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Beach wracks are temporary accumulations of vegetal detritus that can be found along
coastlines all over the world. Although beach wracks are often perceived as a nuisance for
beach users, they play a crucial ecological role in carbon and nutrient connectivity across
ecosystem boundaries, especially when they reach a relevant size, as in the case of the
wedge-shaped seagrass accumulations called banquette. In this study, three-
dimensional mapping of a giant Posidonia oceanica banquette was carried out for the
first time using high-resolution UAV photogrammetry combined with field sampling and
compositional and chemical analysis. The combined approach allowed a reliable
estimation of the amount and spatial distribution of both vegetal biomass and
sedimentary mass, as well as of total carbon, nitrogen and phosphorus content,
revealing that i) banquette act as a sediment trap and represent hot spots of seagrass
biomass and carbon accumulation; ii) banquette thickness, rather than the distance from
the sea, influences the spatial distribution of all variables. Moreover, high-resolution digital
elevation models (DEM) revealed discontinuous patterns in detritus accumulation resulting
in an unknown banquette type here termed “Multiple Mega-Ridge banquette” (MMR
banquette). On the one hand, this study highlighted the high potential of the UAV
approach in very accurately 3D mapping and monitoring of these structures, with
relevant implications for ecosystem service estimation and coastal zone management.
On the other hand, it opened new questions about the role played by temporary beach
wracks and, in particular, by P. oceanica banquette in the blue carbon exchange across
land-ocean boundaries.
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1 INTRODUCTION

Beach wracks are temporary accumulations of detached
seagrasses and, to a lesser extent, macroalgae drifting along the
shorelines, and they represent a significant fraction of primary
production exported through waves and currents from blue
carbon ecosystems (Duarte, 2017). They play a critical role in
protecting the shoreline from coastal erosion (De Falco et al.,
2008; Boudouresque et al., 2016). Being a temporary sink of
biogenic carbon and nutrients (Mateo et al., 2003; Jiménez et al.,
2017), beach wracks provide an important energy subsidy to
adjoining coastal systems and dunes (Del Vecchio et al., 2013;
Del Vecchio et al., 2017), supporting beach biodiversity and
trophic webs (Lastra et al., 2008; Colombini et al., 2009; Beltran
et al., 2020). However, in general, beach users consider these
detrital accumulations a nuisance, prompting local
administrators and beach managers to find sustainable
solutions for their management (Mossbauer et al., 2012; Rotini
et al., 2020). Because of the important implications for the
connectivity between marine and terrestrial habitats, as well as
coastal zone management, monitoring of beach wracks is a
priority nowadays. To our knowledge, the first attempt in this
direction was made along the Kenyan coast using a visual
assessment technique, which required very time-consuming
and demanding fieldwork (Ochieng and Erftemeijer, 1999) and
produced highly uncertain outcomes, since beach wrack shapes
are not comparable with standard geometric figures. At a later
date, a video-monitoring and photo-shooting approach, using
fixed cameras deployed on coastal beaches, was applied to
seagrass wrack depositions along the German Baltic, Danish,
Spanish and Italian coastlines (Mossbauer et al., 2012; Gómez-
Pujol et al., 2013; Simeone et al., 2013; Pan et al., 2022). While
this approach is certainly less expensive and time-consuming
than a visual assessment, there are evident technical limitations,
mainly related to the fixed position of the cameras.

In the last two decades, a new approach based on Unmanned
Aerial Vehicles (UAVs) has been increasingly used for surveying
and mapping terrestrial and coastal ecosystems. This approach
bridges the gap between field assessment and traditional remote
sensing while overcoming the logistic and economic constraints
of both approaches (Anderson and Gaston, 2013). Briefly, the
main advantages of UAVs stem from their low cost, small size,
and lightweight, together with a high automation level and
photographic accuracy (Remondino et al., 2011; Anderson and
Gaston, 2013). UAVs fly at low altitudes even over remote
and inaccessible areas (Castellanos-Galindo et al., 2019),
providing rapid, cost-effective, and high-resolution topographic
mapping and 3D-reconstructions (Remondino et al., 2011).
These aspects make UAVs incredibly versatile and suitable for
addressing many aspects of coastal zone monitoring and
management, as recently reviewed by Adade et al. (2021). In
more detail, the most frequent environmental UAV applications
today are mapping and classification of sensitive ecosystems (e.g.,
Casella et al., 2017; Murfitt et al., 2017; Castellanos-Galindo et al.,
2019; Tomasello et al., 2020), marine fauna (Schofield et al.,
2019) and marine litter (Deidun et al., 2018), and monitoring of
beach morpho-dynamics (Apostolopoulos and Nikolakopoulos,
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2021 and references therein; Randazzo et al., 2021). UAVs were
also used to map seagrass beach wracks by applying a two-
dimensional mapping approach (Ventura et al., 2018; Pan et al.,
2021), whereas, to our knowledge, three-dimensional mapping
has never been carried out, although it is a necessary condition
for obtaining good estimates of the volume and biomass of beach
wracks, especially very large-sized ones.

Posidonia oceanica (L.) Delile, 1813 is an endemic seagrass of
the Mediterranean Sea, where it plays key ecological roles and
provides multiple ecosystem services (Vizzini, 2009; Campagne
et al., 2014; Ondiviela et al., 2014). A large volume of seagrass
biomass is seasonally detached from living plants by autumn and
winter storms and reaches the coast where it may accumulate
forming accumulations that vary from ephemeral and scattered
small piles to much more compact structures up to several
metres high (Gómez-Pujol et al., 2013; Boudouresque et al.,
2016) that are known as banquette (Boudouresque and
Meinesz, 1982; de Grissac, 1984). Due to a combination of
hydrodynamic and geomorphological factors, sheltered beaches
are particularly affected by the accumulation of seagrass litter
occurring mainly from autumn to spring and characterised by
marked spatial and temporal dynamics (Mateo, 2010; Simeone
and De Falco, 2012; Simeone et al., 2013).

