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Abstract

Tidal ecosystems like the Wadden Sea are particularly valuable for their ecological and economic importance. Here, the natural
dynamics of the abiotic and biotic processes is threatened by the human pressure, and great efforts are made on mapping and
monitoring programs. Remote sensing techniques (e.g., satellite and airborne sources) are commonly used on land and intertidal
areas, whereas hydroacoustic devices are deployed in the subtidal zones. The overlap of hydroacoustics (sidescan sonar) and
airborne Lidar data in such sensitive transitional zone (inter- to subtidal) is rather uncommon. In order to test the limitations of
both techniques in extremely shallow waters (0.7 m min, water depth) and to find the most efficient methods for the spatial
classification of intertidal areas, a portion of the backbarrier tidal flat of Norderney was investigated. Lidar bathymetric data were
used for extracting high resolution morphological information. Sidescan sonar mosaics were collected in two following years
under contrasting weather conditions. An expert classification based on sidescan sonar backscatter intensity, seafloor texture,
morphology, and surface sediment data subdivided the research area into 10 classes. The outcomes were compared with an
existing RapidEye-based classification. The tested methods showed both advantages and limitations, which were discussed based
on statistical analyses. Satellite and Lidar approaches were most suitable for mapping biogenic features (e.g., shellfish beds) over
large areas, whereas sidescan sonar was superior for detail detection and discrimination of morpho-sedimentary regions. As an
outlook, it is postulated to perform ground-truthed hydroacoustic mapping on small testing areas, and to use the obtained
classification for training satellite-based classification algorithms.

Introduction

Coastal environments represent the interface between land
and sea (Carter 1988), each of these characterized by specific
morpho-dynamic processes (Hinrichsen 1998). The coast is
the place where some of these processes interact, increasing
the complexity of such ecosystem and the parameters to be
taken into account in order to describe it. Despite being
accounted among the most diverse natural habitats on earth
(Gopal et al. 2000), coastal ecosystems are undermined by
multiple factors, mostly related to the human presence (e.g.,
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McLachlan and Brown 2006), due to their strategic economic
value. The increased general awareness about concepts like
habitat loss, biodiversity, and human impact, led in the last
30 years to political actions in order to guarantee the protec-
tion of the most endangered ecosystems, specifically with na-
tional and international mapping and monitoring programs
(e.g., ICES 2014). Any activity aiming to preserve a habitat
has to face one fundamental task: the definition of specific sets
of measurable parameters, which are able to simplify the nat-
ural complexity and, still, to realistically and reliably describe
the habitat. Once the status quo of a habitat has been proved, a
monitoring program can account for modifications in the sets
of parameters.

Many tools are available to approach such tasks. Among
them, the correct application of remote sensing techniques in
long-term programs of habitat mapping and monitoring, par-
ticularly for vulnerable ecosystems, assumed a central role in
supporting land-use decision making.

Tidal driven coasts clearly express such a dynamic equilib-
rium of a transition zone between land and sea, being
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characterized by long-term stable geomorphologies and short-
term transport processes. The world nature heritage “Wadden
Sea,” in the southern North Sea, is one of such dynamic and
diverse ecosystems, with a high economic and ecological val-
ue (Park et al. 2010; Van der Wal and Herman 2007). Tides,
waves, human activities (such as fisheries, land reclamation
works, tourism, etc.), and extreme weather events shape the
tidal flat environment constantly. Therefore, a selection of
time- and cost-efficient methods for large-scale coastal map-
ping and monitoring is required (van Beijma et al. 2014).

Because of their ecological relevance, specific programs
have been undertaken for detecting changes in the biotic and
abiotic characteristics of the tidal flats in the Wadden Sea (e.g.,
shifts in sediment composition and/or in the biocommunities),
and in order to point out potential loss of the natural or semi-
natural habitats. Such a diversity of issues requires a variety of
in situ measurements, which are in turn strongly affected by
the limited accessibility of tidal flats (Park et al. 2010). In this
context, the implementation of remote sensing techniques rep-
resents a great advantage.

Since decades, multispectral remote sensing by means of
satellite and airborne imaging systems represents a cost-
efficient method for spatial mapping and monitoring on land.
However, its use in mapping intertidal habitats presents still
strong limitations. Satellite data (TerraSAR, SAR) have been
used in the Wadden Sea — alone or in combination with other
remote sensing sources — for detecting morphological chang-
es (e.g., bedform shift, Adolph et al. 2017a, b; tidal channel
movements, Adolph et al. 2018) and for the definition and
contouring of shellfish beds (Adolph et al. 2018). Most of
the studies focused on the discrimination of the three main
components of a backbarrier tidal system: the water surface,
the shellfish beds, and the tidal flat deposits, without any
closer look into the sediment composition and distribution.
Miiller et al. (2016) investigated the presence, while Gade
et al. (2008) used the presence of ripples on Synthetic-
Aperture Radar (SAR) data as a surrogate for mapping sandy
sediments. Jung et al. (2015) tried to differentiate the tidal
deposits, using a combination of SAR and RapidEye (RE)
multispectral data. Excluding the water surface and the unclas-
sified area, he successfully distinguished four sediment clas-
ses: mud, mixed sediments, wet sand, and dry sand.

