 2 to 17, have volume
losses between 22.2 and 27.1 m3/m (between 20.7% and 25.2%). On the contrary, dunes CNO1 to CNO5,
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in the same time interval, show losses between 10.5 and 15.7 m3/m (10.8% to 15.8%) of the volume of
sand placed during the intervention.

In contrast, the behavior of Dune C is quite different. It can be seen that the differences in volume
undergo very small changes over time, indicating that the dune’s volume remains almost constant.
This is consistent with the evolution of the profile of this dune, as shown in Figure 8. Only in
campaigns 6 and 7 a slight loss of sediment is observed (with a maximum of 8.6 m3/m, 8.8% of the
volume of the restored dune). However, part of the lost volume is subsequently recovered, and the
difference in volume between the 17th and 3rd campaigns is only 1.4 m3/m, which represents a loss
of 1.4% of the volume of the restored dune.

With respect to the dunes located south of Dune C, a similar pattern can be observed, with
significant reductions in volume between the 2nd and 6th campaigns and a slight increase in volume
until the 8th campaign, before remaining relatively constant with some oscillations until the end of
the period studied. The differences in dune volume between the 2nd and 17th campaigns range from
12.6% to 16% of the volume of the restored dunes, with the exception of Dune CS03, which only loses
9.6% of its volume in this time span.

4. Discussion

Coastal dunes have demonstrated a positive impact as nature-based solutions (NBS) in various
regions, such as California, USA [14]. Many researchers highlight their general resilience [13], which
allows them to recover after periods of degradation or disturbance, whether caused by natural
processes or human activities. As a result, numerous studies focus on dune restoration and
regeneration [30,31]. However, some authors argue that instead of attempting to restore dunes to
their historical conditions, innovative approaches that enhance the provision of desired ecosystem
services should be prioritized [68].

This work is based on the restoration of a dune system similar to the pre-existing ones at La
Marquesa beach (NW Mediterranean), trying to mimic the historical situation of the area. However,
the main difference is that between all the sand dunes, a ‘reinforced’” one (Dune C) was built using a
composite made with sand and seagrass wrack, trying to improve its resilience. This type of
restoration is in line with what has been stated by [69], who suggested that investing in ecosystem
restoration should secure a net gain in the functioning of the native ecosystem.

Measurements recorded during the first campaign (see dashed line in Figure 9 and SM1) indicate
that, prior to the restoration, there was only an artificial foredune next to the road, built to protect it
and also to protect the adjacent rice fields from flooding. The intervention was carried out between
the first and third campaigns, as indicated in Section 2.2, so that in this third campaign the dunes
were at, or very close to, their highest elevation. From this moment onwards, the dunes began to lose
sand (see Figure SM1) as, between the 1st and 6th campaigns, they were subjected to several episodes
of intense NW and W winds, with speeds of over 10 m/s and even 15 m/s (see Figure 7). Thus, after
the 7th campaign, two and a half months after the 3rd campaign, a very significant reduction in the
elevation of the dune crests is noted, which at some points may be about half of the regrowth achieved
by the intervention. All dunes show this pattern except Dune C, where hardly any variations in the
dune profile occurred during this time interval. From that point onwards, changes in both, dune
profile and volume, occurred more gradually, with most dunes showing a slight decrease in crest
elevation and total volume, until the 14th campaign. However, in the summer period (between the
14th and 16th campaigns), although most of the dunes maintain a constant volume, some show a
certain increase (see Figure 10). In this period, milder winds (<8 m/s) are observed, with a greater
percentage coming from the E-S sector. Dune C, however, stood out as an exception, with its
transverse profile exhibiting only minor changes and its total volume remaining nearly constant
throughout the study period.

The analysis of the evolution of the longitudinal profiles (Figure 9) corroborates the
aforementioned, i.e., a rapid erosion of the dune crests between the 3rd and the 7th campaigns (2.5
months) and, subsequently, a slower loss of elevation of the crests. Once again, the singular behavior
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of Dune C stands out, as it can be observed that it practically maintains its elevation throughout the
entire period studied.

It should be noted that the sand lost in the upper part of the dunes is deposited either at the toe
of the dunes (see Figure 8) or in the interdune space (see Figure 9). This can be seen in Figures 11a
and 11b, which compare the difference in elevation across the study area between the last campaign
(the 17th) and the 1st campaign (before the intervention) and between the last campaign (the 17th)
and the 3rd campaign (just after dune construction). This is in line with what was proposed by [70],
who indicate that to assess the evolution of dune systems their morphological changes must be
analysed.
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Figure 11. a) Variation of elevation in the last campaign compared to the first campaign (before the intervention).

b) Variation of elevation in the last campaign compared to the third campaign (after the intervention).