In light of the crucial ecological role played by seagrass beach
wracks, as described above, and, in particular, of their function as a
temporary sink/source of biogenic carbon and nutrients, we
propose an innovative combined framework for estimating their
size, along with biomass and nutrient bulk. More specifically, we
show how the integration of high-resolution UAV
photogrammetry with field sampling and laboratory analyses
allows the estimation, with a high degree of accuracy, of the
vegetal biomass, nutrient (carbon, nitrogen, and phosphorus) and
sediment content of even very large seagrass beach wracks, such as,
in this study, the largest P. oceanica banquette ever described.
2 MATERIALS AND METHODS

2.1 Study Area
The study was conducted at Faro beach within the area of Capo
Feto, on the westernmost coast of Sicily, located between the
towns of Mazara del Vallo and Marsala (Figure 1). Faro beach is
a north-south oriented beach, about 600 m long, exposed to the
west sectors where seagrass litter accumulates along the shore
forming a wide banquette (Figure 2A). The back dune hosts an
ecologically important wide salt marsh protected by several
European Community regulations (Pernice et al., 2004) while
offshore, the marine coastal area hosts a large Posidonia oceanica
meadow growing onmatte (Di Carlo et al., 2005), which is one of
the largest P. oceanicameadows in the Mediterranean Sea (Calvo
et al., 2010). P. oceanica also forms shallow barrier reefs that run
parallel to the coastline and trap seagrass detritus (leaves,
rhizomes and roots) that is then pushed toward the beach by
strong winds and waves (Maccarrone, 2010).

Dominant westerly winter winds generate high-energy waves
over the shallow seagrass meadows of Capo Feto (Di Carlo et al.,
June 2022 | Volume 9 | Article 903138
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FIGURE 1 | Location of the study area in the western sector of Sicily Island and Faro beach within the Capo Feto area. The green area shows the distribution of
Posidonia oceanica, green the white arrow indicates the prevalent direction of the littoral drift.
FIGURE 2 | (A) Aerial photograph of the banquette along the coast of Faro beach in the Capo Feto area. (B) Ground control point (GCP) measurement by GNSS
receiver. (C) Detail of a banquette Mega-ridge.
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2005). To describe in more detail the hydrodynamic regime in
the study area, we used a hindcasting model provided by the
NOAA (National Oceanic and Atmospheric Administration)
(Chawla et al., 2013) and the new Climate Forecast System
Reanalysis Reforecast (CFSRR) (https://polar.ncep.noaa.gov/
waves/hindcasts/) of the National Center for Environmental
Prediction (NCEP). The graph polar of wave climate
(Supplementary Figure 1A) shows that the main storms come
from the western sectors, while small storms come from the
South-eastern (SE) slopes with frequencies lower than 8%.
Indeed, a dominant wave climate comes predominantly from
the WNW (between 280° and 300°) with maximum fetch
available (Supplementary Figure 1B), open to the West (270°).
This attack direction shows a general WNW - SES wave
development and causes a general south-eastward littoral drift
(Randazzo and Lanza, 2020).

2.2 Image Data Acquisition and
Processing
2.2.1 Image Data Acquisition
An inspection of sequences of historical images fromGoogle Earth
enabled evaluation of the very high variability of the extent of
seagrass litter accumulations in the area, which can range from 0
to about 100 m in width from the shoreline towards the sea. In
particular, we surveyed the area both when the banquette was
totally absent (here defined as pre-banquette) to collect data about
Frontiers in Marine Science | www.frontiersin.org 4
the morphological structure of the beach, and when a large
banquette was present (post-banquette) to calculate its
magnitude. In this paper, we present data collected on 21
February 2019 and 05 December 2019, which represent the
absence and presence of banquette, respectively (Figures 3A, B).
To reconstruct the morphological features of the beach and the
coastline before the deposition of the banquette, the first survey
was conducted in three different sub-areas (Figure 3A), using a
DJI Mavic 1 equipped with a camera with a frame 1/2.3 CMOS
sized 12.35 Mpx sensor. The focal length was 26 mm (35 mm
format equivalent) and the flight distance from the ground was
30 m, resulting in a ground sampling distance spanning from 1
cm/pixel.

We acquired 294 photos from three flights on 21 February
2019 (Figure 3A), between 11:51 and 13:36 CET and we
proces sed the images o f the UAV surveys us ing
photogrammetry Pix4D mapper software (see below for the
processing of collected data). The area of the reconstructed
surface is 22,000 m2, resulting in an average point density with
equidistance of about 2 cm. For this first survey, no Global
Navigation Satellite Systems (GNSS) Ground Control points
(GCPs) were detected; however, the survey was corrected for
the second survey (05 December 2019) using 40 homologous
geo-referenced points.

To reconstruct the morphological structures of the banquette,
on 05 December 2019 the second extensive survey was
FIGURE 3 | Photogrammetric surveys of Capo Feto headland. (A) Orthomosaic map before (21 February 2019) the deposition of the banquette and location of
image shooting points and isobaths reconstructed from the measurements made using a metric rod and photogrammetric survey in very shallow water; (B)
Orthomosaic map after (05 December 2019) the deposition the banquette, location of Ground Control Points and level staff measurements.
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conducted using a DJI Mavic 2 Pro equipped with a Hasselblad
Camera with 1 “full-frame 20 Mpx CMOS sensor. Focal length
was 10.26 mm (corresponding to 28 mm/35 mm equivalent focal
lengths) and flight distances from the ground ranged between
45 m and 46 m, resulting in a ground sampling distance spanning
from 1 cm/pixel. We acquired 900 photos from three flights on
05 December 2019 between 11:51 and 13:36 CET (Figure 3B),
using Pix4D Capture software. In this case, Pix4D Mapper
generated a point cloud composed of 37.5 × 106 vertices
(Figure 3B). The area of the reconstructed surface was 113,500
m2, resulting in an average point density with equidistance of
about 3 cm. For these UAV flights, a topographic survey was
carried out using a GNSS receiver. We measured 46 GCPs
(Figure 2B) evenly distributed along the coast both on the
banquette and on the road (Figure 3B) using a GNSS
HiPerHR Topcon receiver in Real Time Kinematics (RTK
afterwards) with sub-centimetric accuracy, which was used for
model geo referencing. We used the Sicilian GNSS TOPCON
network (GPS and GLONASS) for RTK corrections with a single
base located 20 km away from the survey area. Furthermore, to
check the depth of the banquette below the water in the
outermost part of the accumulat ion, we made 13
measurements with a level staff and GNSS receiver (yellow
points in Figures 2C and 3B). These measurements were
subsequently used to determine the maximum depth of the
banquette in shallow water and the base area to be used for the
estimation of volumes also below the coastline.