The most modern Lidar technique (Light detection and
ranging) has also been implemented to intertidal monitoring
(Shan and Toth 2018). Lidar devices are airborne remote sens-
ing tools, which provide high-precision bathymetry and back-
scatter intensity data of extensive areas in a short time and at a
reasonable cost. The Lidar technology presents the advantage
to be largely independent from the weather (e.g., cloud cov-
erage) and sea conditions (as the flight takes place during low
tide), although its main limitation is given by the water level,
which in case of adverse weather can high-stand on the tidal
flat even during low tides. The application of dual frequency
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systems (red and green laser) to increase the light penetration
in the water column is strongly limited in the Wadden Sea
area, where the high amount of fine sediments in suspension
in the water column (up to 120 mg/l, e.g., Badewien et al.
2009; Bartholoma et al. 2009) limit the light penetration to
< 0.5 m (Staneva et al. 2009). Nevertheless, Lidar data have
been used for the automatic detection of water surfaces and for
extracting the land—water boundaries in the Wadden Sea re-
gion (Schmidt et al. 2013). The attempt to resolve more ele-
ments was limited to the identification of the intertidal areas,
namely mudflats (Schmidt et al. 2012; Schmidt et al. 2019).

Among other remote sensing systems, hydroacoustic de-
vices are standard underwater tools for seafloor classification
and habitat mapping. In particular, sidescan sonars (SSS) are
versatile systems, which can be deployed in different water
ranges, as their lateral ability to investigate the seafloor
(swath) is independent from the water depth.

They have been used successfully on various substrates
(e.g., Collier and Brown 2005; Bartholomé 2006; Holler
et al. 2017; Heinrich et al. 2016). However, SSS have been
poorly used in extreme shallow water tidal ecosystems, where
other remote sensing sources offered a faster and broader cov-
erage. Existing application of SSS to intertidal environments
were usually limited to the lower intertidal-subtidal interface.
Degraer et al. (2008) explored the ability of SSS to detect
biogenic reefs along the Belgian coast, while Rahnemoonfar
et al. (2018) focused on the automatic identification of
seagrass. In the Wadden Sea region, van Overmeeren et al.
(2009) used the SSS for mapping mussel banks in the tidal flat.

Effectiveness can be defined as the ability to accomplish a
task, achieving the intended results (Cambridge University
Press 2014). Efficiency is the most convenient way to do that.
Systems can be effective, but not efficient, depending on the
task. The same applies also to remote sensing techniques, with
the effectiveness and efficiency strictly depending on the goal.
The detection of a shellfish bed, for example, can be efficient-
ly achieved by applying suitable automatic algorithms on very
large datasets of remote sensing records (e.g., Schill et al.
2006; NOAA Coastal Services Center 2003 for an overview
of automatic and expert-based classification methods).
However, if the goal is to find out the seasonal growing rate
of such shellfish beds, that approach will probably not be
effective, because of the filtering-coarsening-interpolating
steps connected to the automatic classification. On the other
hand, the manual contouring of shellfish beds on SSS data
could give an unpaired effectiveness, but with a scarce effi-
ciency if the goal is the mapping of the entire Wadden Sea.

The combination of SSS and Lidar data is rather uncom-
mon, although recommended by some authors (e.g., Schmidt
et al. 2019), as the main limiting factor for the Lidar is the
presence of water, which is the mean for collecting SSS data.
On the other hand, SSS can be operated only during specific
time windows (high tide) and using limited swath (a few
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hundred meters, maximum), and therefore only small areas
can be surveyed within a single high tide. The transition in-
tertidal-subtidal, hence, represents the zone where both the
technologies show some limitations.

For the present research, a SSS was deployed in the inter-
tidal flat of Norderney (German Wadden Sea) in extremely
shallow water conditions (up to 0.7 m water depth) in order
to check the feasibility of using acoustic data for seafloor
characterization on tidal flats. The data were combined with
bathy/topographic information from Lidar data, and compared
with an existing sediment classification performed by means
of RE data (Jung et al. 2015).