Figure 11b shows several zones with different morphodynamical behavior. The first, located
next to the shoreline, shows slight erosion, although in the northernmost part this erosion is more
significant. The second is behind the dunes, where a slight accretion can be observed. The third
corresponds to the interdune areas, where level rises in the order of 0.5 m or even higher are recorded.
These rises extend to the toe of the dunes, but only in the northern half (between dunes CS01 and
CN15), while in the southern part this sand deposit at the toe of the dunes is not observed. Finally,
the last area is the dune field itself, where all the dunes (except one) show a loss of level in the order
of 0.5 m. The exception is Dune C, which, one year after the intervention, still shows elevations similar
to those immediately after the intervention. This is further evidence of the greater persistence and
resilience shown by the dune reinforced with seagrass wrack compared to sand-only dunes.
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Figure 11a displays the effect of the restoration, showing that the average elevation of the beach
remains up to 0.5 m higher than the initial elevation, one year after the intervention, even though
most of the dunes have eroded significantly. This suggests that the construction of the dunes
generated an artificial gradient of beach levels, probably too high for the existing conditions in the
area, because there are no natural external sources of beach nourishment. This led to the
redistribution of the sand along the entire length of the beach, except for the northernmost area which
is very exposed, raising the height of the beach and increasing its level of protection against erosion
and flooding. This is consistent with the findings of other authors, who suggested that the width of
the beach controls the wave energy reaching the dune and may limit such wave energy, increasing
beach protection [29,71], together with the total beach volume of the emerged beach [72,73]. Besides
the northern part of the study area, the strip closest to the shoreline shows a slight loss of level,
probably due to wave action, which generates the erosive tendency of the beach, similar to that
observed before the intervention.

It is worth noting the different behavior of the dune reinforced with seagrass wrack. As can be
seen in the aerial photos of Figure 12, Dune C maintains a higher elevation than the surrounding
dunes during the three study periods: five months, more than seven months and almost one year
after the intervention. This, besides indicating a greater resistance of the seagrass wrack reinforced
dune, has other implications for coastal management, because higher dunes better maintain their role
in protecting the coast from erosion and flooding. Considering that restorations are not one-time
events, but they require periodic attention and adaptive management to increase the chances of
successful projects [74], dunes reinforced with seagrass wrack can increase the time between re-
fillings and, therefore, significantly reduce the beach protection costs.

037575

Figure 12. a): Aerial photo of Dune C in the 14th campaign (2024-04-25); b): Aerial photo 2.3 months later (2024-
07-04). c) Aerial photo in the last campaign (2024-11-05).

Likewise, the appearance of vegetation on Dune C is noteworthy. Five months after the
restoration, the germination of incipient vegetation can be seen (Figure 12a). However, 2.3 months
later, the vegetation has developed considerably and there are several bushes scattered along the
dune (Figure 12b). Finally, 11.5 months after dune restoration, the vegetation is fully developed in
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the reinforced dune (Figure 12c). This vegetation has grown spontaneously, without any
anthropogenic contribution. As pointed out by several authors, seagrass beach debris can provide
nutrients contributing to further colonization by plants [46-48] and, therefore, to dune stabilization
[26,75]. In addition, beach plants contribute to increase sand elevation, creating increased contour
heights [76].

Therefore, besides increasing the resilience of dunes and reducing the costs of re-filling, as
indicated above, the addition of seagrass wrack has other positive implications, such as providing a
valuable use for such debris, contributing to resource optimization and providing a more sustainable
management of this waste.

Finally, this study also illustrates that the use of UAVs for mapping is a low-cost and fast
alternative to traditional time-consuming surveying campaigns, as shown by [67,70,77-79]. They
provide high-resolution aerial imagery, allowing the monitoring of the evolution of coastal areas and,
in particular, coastal dunes.

5. Conclusions

This study examines the evolution of a restored dune field, comparing the performance of
conventional sand dunes with that of another dune reinforced with a sand-seagrass wrack mixture
(Dune C). The objective is to determine whether the incorporation of seagrass wrack improves dune
resilience against driving forces.

To analyse the performance of this ‘reinforced” dune with respect to the sand-only dunes, 17
UAV flights (campaigns) were carried out for a period one year, between 9 November 2023 and 5
November 2024. These flights made it possible to construct DEMs of the restored area and thus to
study the evolution of the various dunes over this time span.

The results show that, over the period studied, while the sand-only dune crests erode
significantly, Dune C remains virtually unchanged. Thus, while conventional dunes lose at some
points up to half the level reached during restoration (erosion of up to 1 m), in Dune C, the loss of
level is 5 to 12 cm, although at some points it can reach 25 cm. In addition, the volumes per unit width
measured at the dune crests show reductions between 22% and 27% in the northernmost dunes. In
the other conventional dunes, the reduction is between 10% and 16%, while in Dune C it is limited to
1.4%.

Sand eroded from the dune crests is deposited in the interdune space and at the toe of the dunes,
generating level rises between 20 and 50 cm. This shows that the sand used during the restoration is
redistributed along the entire length of the beach, raising the height of the beach and increasing its
level of protection against erosion and flooding. Only the strip closest to the shoreline shows a slight
loss of level, probably due to storm surge and waves, which generate an erosive beach trend, similar
to that observed before the intervention.

In addition, about one year after the restoration, Dune C maintains a higher elevation than the
surrounding dunes and has also developed vegetation, that has grown spontaneously, without any
anthropogenic involvement. This vegetation contributes to dune stabilization.

Therefore, we can conclude that the addition of seagrass wrack significantly increases the dune
resilience and, consequently, its role in protecting the coast from erosion and flooding. This favours
coastal management in two ways: increasing the time between re-fillings, which reduces beach
protection costs, and contributing to seagrass debris management.
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