The alignment of the frames and their georeferencing were
conducted using Pix4D mapper software, by inputting the
measured coordinates of the GCPs identified along the coast.
The main processing steps included: a) loading of survey frames;
b) automatic key point generation at maximum frame resolution;
c) import and manual assignment of GCPs (RTK) to the targets
located on the ground including the banquette; d) point cloud
generation considering half the frame resolution; e) generation of
the Orthomosaic; f) Digital Elevation Model (DEM)
reconstruction from the point cloud at 3 cm resolution (Rende
et al., 2020).

Finally, the two datasets (pre- and post-banquette deposition)
were compared in Global Mapper software using the LIDAR
module to verify the accuracy of the elevations estimated at
10 cm. Since there was no banquette during the first survey, the
difference between the two surfaces (pre- and post-banquette
deposition) made it possible to estimate the total banquette
volume. The analysis and interpretation of the digital
cartographic data were carried out using DEMs and
orthophotos at a resolution of 3 cm and 1 cm, respectively.
The high-resolution gravimetric geoid of Italy ITG2009 ISG -
International Service for the Geoid, was used for the
transformation from ellipsoidal to orthometric elevation
(https://www.isgeoid.polimi.it/Geoid/Europe/Italy).

2.2.2 Machine Learning and Image Classification
Object Base Image Analysis (OBIA) was used to discriminate the
banquette from the surrounding environment. In particular,
OBIA algorithms were combined with machine learning, using
eCognition Developer software. The data input consisted of the
Frontiers in Marine Science | www.frontiersin.org 5
orthomosaic obtained from the UAVs –integrated with RGB
bands and a GSD (Ground Sample Distance) resolution of
1.5 cm. The EUNIS Habitat Classification nomenclature was
used to map the banquette, according to the following four
classes: 1) Facies of banks of dead leaves of Posidonia oceanica
and other phanerogams (EUNIS habitat type code: A2.131); 2)
Floating necromass of dead leaves (Walker et al., 2001); 3) Sand;
4) Water.

The segmentation algorithm chosen for this study is the Multi-
resolution Segmentation which can create objects with as little
internal heterogeneity as possible, representing significant
elements of the territory. After creating the objects, 987 ground
truth samples were used to train different types of classifiers
available in the eCognition Developer software and classify the
entire image. The results of 3 different classification algorithms
were compared: Random Tree (RT), Support Vector Machine
(SVM), and Kappa Nearest Neighbour (KNN). After classification,
the vector of validation points was used to perform an accuracy
assessment, again within eCognition Developer, which generates
an error matrix. User’s and Producer’s accuracy, overall accuracy
and the K index were therefore determined through 155 validation
ground truth samples.
2.3 Sample Collection, Laboratory and
Data Analysis
Sampling of the banquette was carried out in December 2019. To
determine the structural complexity of the banquette and
maximize its variation in terms of thickness and distance from
the shoreline, three random transects were set perpendicularly to
the coastline (Supplementary Figure 2A). At each transect, the
following three stations were identified: inner edge (landward),
middle point and outer edge (seaward) of the banquette. At each
station, three surficial banquette samples were collected using a
20 x 20 cm frame; all material within the frame, to a depth of
20 cm, was collected using hand scissors. As the outer edge was
characterised by variable and greater thickness, a further two
samples were collected at increasing depth from the surface
(depth differed among transects depending on the total height
of the banquette) by digging horizontally from the vertical
surface of the banquette to obtain cubic samples (20 cm sided)
(Supplementary Figure 2A). Each sample was then stored at
-20°C before analysis of i) banquette composition (density of
vegetal and sediment components), ii) total organic carbon
(TOC), total nitrogen (TN) and total phosphorous (TP) density.

At the laboratory, each sample was weighed whole and then
divided into three sub-samples for i) determination of water
content and, hence, dry weight, through oven-drying at 60°C
until constant weight (i.e., 24/48h), ii) compositional analysis,
and iii) chemical analysis (TOC, TN, TP).

For the compositional analysis, the vegetal components (leaves,
detritus, rhizomes, roots and aegagropilae) were separated from
the sediment. The sediment was further separated into sand and
mud through a 63 mm mesh sieve. Each vegetal and sediment
component was individually oven-dried (60°C) to constant weight.
Each component was expressed both as a percentage and density
(kg m-3). Moreover, the density of all components and only vegetal
June 2022 | Volume 9 | Article 903138
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components were summed to obtain respectively the total density
and the biomass. For chemical analysis, subsamples were freeze-
dried (ALPHA 1–4 LD plus, Martin Christ) and then ground to a
fine powder (micromill Retsch MM20). TOC (on previously
acidified samples through HCl 2N to remove carbonates) and
TN were determined through an elemental analyser (Thermo
Flash EA 1112). TP was analysed using inductively coupled
plasma–optical emission spectroscopy (ICP-OES; Optima 8000,
PerkinElmer) after sample mineralization. TOC, TN and TP were
also expressed as density (kg m-3).