Physical settings

The Island of Norderney is part of the East Frisian barrier
islands, in the German Bight (southern North Sea). The
Wadden Sea barrier lagoon system spans for over 480 km
from the Netherlands (West Frisian) through the German coast
(East- and North Frisian) to Denmark (North Frisian), and
includes the most extensive meso-tidal environment in the
world. The East Frisian back barrier depositional system is
slightly ebb-dominant, with maximum flow velocity of 1.2
to 1.5 m/s in the tidal inlets, and 0.4 to 0.5 m/s on the tidal
flats (e.g., Joerdel et al. 2002; Stanev et al. 2007; Bartholomé
et al. 2009; Staneva et al. 2009). The water mass movement
also acts as the main source of nutrients for suspension
feeders, which are an important source for fine-grain deposits
(e.g., Bartholoma et al. 2000; Delafontaine et al. 2000).

The recent position and shape of Norderney is the result of
the deposition of mobile sediments on a Pleistocene palaco-
relief (Saalian and Weichselian glacial/periglacial deposits)
following the sea level rise over the last 6500 years (Streif
1990). The early deposits acted as a sediment trap, leading
to the development of large eolian dunes, which are still the
signature landscape of the islands (Oost et al. 2012).

The island of Norderney extends west-eastfor 14 km. The
Riffgat channel (Fig. 1) separates Norderney from the island
of Juist on the western side, whereas the Ostbalje tidal inlet
divides it from the island of Baltrum on the eastern side. Both

inlets cut through the tidal flat, parallel to the coastline of the
island, and merge in the Norderney Wattfahrwasser (water-
shed), which, depending on the tidal conditions, is a navigable
waterway for small boats. The tidal inlet connects the catch-
ment area with the open North Sea, and the tidal prism con-
trols its size (Walter 1972). The mean tidal range in the Riffgat
channel is of 2.4 m (Dérjes et al. 1986), with maximum am-
plitudes up to 3.2 m during spring tides. The channel is ebb-
dominated, as the westward ebb current reaches slightly
higher speeds than the eastward flood current. During both
tidal phases, the current velocity typically exceeds 1 m/s
(Stanev et al. 2003).

The Riffgat branches into several secondary channels; one
of them (named Wagengat, Fig. 1) borders from west a large
sandbank called Liitetsburger Plate, which is the research area
of'the present study. This Liitetsburger Plate region is extreme-
ly shallow, with depths from — 6.5 m (depth referred to Chart
Datum = LAT, Lowest Astronomical Tide) close to the Riffgat
channel to the + 2.2 m in the shallowest regions.

Altogether, the backbarrier tidal area between the island of
Norderney and the mainland covers over 72 km?, with a typ-
ical sequence of subtidal to supratidal deposits: salt marshes,
mud flat, mixed flat, sand flat, and subtidal gullies and chan-
nels (Reineck and Singh 1980; Flemming 2012). The sedi-
ment composition covers the whole spectrum of mud, sand,
and gravel mixture, with the fine fractions (clay, silt, and sand)
particularly dominant. Changes in the sediment composition
are gradual (e.g., Bartholoma and Flemming 2007) and there-
fore challenging for any kind of investigation aiming to seg-
ment, to classify, or to delineate sediment patches. The subdi-
vision among mud-, mixed-, and sand flats takes also into
account the structures and geometries of the deposits
(beddings, hummocky, etc., Flemming 2012). In general, the
sediments show a parallel to the coastline oriented zonation,
which fines up towards the dike line (e.g., Flemming and
Ziegler 1995). Such spatial distribution is controlled by tidal
currents and by local wind-induced waves.

The most evident biocommunities are represented by pa-
cific oysters, which replaced the blue mussel beds starting in
the late 90s of last century. More recently, the blue mussels
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Table 1 Technical specifications of the starfish 452f and overview
about SSS data collection and weather/sea conditions recorded during
the two surveys in 2013 and 2014

Starfish 452f SSS

Frequency 450 kHz

Beam angle along track 0.8°

Beam angle across track 60°

Max. horizontal resolution (nominal) 2.5 cm

Pulse length 400 ms

Ping rate 14 Hz

Survey data June 2013 September 2014
Number of lines 17 13

Swath (m) 120 120

Total coverage (sqm) 2,200,000 1,877,000
Av. wind speed (km/h) 10.5 28.0

Av. wind direction NNE NNW
Max. wind gusts (km/h) 349 55.2
Max. wave height (m) 0.7 1.2

Av. wave direction N NNW

have reestablished on top of the oysters, the latter forming a
new “local” hardground for the Wadden Sea area (Markert
etal. 2010, 2013).

Methods

Sidescan sonar (SSS) data and surface sediment samples were
collected during two surveys in June 2013 and September

2014. Since most of the area falls dry during low water, high
tide windows (3 h before and after the predicted high tide)
were used for the acoustic data collection; low tide windows
(predicted low tide +3 h) were used for sediment sampling
and in situ observations (in-field description, photos, etc.).
Weather and tide conditions were logged.

Sidescan sonar data collection and processing

A Starfish 452F (450 kHz) was pole mounted on the
Senckenberg work boat “Scanner” for SSS data acquisition
(approx. 50 cm below water surface). The acoustic lines were
collected at a speed between 2 and 3 kn and the tracks were
designed parallel to the main morphologies (coastline and
Riffgat channel), with 120 m swath and 100 m line-spacing
(Table 1). In total, 17 and 13 lines were recorded in 2013 and
2014, respectively (the lower amount of 2014 lines was due to
the adverse tidal/weather conditions). A RTK-GPS Trimble
SPS 852 system (base rover configuration) was deployed for
RTK positioning. The data were collected starting from the
lines corresponding to the deepest areas (near the Riffgat) and
following the rise of the tide, till the most internal regions to
the south, where the mean water depth recorded underneath
the SSS was about 0.7 m.

Data processing included geometric (offset, bottom pick,
and slant range), and radiometric (Time Variable Gain,
Empirical Gain Normalization table, nadir filter) corrections
and was performed with the SonarWiz 7 software. A 0.5 m
pixel-resolution mosaic was exported for the two datasets
(2013 and 2014, Figs. 2 and 3). Low and high backscatter

Fig. 2 Digital Terrain Model-
DTM (a) and SSS mosaic (b) of a
the study area. The DTM was
based on Lidar data collected in
2013; the blue color corresponds
to the areas covered by water
during the Lidar flight. Thirty-two
sediment samples (black dots, in
a) were collected along 5 north-
south transects (T1 to T5, from
west to east) in 2013 (orange dots,
in b) and 2014 (blue dots, in b).
Two transects (T1 and T3) are
highlighted (black lines) and pre-
sented in details within the text
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Fig. 3 Mosaic of the SSS backscatter data of 2013 (a), overlaid by the
sediment composition pie charts (b). Seafloor classification of the
Liitetsburgerplate based on SSS, Lidar, and sediment data (c). The pie
charts were built using the three main sediment fractions (M: mud, VFS:
very fine sand, FS: fine sand). Transects T1 and T3 are highlighted in red.
The area was segmented into 10 classes, corresponding to different
backscatter regions, seafloor textures, morphologies (bedforms,
channels, etc.), and sediment characteristics. For the description of the
classes, see the text

values were displayed in a 256 greyscale palette (high back-
scatter = low greyscale values = darker greyscale tones; low
backscatter = high greyscale values = lighter greyscale tones).
Due to the difference in data quality, only the 2013 mosaic
was further used for the acoustic classification. The compari-
son between the 2013 and 2014 data was based on a reduced
set of seafloor features, which could be recognized and
mapped in both datasets. Additional mosaics (at 0.25 m and
0.125 m pixel-resolution) were generated for individual sub-
regions, in order to check the ability of the system in resolving
specific targets (i.e., shellfish patches, tidal gullies), and com-
pare the results with the outcomes from different remote sens-
ing systems.

Sediment samples data collection and processing

Surface sediment sampling and in-field observations took
place along 5 transects (transect 1, T1: from station T11 to
T17; transect 2, T2: from station T21 to T25, etc.), NS
oriented, for a total amount of 32 stations (12 in 2013, 20
in 2014, Fig. 2). For each station, a volume of sediments
between 300 and 500 ml was scooped from the surficial
layer (~1-2 cm), labeled, described, and stored for grain
size analysis. The seabottom along the Riffgat channel was
not sampled during the 2013 and 2014 campaigns.
However, sediment data for the western part of the Riffgat
channel were available from a previous survey (September
2011).

In situ observations and sample description included a
short report about the sampling location (i.e., water cover-
age, presence, and characteristics of bedforms and biota)
and a macroscopic description of the sediments (color,
grain size, sorting, stratification, presence of shells, and
organisms). Where possible, photos of the sample site were
taken. The positioning of the sampling locations was re-
corded by means of a GPS Garmin GPA72 system.

Sediment samples were processed in the Lab for grain
size analysis. The preparation of the samples included os-
motic desalinization of the samples, wet sieving through a
63 1 mesh size for separating the mud fraction, dry sieving
through a 2 mm mesh size for splitting the sand and gravel
fractions. The sand fraction was analyzed using a
MacroGranometer™ settling tube (Brezina 1979) and di-
vided into five 1 ¢ intervals following the nomenclature of
Wentworth (Wentworth 1922, based on Udden 1914; the
Udden-Wentworth scale), from very coarse sand (-1 < ¢
< 1) to very fine sand (3 < ¢ <4). The % ¢ sediment distri-
bution was then used for classifying the sediments into tex-
tural classes (Folk 1954), using the Gradistat Excel working
sheet (Blott and Pye 2001).

The in situ macroscopic description of the sediments and
of the sampling locations, together with the grain size
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results were used for improving the definition and refining
the description of the acoustic-based classes.