Principal Component Analysis (PCA) was run based on the
normalised total density, biomass, sand and mud density, as well
as averaged TOC, TN and TP density to assess the differences
between samples collected at different distances from the sea
(inner edge, middle zone, outer edge) and depth from the
banquette surface ranked according to four classes (0-20, 60-
80, 100-120 and >160 cm) in order to take into account the
different depth at which the samples were taken along the outer
edge. In addition, after having identified, from the PCA,
banquette depth as the main driver of the dataset variability,
the relationship between depth and the other variables was
individually tested using regression models. In particular,
Linear Models (LM) were applied when the normality
assumption was retained according to the Shapiro-Wilk test
(Underwood, 1997); otherwise, Generalized Linear Models
(GLM) were applied, since they allow the use of any
distribution belonging to the Natural Exponential family
(Lovison et al., 2011). Depth (cm) was used as the explanatory
variable, whereas total density, biomass, sand, mud, TOC, TN
and TP densities were used as response variables. PCA, and LM
and GLM, were performed using PRIMER 6 v6.1.10 &
PERMANOVA+ b20 (Anderson et al., 2008) and R v. 4.0.2 (R
Core Team, 2018), respectively.

2.4 Mass Calculation
To calculate the total mass of the different components and
nutrients in the banquette, the total volume obtained from the
three-dimensional mapping (see Image Data Acquisition) was
fractionated into N sub-units of columnar shape; the base of
the column measured 20x20 cm, i.e., a surface (S) of 400 cm2 and
the height corresponding to the maximum thickness of the
banquette (Dmax) (Supplementary Figure 2B). For each sub-
Frontiers in Marine Science | www.frontiersin.org 6
unit, the mass was calculated applying the formula m = daV,
where da is the average density and V = S Dmax. In turn, the da of
each sub-unit was estimated, using the coefficients obtained by
LM and GLM (see Sample Collection, Laboratory and Data
Analysis), applying the formula da = (dmin + dmax)/2, where
dmin is the density at the surface corresponding to the intercept of
the models and dmax is the density value estimated at the
maximum thickness of the banquette (i.e. at its base)
(Supplementary Figure 2B). Finally, the total mass of all the
examined components was estimated by summing the mass (m)
of all the sub-units. Since the relationship between sand and
depth was not significant, estimates of its density were obtained
from the difference between total density and biomass and mud.
3 RESULTS

3.1 Thematic Classification
The OBIA classification allowed us to obtain the highest overall
accuracy for the KNN algorithm (92.28%) with a Kappa Index of
Agreement of 0.90 (Table 1). The classification obtained with the
Random Tree (RT) algorithm showed an overall accuracy of
90.31% and a Kappa Index of 0.86, while the SVM algorithm
showed the worst result, 60.81% and 0.49 for overall
accuracy and Kappa Index, respectively (Table 1) .
Consequently, the KNN results were chosen for the banquette
map (Figure 4 and Supplementary Figures 3A, B). According to
KNN classification, the following thematic classes were covered:
Facies of banks of dead leaves of Posidonia oceanica 2.18 ha,
floating necromass of dead leaves 0.95 ha, sand 0.64 ha, and
water surface 1.62 ha.

3.2 Morphological Characterization of the
Banquette
The total area covered by the banquette at the time of the survey
was approximately 3.1 ha, an underestimated value due to its
further extension to the North where no photogrammetric
surveys were carried out. The high-resolution ground and
orthomosaic DEMs obtained from the photogrammetric
restitution process showed an extensive distribution of the
banquette along the coast. In particular, the coastline affected
TABLE 1 | Accuracy of the RT, SVM and KNN classification systems.

RT SVM KNN

Overall accuracy: 90.31% Overall accuracy: 58.00% Overall accuracy: 92.28%

K = 0.86 K = 0.46 K = 0.90

Class User’s
accuracy

Producer’s
accuracy

User’s
accuracy

Producer’s
accuracy

User’s
accuracy

Producer’s
accuracy

Facies of banks of dead leaves of
Posidonia

72.21% 87.08% 35.07% 81.94% 84.72% 78.91%

Floating necromass of dead leaves 87.13% 84.30% 88.00% 60.36% 87.61% 98.92%
Sand 99.18% 93.20% 87.00% 13.57% 97.30% 92.73%
Water 100.00% 95.70% 66.78% 97.81% 100.00% 97.28%
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by the deposition of banquette was 600 m long and ranged from
24 m to 85 m in width (Figure 5A).

The banquette was mainly concentrated in the central part of
the investigated area, which corresponds to the area of maximum
curvature of the coastline (see the profiles in Figure 5B). The
morphology of the banquette was not uniform but characterized
by numerous cusps parallel to the coastline. The DEM showed
the alignment of the cusps in several series, up to 6 cycles
(Figure 5B), indicating more construction phases produced by
the action of storm surges, mostly coming from the western
sectors (Figure 1, Supplementary Figure 1). Near the sub-flat
areas, the morphologies showed relatively low slopes (0.2°-2°)
with a tendency to increase up to 90° near the cusps, generating
sub-vertical fronts probably caused by the erosive action of waves
that gradually push leaves towards the coast and at the same time
erode the base of the existing accumulated mass. The high-
resolution DEM and the map of difference show variable
thicknesses, with a general seaward increase of up to about
3.40 m (Figures 6A–C).
Frontiers in Marine Science | www.frontiersin.org 7
The comparison of the two DEMs (pre and post banquette
deposition) allowed estimation of the overall thickness and
volume of the accumulated mass. The total estimated volume
of the accumulated mass (vegetal and sedimentary) was about
20,009.6 m3, while the thickness varied from a few decimetres to
3.10 m with respect to the hydrographic zero. However, if we
consider the height with respect to the pre-deposition surface,
the thickness increases up to 3.4 m. Overall, the greatest
thickness was detected in the central sector of the deposition
where there is the extension from the coast is the
widest (Figure 6A).

3.3 Compositional and Chemical
Characterization of the Banquette
The banquette was characterised by a clear dominance of leaf
detritus (72.8 ± 12.5%, mean ± s.d.), followed by sand (10.0 ±
8.8%) and seagrass rhizomes (7.4 ± 8.1%), while aegagropilae,
mud and fresh leaves were minor components (2.1 ± 3.8%, 2.0 ±
0.9% and 0.3 ± 0.4% respectively). Total density was 83.9 ±
FIGURE 4 | Object-based Image Analysis (OBIA) classification results by means of Kappa Nearest Neighbour (KNN) filter for the Capo Feto area and thematic
classes.
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27.4 kg m-3, of which 73.0 ± 22.3 kg m-3 were vegetal
components, 9.8 ± 8.6 kg m-3 sand, and 1.7 ± 1.7 kg m-3 mud.
TOC density was on average 19.35 ± 6.56 kg m-3, while much
lower values were found for TN (0.42 ± 0.14 kg m-3) and TP (0.02
± 0.01 kg m-3). The first axis of the PCA ordination explained
74.7% of the variability and revealed a clear separation of the
samples according to depth, while the second axis explained
16.3% of the variability, with the total for the two axes being
90.9%. Samples collected at greater depths clustered in the right
part of the graph and showed the highest values of all variables.
The deepest samples (> 160 cm) were characterised by the
highest sand and mud density (Figure 7).

LM and GLM showed that all the variables considered
significantly increased with increasing banquette depth (p
value < 0.05) except for sand (p value > 0.05) (Table 2). The
relationship between depth and total density showed the highest
R2 (0.66) followed by mud and biomass (R2 = 0.57 and 0.47,
respectively), indicating better goodness of fit for the regression
analyses performed.
3.4 Data Integration and Mass Calculation
Overall, almost 700,000 volumetric subunits were generated via
GIS model. Their average thickness and volume were 72.7 ±
47.3 cm and 29,097 ± 18,918 cm3, respectively, totalling 20,009.6
m3 (Table 3). The distribution of maximum density estimates for
Frontiers in Marine Science | www.frontiersin.org 8
each variable at the base of all sub-units (Dmax) is shown in
Figure 8; the highest value was observed for total density (200 kg
dw m-3). According to the calculations reported in section 2.4,
the mass obtained for all the investigated variables ranged from
0.5 to 1,505.6 tons for TP and the vegetal component
respectively, totalling 1,743 tons for the entire banquette.
4 DISCUSSION

4.1 Banquette Mapping, Volume
Estimation and Morphological Traits
The high-resolution photogrammetric method applied in this
study was reliable and powerful for measuring the three-
dimensional extent of Posidonia oceanica litter accumulations
even when reaching abnormal size, such as described here that,
to our knowledge, represents the biggest ever analysed.

The use of this rapid and non-destructive approach also
allowed obtaining very accurate quantitative information on
the distribution of the various morphologies present. Previous
studies have shown the potential of aerophotogrammetry in
identifying and mapping seagrass detritus accumulated along
the coasts (Ventura et al., 2018; Pan et al., 2021), but they were
limited to two-dimensional mapping. In this study, for the first
time, the images taken in suitable overlapping sequence
FIGURE 5 | (A) Digital elevation model (DEM) of the surveyed area and location of 7 sections encompassing the entire banquette extension from the coastline
towards the sea. (B) The profiles show the accumulation of maximum seagrass accumulation cycles (arrows up to 6) with maximum thicknesses up to 3 m. The blue
dotted horizontal line is the sea level at the time of image acquisition.
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demonstrated that UAVs are a very simple and, at the same time,
cheap solution able to represent not only 2D detritus distribution
but also its 3D architecture at centimetre-scale. This provided the
opportunity to 3D reconstruct and map the seagrass meadows
and the necromass structures, beached and submerged,
characterised by very complex shapes across all geometric
dimensions (Rende et al., 2020; Tomasello et al., 2020).

The availability of high-resolution orthomosaics and DEMs
in a georeferenced environment using OBIA (Object-Based
Image Analysis) classification techniques allows rapid and
effective mapping of natural and physical habitats. Mapping
and comparison of validated thematic maps (2D) (Rende et al.,
2022) and volume estimates (3D) obtained from OBIA
classification are also essential tools for environmental
monitoring of medium and large-scale areas such as those of
the Capo Feto area. This first high-resolution classification
(Figures 4, 5) compared with future surveys (time-lapse), will
allow us to estimate the quantity of biomass and carbon
accumulated or exported. The high-resolution DEM obtained
for the study also allowed obtaining details of the morphologies
present on the surface of the banquette, thereby permitting
recognition of spatial cyclical trends in the variations of the
thicknesses reached.

The analysis of these variations showed a general progressive
increase in the thickness towards the sea. However, the analysis
of the surface continuum in sections orthogonal to the coast
allowed identification of repeated series of ridges, culminating in
FIGURE 7 | Principal Component Analysis (PCA) ordination performed on
total density, biomass, and sand, mud, TOC (Total Organic Carbon), TN and
TP density data of the samples of the banquette collected from three stations
(inner edge, middle zone and outer edge) along the transects, and at different
depths. Vectors are overlayed based on the Pearson correlation r > 0.5.
A
B

C

FIGURE 6 | (A) Map of difference between pre- and post-banquette deposition DEM; (B) Detail of post-banquette deposition DEM at 6 cm resolution; (C) Detail of
orthomosaic map at 3 cm resolution.
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points of maximum height where the slope reverses interspersed
with flat areas.

The entire banquette mass, especially the most seaward part,
should be considered as a completely saturated floating element,
which behaves like a dense fluid mass. Southward flux energy,
without any confinement, tends to dissipate itself and confluence
into the general littoral drift of the Physiographic Unit.
Interestingly, the maximum heights of the series of ridges are
located approximately in the centre-north of the beach because
that is where maximum impact energy is, which then dissipates
in both directions (north and south).