Lidar data

Lidar (Light detection and ranging) data were collected in
2013 by The MILAN Geo Service Company, on behalf of
the Lower Saxony Water Management, Coastal Defence and
Nature Conservation Agency (Niedersdchsischer
Landesbetrieb fiir Wasserwirtschaft, Kiisten und
Naturschutz, NLWKN) over two regions of the Norderney
tidal flat, one of them matching the study area of this re-
search. Eight routes with 320 m spacing were designed
east-west oriented. Two extra lines for calibration were col-
lected orthogonally to the main grid. The system (a RIEGL
VQ 820-G red LiDAR) was deployed from an altitude of
600 m and achieved a horizontal/vertical accuracy of 0.40/
0.15 m, respectively. The NLWKN kindly provided the
dataset in 1 m grid size. The points were gridded in
Global Mapper v15 and a DTM in 1 m grid size) was used
for extracting the bathymetric information for defining the
main morphological features. The areas corresponding to
the water surface were blanked and therefore not further
considered for the analysis. Within the framework of the
WIMO project (Winter 2017), a second Lidar dataset was
collected by the MILAN Geo Service in October 2014
(using the same Lidar system and setups), covering an area
of approximately 30 km? between the mainland the island
of Norderney. The acquisition included both bathymetric
and intensity (backscatter) data. However, these datasets
were only partially included in the present study, specifical-
ly for a small sector, which was used for the comparison of
the shellfish beds detection between the SSS and the Lidar
system (Fig. 4). All the depths reported in the present study
are referred to Chart Datum (Lowest Astronomical Tide,
BSH 2019).

Seafloor classification

An attempt to use a semi-automatic classification ap-
proach (“SonarWiz7 Seabed Characterization” tool,
Chesapeake Technology, 2017) was made on the 2013
SSS records, varying both the geometric settings (e.g.,
window size, window step) and the classification options
(number of classes, Grey Level Co-occurrence Matrix al-
gorithms). The final outcome, however, resulted in a “salt-
and-pepper” pixelized image, with any clear correlation
between the acoustic classes and the physical characteris-
tics of the seafloor (sediments and morphologies).
Therefore, a combined expert-based classification ap-
proach was preferred. The 0.5 m SSS mosaic from the
survey in 2013 was segmented into different regions
(acoustic classes, manually contoured). Where present,

@ Springer

the sharp changes in SSS backscatter intensity were used
for the segmentation of the mosaic. However, most of the
area presented gradual transitions in the backscatter
greyscale values. In these cases, the SSS mosaic was first-
ly used for a coarse definition of the main backscatter
region. The exact contouring process, instead, made use
of a combination of different grey level values (backscat-
ter intensity), seafloor texture (e.g., bedforms, seafloor
marks, shellfish beds, etc.), morphologies (from the
Lidar bathymetric data), and sediment grain size
characteristics.

Comparison with RapidEye-TerraSAR-X seafloor
classification

Jung et al. (2015) performed a seafloor classification of
the Norderney tidal flats, based on RapidEye (RE) and
TerraSAR-X (TSX, multispectral satellite and synthetic
aperture radar) data. The TSX data were used for
outlining the water surface extension and the shellfish
beds, which were then excluded from the sediment clas-
sification based on RE data (for details, Jung et al. 2015).
Four RE images collected between 2010 and 2011 were
classified, and the tidal flat area was segmented into sed-
iment classes. One of the maps (June 2011) was used in
this study for comparing the SSS vs. RE system ability of
resolving the composition and the spatial distribution of
the tidal flat sediments. In their research, Jung et al.
(2015) were able to distinguish the shellfish beds and four
sediment classes (mud, mixed sediments, wet sand, and
dry sand). In order to be able to compare the SSS-
sediment classes with the ones defined by Jung et al.
(2015), the amount of classes based on SSS-sediments
were reduced accordingly. All the areas classified by
Jung et al. (2015) as “water” were blanked in the SSS-
sediment classification and not taken into account for the
final comparison.

Geographic information system
All the data were loaded on GIS software (QGis 2.7 and

Global Mapper 15) for data visualization, analysis, bordering,
and for the computation of the spatial statistics.

Results
Morphology (Lidar data)
Based on the areas marked as “water” in the Lidar data, the

subtidal system covered about 25% of the entire study site
(Fig. 2).
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Fig. 4 SSS mosaics of 2013 (left)
and 2014 (right) in 1 m resolution.
Red (2013) and orange (2014)
lines correspond to the shellfish

Tidal flat

Shellbed| Tidal flat

F] £ 1

beds extension; green colors (dark
green: 2013, bright green: 2014)
correspond to the tidal drainage
system (Riffgat channel and sec-
ondary channels). The regions cor-
responding to these classes were
used for comparison. The adverse
weather conditions (see Table 1)
during the 2014 data collection se-
verely influenced the data quality
of the related SSS records, and the
acoustic signal is disturbed by
acoustic noise and artifacts. While
the sharp changes in backscatter
intensity are still visible (shellfish
beds and drainage system), the
gradual transitions among the in-
tertidal flat deposits are overridden
by the noise, making impossible a 1C 1