The “multi-ridge” nature of flat areas interspersed with giant
accumulation ridges can be reasonably interpreted as the result
of alternating phases of calmer seas and stormy seas respectively,
responsible for an even more complex process of accumulation
building than previously thought. Previous studies conducted in
various regions of the Mediterranean have described the
presence of typical wall delimiting seafront banquette with flat
Frontiers in Marine Science | www.frontiersin.org 10
areas behind the beach (Roig Munar and Prieto, 2005; Simeone
et al., 2013). However, this wall, despite being subject to
continuous marine formation/erosion, has always been
reported as a single structure. In fact, no explicit reference to
the multiple presences of several walls running parallel to the
coast had been ever made. For this reason, we propose the
adoption of the term “multiple mega ridges banquette” (MMR
banquette) to better identify the atypical banquette typology
described in this study. Further studies will be needed to
understand if and where MMR banquette occur along the
Mediterranean coasts.

4.2 Compositional and Chemical
Characteristics
This study showed that the large morphological variability of the
banquette exerts a significant effect on the structure and
compactness of the accumulation itself, with important
implications for the estimation of the amount of the various
TABLE 3 | Number (Num), mean (± s.d.) thickness and volume and total volume of the GIS generated sub-units. Biomass, sediment (sand and mud), total organic
carbon, and nutrient density estimated on average for the sub-units and total values.

Sub-units Banquette
components

Mean density
(kg m-3)

Total mass
(tons dw)

Shoreline concentration
(ton dw m-1) *

Num Mean thickness (cm) Mean volume (cm3) Total volume (m3)

687,693 72.7 ± 47.3 29.1 ± 18.9 20,009.6

Biomass 70.9 ± 6.7 1,505.6 2.5
Sand 8.4 ** 202.5 ** 0.34 **
Mud 1.5 ± 0.31 34.9 0.1
TOC 17.9 ± 2.3 387.2 0.7
TN 0.4 ± 0.0 8.1 0.01
TP 0.02 ± 0.00 0.5 0.001
Overall 80.8 ± 9.7 1,743 2.9
June 2022 |
*Shoreline concentration was calculated by dividing total mass by 600 meters (length of the shoreline studied). **Sand mass per volume unit and total mass were estimated by subtracting
biomass and mud from total density.
TABLE 2 | Equation, R2, F-value and p-value of the LM and GLM performed to assess the relationship between the depth (cm) of the banquette and total density,
biomass, sand, mud, TOC, TN and TP density (kg m-3).

Regression Estimates SE p-value R2 F-value p-value

density ~ depth 0.66 25.04 <0.05
Intercept 65.938 5.601 <0.05
Slope 0.409 0.081 <0.05

biomass ~ depth 0.47 11.49 <0.05
Intercept 60.701 5.679 <0.05
Slope 0.281 0.082 <0.05

sand ~ depth 0.26 5.12 <0.05
Intercept 5.320 1.757 <0.05
Slope 0.081 0.053 ns

mud ~ depth 0.58 20.807 <0.05
Intercept 1.072 0.137 <0.05
Slope 0.013 0.004 <0.05

TOC ~ depth 0.39 28.073 <0.05
Intercept 15.768 0.865 <0.05
Slope 0.0812 0.175 <0.05

TN ~ depth 0.30 18.79 <0.05
Intercept 0.353 0.023 <0.05
Slope 0.001 0.003 <0.05

TP ~ depth 0.23 12.71 <0.05
Intercept 0.021 1.607e-03 <0.05
Slope 8.363e-05 2.346e-05 <0.05
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components. The evident causal relationship between depth and
density of the banquette components has allowed us to model
their variation along the banquette vertical profile. The banquette
features, in terms of compositional and chemical variables,
varied along the vertical profile, while the distance from the
coast was not relevant. Excluding sand, which showed a high
content at the inner edge as it is more exposed to the influence of
the dune system behind it (Simeone and De Falco, 2012), total
mass increases from 30 to 60% per unit volume for each meter
below the banquette surface. Mateo et al. (2003) also observed a
sharp increase in density from the surface to the base of the
banquette due to a different degree of component compactness,
suggesting that this is not a site-specific feature. The weight of the
leaves determines a self-crushing effect that in turn produces
the progressive expulsion of both air and interstitial water from
the debris matrix. Although the density estimates were obtained
from statistical models applied to field data collected up to
160 cm below the surface, it should be noted that this depth
Frontiers in Marine Science | www.frontiersin.org 11
coincides with the 94th percentile of the almost 700,000 sub-units
of depth measures generated via DEM and are, therefore,
strongly representative of the entire banquette thicknesses pool.

4.3 Data Integration for Stock Calculation
Upscaling
From a methodological point of view, this study demonstrated
that the thickness of the banquette is an important covariate that
clearly needs to be considered for a correct estimate of the carbon
and nutrient stocks present in these structures. Moreover, the
approach applied is relevant not only for purely geometric
calculations of volumes per se, but also for those of a physical
nature, given that the banquette has the characteristics of a
variable-density body due to the intrinsic characteristics
described above. If the effects associated with different
thicknesses are ignored, the ability to make correct estimates of
their mass can change dramatically. According to the literature,
great variability in banquette thickness is due to coastal
A B

D E F

C

FIGURE 8 | Distribution maps of the maximum values estimated at the base of the Capo Feto banquette for: (A) total density, (B) biomass, (C) mud density, (D)
TOC (Total Organic Carbon) density, (E) TN (Total Nitrogen) density, (F) TP (Total Phosphorus) density.
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morphology, hydrodynamic regime, distance and productivity of
the adjacent seagrass meadows (e.g. Duong and Fairweather,
2011; Simeone and De Falco, 2012; Simeone et al., 2013; Jiménez
et al., 2017). Since this is a natural phenomenon, particular
attention should be paid to collection procedures in order to
ensure that the depth of sampling can be determined and
accounted for. We believe that the approach adopted here for
studying a temporary and very unstable banquette, consisting of
sampling along the sub-vertical fronts to characterize the deeper
layers, represents a rapid and effective strategy and avoids more
complex and time-consuming coring procedures, while reducing
estimation errors relating to the compressive action induced by
coring itself.

The results of the regression models incorporated in the
volumetric continuum obtained by the superposition of the
two DEMs, allowed sound determination of the total content
of the various components throughout the study area. In more
detail, the combined field and UAV photogrammetry approach
revealed that banquette, although ephemeral, can accumulate
huge amounts of vegetal biomass (i.e. about 1,500 tons dw)
characterised by very high organic carbon and nitrogen content
(i.e. about 390 and 8 tons dw, respectively). Although only
smaller banquette have been studied so far, several studies have
pointed out that the high biomass, carbon and nutrient
accumulation makes seagrass beach wracks biochemical
hotspots at the land-water interfaces (Coupland et al., 2007),
critical sites involved in the coastal carbon and nutrient budget
(Mateo et al., 2003; Mellbrand et al., 2011; Del Vecchio et al.,
2013; Jiménez et al., 2017). The application of the approach to
coastal areas with large and/or less accessible beach wracks
described here will therefore clarify many still unclear aspects
of their spatial and temporal dynamics and, especially if
associated with flux estimates, their role in the exchange of
carbon and across the land-ocean boundaries, a relevant and
unexplored issue (Duarte, 2017).

The findings of this study also show that the banquette of
Capo Feto traps large amounts of sand (almost 200 tons). This is
of great relevance from both an ecological and management
point of view. On the one hand, the sediment trapping ability of
seagrass beach wracks and, especially, banquette protects beaches
from coastal erosion, supports the formation of coastal dunes
and prevents wind-induced sand transport (De Falco et al., 2008;
Boudouresque et al., 2016). On the other hand, the widespread
management practice of beach cleaning through beach wrack
removal is associated with sediment subtraction that, in turn,
contributes to beach erosion (De Falco et al., 2008; Mossbauer
et al., 2012).

Given that the banquette studied formed within one year, it
was possible to associate them with the primary production
levels of the surrounding Posidonia oceanica meadow. Based on
the available data, a vast meadow occupying about 8,300 ha of
seabed from the surface (personal observations) to about 33 m
(ROV inspections - AA.VV., 2002) is located in front of the Capo
Feto coast (15,000 m long), in the middle of which lies the
studied banquette. At a depth of 16 m, which corresponds to the
average depth of P. oceanica in the area, total annual primary
Frontiers in Marine Science | www.frontiersin.org 12
production (blades + sheaths + rhizomes) is estimated at 342.2 g
dw m-2 y-1, according to the general regression reported in
Pergent et al. (1997). Considering that the banquette of this
study consisted mainly of leaf detritus and that leaf blades
account for 79% of total primary production (Pergent-Martini
et al., 2021), we estimated the overall production of this tissue
equalled 22,329 tons dw y-1. Relating this value to coast length,
we found that the adjacent meadow produces on average 1.5 ton
dw m-1 y-1, which corresponds to slightly more than half of the
value we obtained for the banquette biomass (2.5 ton dw m-1,
Table 3). Assuming that the export of necromass from the
seagrass meadows ranges between 10 and 55% of primary
production and that shallow meadows are those most involved
in the formation of beach wracks (Boudouresque et al., 2016), it
follows that the banquette of Capo Feto is fed by seagrass detritus
deriving also from other meadows located at greater distances,
unlike the findings of Mateo et al. (2003). Leaf fall, which mainly
occurs in late summer/autumn, is considered the main process
responsible for carbon and nutrient loss from seagrasses
(Romero et al., 2006). The TOC, N and P percentages
estimated here (25.70, 0.54 and 0.03% respectively) in the
Capo Feto banquette are consistent with the leaf litter nutrient
content recorded by (Mateo et al., 2003; Mateo et al., 2006).
Given that the export of blue carbon and nutrients from seagrass
meadows toward other ecosystems follow parallel fluxes (sensu
Mateo et al., 2006), the very high TOC, N and P bulk content
found results from the high leaf primary production of the
surrounding P. oceanica meadow conveyed at the Faro beach
by the peculiar coastal morphology and hydrodynamic regime of
the area. Considering that only a small portion of the banquette is
thought to decompose on the beach, while most of it is exported
inshore or offshore (Jiménez et al., 2017), new questions arise
about the importance of such ephemeral systems as sinks/sources
of organic matter, blue carbon and nutrients at regional or even
global scale.

In conclusion, this study enabled us to estimate the amount
and spatial distribution of both vegetal biomass and sedimentary
mass, as well as blue carbon, nitrogen and phosphorus. On the
one side, this study underlined the high potential of low-cost
UAV surveys in 3D mapping and monitoring natural systems of
high ecological importance and role, such as the “Multiple Mega-
Ridge banquette”. On the other side, the combination of high-
resolution photogrammetry with a field-based analytical
approach opens new scenarios, allowing us to understand the
spatial and temporal dynamics of banquette formation and
accumulation, with relevant implications for ecosystem service
estimation and coastal zone management. P. oceanica provides
the crucial regulating ecosystem service “coastal erosion
protection”, whose economic value of the associated goods and
benefits for humans has been recently estimated as 188€/ha,
corresponding to about 50% of the entire economic value of P.
oceanica (Campagne et al., 2014). However, this is a cumulative
value embedding the contribution of living meadows, matte and
banquette ecosystem services, and therefore it is not possible to
distinguish the specific contribution of the three different
components. The relatively straightforward methodology
June 2022 | Volume 9 | Article 903138
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proposed here for accurately estimating the size and dynamics of
the banquette will facilitate filling this gap. On the other hand,
although beach wracks and banquette are included among the
priority habitats to be preserved and protected in the
Mediterranean area, according to the Barcelona Convention
(UNEP/MAP, 2017), legislation about their management is still
lacking in many Mediterranean countries, including Italy (Rotini
et al., 2020). Under this framework, the methodology applied in
this study may represent a valid approach supporting
applications of National and European laws concerning the
monitoring and management of banquette (MSFD EC, 2008;
MATTM, 2019) and meeting the requirements of the Integrated
Coastal Zone Management of the Mediterranean (ICZM)
protocols. Moreover, as many sites along the Mediterranean
coasts are affected by these short-term accumulation
phenomena, the adoption of such effective tool to map them
would also serve to quantify the blue carbon and nutrient
exchange between the emerged and submerged coasts.
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Mateo, M.Á., Sánchez-Lizaso, J. L., and Romero, J. (2003). Posidonia Oceanica
“Banquettes”: A Preliminary Assessment of the Relevance for Meadow Carbon
and Nutrients Budget. Estuar. Coast. Shelf Sci. 56, 85–90. doi: 10.1016/S0272-
7714(02)00123-3

MATTM (2019). Circular of Ministry of the Environment and Protection of the
Territory and the Sea, n. 8838/2019 “gestione degli accumuli di Posidonia
oceanica” spiaggiati.