Backscatter intensity

SIDESCAN 2013

SIDESCAN 2014

Low High

further subdivision of such region T

into classes. The small boxed areas 1a o
zoom into the three main tidal sys-
tem components: intertidal deposits
(la and 1b); shellfish beds (2a and

2b); drainage system (3a and 3b)

The Wagengat channel (Fig. 1) divided the area in two
domains:

* Awestern region (transect T1 in Fig. 2), cut by four main-
and several secondary gullies. The extensive presence of
shellfish beds (identified by their patchy-like topographic
roughness on the Lidar data) was the distinctive feature of
this region. The northwest sandbank bordering the Riffgat
channel (northern end of transect T1, Fig. 2) was the only
area not covered by shellfish beds.

* An eastern region characterized by a smoother and less
articulated morphology. The topography gently sloped
northward (0.03%, transect T3 Fig. 2¢) until the creek near
to the station T35 (Fig. 2b; elevation difference: —
0.25 cm). In the central part, a depression marked the
watershed between two drainage sub-systems (which
streamed to the Wagengat and to the eastern secondary
channel) and showed a rougher texture (irregular
bedforms) than the surrounding areas. A slightly steeper
slope (0.09%) reached the max height of — 0.14 m, where
a sand flat (average slope: 0.02%) bordered the Riffgat
channel edge. This highest sector (average height: —
0.23 m) presented a sub-elliptical shape and a steeply
slope into the Riffgat channel (average slope angle of
3.95%). The only shellfish bed present in the eastern re-
gion was located on its southeastern margin.

Sediment grain size distribution

Fine to very fine sediments characterized the research area
(Fig. 3 and Table 2), ranging from sandy mud (mud content
up to 80 weight% = w%) to well sorted fine sand (fine sand >
94 w%), with a content of coarser fractions generally negligi-
ble (only one sample with medium sand > 1 w%). Sediments
coarser than medium sand were not found. For the computa-
tion of the pie charts showed in Figs. 3 and 5, only three grain
size fractions were used (mud, very fine sand, and fine sand),
as the coarser fraction was largely absent or sub-represented
(sediments > medium sand = 0.1-1.4 w%).

The western region (transect T1) showed the highest
amount of mud (average mud content > 55 w%) in corre-
spondence to the presence of the large shellfish beds. A
succession of muddy sand and sandy mud characterized
the eastern region (transects T2 to T5), where a higher
amount of fine fraction (muddy sediments) corresponded
to the morphologically depressed areas (Figs. 3 and 5).
Although a proper direct sampling was not possible inside
the gullies (as they were mostly covered by water even
during low tide), in-field observations allowed to charac-
terize those sediments as a mixture of sand and shell de-
bris, typically covered by a layer of soft muddy sediments.
A sampling campaign carried out in the Riffgat channel in
2011 showed a sediment composition from sand (fine to
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Table 2 Sediment grain size distribution (in ¢ intervals, Wentworth scale) and relative sediment classes (after Folk 1954)