Mellbrand, K., Lavery, P. S., Hyndes, G., and Hambäck, P. A. (2011). Linking Land
and Sea: Different Pathways for Marine Subsidies. Ecosystems 14, 732–744.
doi: 10.1007/s10021-011-9442-x

Mossbauer, M., Haller, I., Dahlke, S., and Schernewski, G. (2012). Management of
Stranded Eelgrass and Macroalgae Along the German Baltic Coastline. Ocean
Coast. Manage. 57, 1–9. doi: 10.1016/j.ocecoaman.2011.10.012
Frontiers in Marine Science | www.frontiersin.org 14
MSFD EC (2008). Directive 2008/56/EC of the European Parliament and of the
Council of 17 June 2008 Establishing a Framework for Community Action in the
Field of Marine Environmental Policy (Strasbourg, France: Marine Strategy
Framework Directive), 19–40.

Murfitt, S. L., Allan, B. M., Bellgrove, A., Rattray, A., Young, M. A., and
Ierodiaconou, D. (2017). Applications of Unmanned Aerial Vehicles in
Intertidal Reef Monitoring. Sci. Rep. 7, 1–11. doi: 10.1038/s41598-017-
10818-9

Ochieng, C. A., and Erftemeijer, P. L. A. (1999). Accumulation of Seagrass Beach
Cast Along the Kenyan Coast: A Quantitative Assessment. Aquat. Bot. 65, 221–
238. doi: 10.1016/S0304-3770(99)00042-X

Ondiviela, B., Losada, I. J., Lara, J. L., Maza, M., Galván, C., Bouma, T. J., et al.
(2014). The Role of Seagrasses in Coastal Protection in a Changing Climate.
Coast. Eng. 87, 158–168. doi: 10.1016/j.coastaleng.2013.11.005

Pan, Y., Ayoub, N., Schneider-Kamp, P., Flindt, M., and Holmer, M. (2022). Beach
Wrack Dynamics Using a Camera Trap as the Real-Time Monitoring Tool.
Front. Mar. Sci. 9. doi: 10.3389/fmars.2022.813516

Pan, Y., Flindt, M., Schneider-Kamp, P., and Holmer, M. (2021). Beach Wrack
Mapping Using Unmanned Aerial Vehicles for Coastal Environmental
Management. Ocean Coast. Manage. 213, 105843. doi: 10.1016/
j.ocecoaman.2021.105843

Pergent-Martini, C., Pergent, G., Monnier, B., Boudouresque, C. F., Mori, C., and
Valette-Sansevin, A. (2021). Contribution of Posidonia Oceanica Meadows in
the Context of Climate Change Mitigation in the Mediterranean Sea. Mar.
Environ. Res. 172, 105454. doi: 10.1016/j.marenvres.2020.105236

Pergent, G., Rico-Raimondino, V., and Pergent-Martini, C. (1997). Fate of
Primary Production in Posidonia Oceanica Meadows of the Mediterranean.
Aquat. Bot. 59, 307–321. doi: 10.1016/S0304-3770(97)00052-1

Pernice, G., Placenti, F., and Spina, A. (2004). Long-Term Analysis, (1863-2002) of
Environmental Change in the Capo Feto Area (Mediterranean Sea). Chem.
Ecol. 20, 37–41. doi: 10.1080/02757540410001665962

Randazzo, G., and Lanza, S. (2020). Regional Plan Against Coastal Erosion: A
Conceptual Model for Sicily. Land 9, 1–14. doi: 10.3390/land9090307

Randazzo, G., Italiano, F., Micallef, A., Tomasello, A., Cassetti, F. P., Zammit, A.,
et al. (2021). WebGIS implementation for dynamic mapping and visualization
of coastal geospatial data: A case study of BESS project. Appl. Sci. 11, 8233.
doi:10.3390/app11178233

R Core Team (2018). R: A Language and Environment for Statistical Computing
(Vienna, Austria: R Foundation for Statistical Computing). Available at:
https://www.R-project.org/.

Remondino, F., Barazzetti, L., Nex, F., Scaioni, M., and Sarazzi, D. (2011). UAV
Photogrammetry for Mapping and 3d Modeling – current status and future
perspectives. Int. Arch. Photogramm. Remote Sens. Spat. Inf. Sci. XXXVIII-1/,
25–31. doi: 10.5194/isprsarchives-XXXVIII-1-C22-25-2011

Rende, S. F., Bosman, A., Di Mento, R., Bruno, F., Lagudi, A., Irving, A. D., et al.
(2020). Ultra-High-Resolution Mapping of Posidonia Oceanica (L.) Delile
Meadows Through Acoustic, Optical Data and Object-Based Image
Classification. J. Mar. Sci. Eng. 8, 647. doi: 10.3390/JMSE8090647

Rende, S. F., Bosman, A., Menna, F., Lagudi, A., Bruno, F., Severino, U., et al.
(2022). Assessing Seagrass Restoration Actions Through a Micro-Bathymetry
Survey Approach (Italy, Mediterranean Sea). Water 14, 1285. doi: 10.3390/
w14081285
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