Gravel Sand Mud

G VeS () MS ES VS M

e<—1 —1=p<0 0<p<1 1 << 2<9<3 3<p<4 4<op
N _UTM E UTM Name % % % % % % % Folk (1954)
5,949,558 383,700.4 T11 0 0 0 0 2.6 30.5 66.8 sM
5,949,731 383,721 T12 0 0 0 0 3.1 30.7 66.2 sM
5,949,852 383,756.4 T13 0 0 0 0 12 17.2 81.6 sM
5,950,004 383,767.8 T14 0 0 0 0 8.3 253 66.4 sM
5,950,157 383,782.6 T15 0 0 0 0 9.7 28.1 62.2 sM
5,950,331 383,779.1 T16 0 0 0 1.1 16.6 39.2 432 mS
5,950,503 383,807.8 T17 0 0 0 1.1 94 4.5 0.3 S
5,949,506 384,054.5 T21 0 0 0 0 38.1 36.8 25.1 mS
5,949,688 384,067.7 T22 0 0 0 0.1 68.6 25.7 5.6 S
5,949,845 384,068.8 T23 0 0 0 0 74.5 21.8 3.8 S
5,949,999 384,116.5 T24 0 0 0 0 39 40.3 20.7 mS
5,950,163 384,128.6 T25 0 0 0 0.1 77.2 20.9 1.8 S
5,949,077 384,147.7 T31 0 0 0 0.1 8.9 22.6 68.4 sM
5,949,237 384,211.7 T32 0 0 0 0.3 47.9 14.8 36.9 mS
5,949,496 384,299 T33 0 0 0 0.1 345 29.8 35.6 mS
5,949,676 384,337.4 T34 0 0 0 0 66.8 26.7 6.5 S
5,949,875 384,393.8 T35 0 0 0 0 13.7 38.9 474 mS
5,950,192 384,436.2 T36 0 0 0 0.1 81.3 18.1 0.6 S
5,948,948 384,505.1 T41 0 0 0 0.2 58.9 21.5 19.5 mS
5,948,972 384,505.7 T42 0 0 0 0.6 51.3 41.2 6.9 S
5,949,358 384,504.2 T43 0 0 0.1 0.8 34.9 23.1 41.1 mS
5,949,562 384,499.3 T44 0 0 0 0.1 30.7 339 353 mS
5,949,740 384,493.8 T45 0 0 0.5 0.9 84.1 12.3 22 S
5,949,787 384,497.1 T46 0 0 0 0 27.7 32.5 39.8 mS
5,949,937 384,489.8 T47 0 0 0.1 0.2 15.6 41.2 429 mS
5,950,047 384,492.5 T48 0 0 0 0 87 12 1.1 S
5,950,363 384,515.7 T49 0 0 0 0.1 922 72 0.5 S
5,949,385 384,699.6 T51 0 0 0 1 373 28 33.7 mS
5,949,382 384,696.2 T51 0 0 0 0 25.1 20.5 54.4 sM
5,949,660 384,687.8 T53 0 0 0 0 32.6 28.3 39.1 mS
5,949,797 384,681.3 T54 0 0 0 0.6 87.5 10.7 1.2 S
5,949,844 384,675.8 T55 0 0 0 0.1 16.1 334 50.4 sM

very coarse) to gravel, with an average content of 6 w% of
gravel and 14 w% of shell debris.

Sidescan sonar 2013

Compared with its larger spatial extent (~78% of the en-
tire study site), the area presented gradual backscatter
changes across a very limited amount of greyscale values
(177-210: min-max of mean greyscale values, cf.
greyscale histogram in Table 3), which could be further
segmented in subclasses only at very large scale and by
implementing Lidar and sediment information (see next
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paragraph). Sharp backscatter changes (boundaries) in
the SSS mosaic, instead, were produced by a very few
specific seafloor features (shellfish beds and tidal drain-
age system, i.e., channels and gullies), easy to be identi-
fied and delineated (Fig. 3a). Based on the backscatter
data, the study site was therefore subdivided into three
main morphological elements:

» shellfish beds (Fig. 4: red polylines in SSS 2013), domi-
nant in the western region and only present in one bank in
the eastern region. It corresponds to class 1 of the seafloor
classification (see next paragraph). The greyscale
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<« Fig. 5 Comparison of SSS backscatter data (2013 and 2014), seafloor

classification, Lidar-based bathymetry, and sediment fractions (mud, very
fine sand, and sand) along transects T1 and T3 (for the location of the
transects, cf. Fig. 2). These two transects were chosen to best represent the
high variability of sediments, backscatter, and topographic features in the
western and eastern regions of the study site, dominated by the associa-
tion shellfish-mud (T1, west of the Wagengat) and by the typical intertidal
mixed flat-sand flat sequence (T3, east of the Wagengat). For the details
about the seafloor classification, see Fig. 3 and the body text

histogram showed a bimodal distribution and a mean
greyscale value lower than the average tidal flat deposit
histograms (Table 3);

*  tidal drainage system, (Fig. 4: dark green polylines in SSS
2013) corresponding to the Riffgat channel, the Wagengat
secondary channel, and its equivalent on the eastern side;
the Wagengat extended southward across the entire area
and did not show a clear connection with the Riffgat. It
includes class 9 and class 10 of the seafloor classification.
The drainage system was characterized by the highest av-
erage backscatter values (= lowest mean greyscale values,
classes 9 and 10, Table 3);

» tidal flat deposits, (Fig. 4), which covered most of the area
and were characterized by greyscale backscatter values
gradually fading into each other and within a very narrow
average range (177-210, classes 2 to 8, Table 3). It corre-
sponds to class 2 to 8 in the seafloor classification.

Bedforms (Fig. 3a, north-east corner) were observed at
the margin of the area, in a dune field (average wave-
length 6 m) near the Riffgat channel. The dunes were
not visible in the Lidar-based DTM, as the sector was
covered by water during the data acquisition. The de-
pressed area in the center of the western region (already
identified in the Lidar data) presented a specific seafloor
texture, with bedforms (mostly north-northeast/south-
southwest oriented, not regularly spaced) and seafloor
marks.

Seafloor classification

The intertidal area presented gradational changes in the
SSS backscatter intensity around a very narrow range of
greyscale values. Nevertheless, differences in the back-
scatter intensity and in the seafloor texture were observed,
especially at a large scale, where it was possible to distin-
guish sub-metric sized bedforms and seafloor patterns.
The integration of the morphological information derived
by the Lidar data was useful in setting up boundaries
among the classes. The surface sediment results con-
firmed the definition of the classes and helped in the de-
scription of their characteristics. Based on the SSS
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Table 3

Summary of the sediment and backscatter characteristics for

the 10 seafloor classes. Greyscale histograms (on the right): X-axis = 8-bit
greyscale values, from 0 (black) to 255 (white), corresponding to high and

low backscatter intensities, respectively. Y-axis: number of counts per
class (not the same scale for all the classes)

Mean Mean SSS backscatter
Class n. mud Class description Class code  Coverage greyscale (detail) Greyscale histogram
content value
Class1 | nodata Shellfish beds sB 10.1% 146 o e Gl
Class 2 71.6% Mud M 6.7% 199 = Mjwm
, = —
Class 3 65.7% Mud t;’ Vzry fine M-VFS 9.2% 191 ‘mhh
an e Mm‘l 4 “l“'“ﬁ
Mud to Very fine
cl 4 27.6% M-VFS (bd 9.09 186
ass % Sand with bedforms (bd) % | M“hhhn
Class 5 37.6% Mud to Fine Sand M-FS 15% 194 “l“]
i ..AAﬂ‘l N lhlh,..”
Class 6 8.5% Very fine Sand to VFS-FS 19.5% 189 S e
Fine Sand WIS ARES = hn
Class 7 0.8% Fine Sand FS 7.2% 210 S e ‘;" ﬂmul
! ! : : v.r.‘..,.lil " l‘l..‘
Class8 | 43.2% Fine Sand to FS-MS 11.4% 177
Medium Sand
Class 9 25.8% Sand with shells S (sh) 8.8% 130
spmm—r | mmw
Class10 | 71.6%  ondwithshelsand o o o 3.2% 81 =
=l

backscatter intensity, on the seafloor texture and morphol-
ogies (SSS and Lidar data), and on the sediment compo-
sition and distribution, /0 classes were identified (Fig. 3,
Table 3):

Class 1, Shellfish bed: large banks of shellfish (mainly
blue mussels and oysters), with size from ~ 10 to
38,000 m?. The class showed a greyscale histogram
(with a bimodal envelope, Table 3) and a mean greyscale
value (146), which differed significantly from all the other
classes. Class 1 was dominant in the western region, while
in the eastern region only a single shellfish bank was de-
scribed and mapped. The presence of shellfish beds on the
SSS data was consistent with the Lidar information, where
the shellfish beds produced a specific topographic texture,
more elevated (0.4-0.5 m) and rougher than the surround-
ing muddy and sandy areas.

Class 2, Mud: mean mud content >71 w%. Class 2 oc-
curred mainly in the western region, associated with the
shellfish beds. If compared with the other intertidal flat
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classes (classes 3 to 8), class 2 showed a greyscale histo-
gram shifted toward higher greyscale values (lower back-
scatter intensity).

Class 3, Mud to Very fine Sand: mean mud content =
65.7 w%. 1t showed a higher amount of sand, a smoother
seafloor surface (SSS data) and higher backscatter inten-
sity, if compared with class 2. It was present mostly in the
western region in association with classes 1 and 2. In
general, classes 3 to 7 showed comparable greyscale his-
tograms and mean values, all within a very small range
(177-210).

Class 4, Mud to Very fine Sand with bedforms: average
mud content lower than in class 3 (27.6 w% and 65.7 w%,
respectively). Class 4 corresponded with the depressed
area in the center of the eastern region, and presented a
specific seafloor texture characterized by bedforms of dif-
ferent size and orientation.

Class 5, Mud to Fine Sand: class 5 covered an area which
constantly and gently sloped northward (average
0.04 w%). The three grain size fractions were almost
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equally distributed (mud: 37.6 w%, very fine sand:
26.8 w%, fine sand: 36.6 w%). The classes 5 and 6
showed similar greyscale values and seafloor texture in
the SSS data, although sporadic bedforms and seafloor
marks were present in class 5.

*  Class 6, Very fine Sand to Fine Sand: the most significant
differences respect to class 4 were represented by the mud
content (which dropped from the 37.6 w% of class 5 to the
8.5 w% of class 6) and by the presence of fine sand
(64.1 w%) as dominant fraction. The surface showed gen-
erally a smooth aspect on the SSS mosaic, only sporadi-
cally characterized by seafloor marks.

* Class 7, Fine Sand: corresponding to the most elevated
areas of the study site (sand banks), which bordered the
Riffgat from the south. The sediment composition was
sand for > 99 w%, with fine sand > 85 w%. The seafloor
within class 7 presented a smooth surface both in the Lidar
and in the SSS data, with the highest mean greyscale value
(210) among the intertidal-sediment classes.

*  Class 8, Fine Sand to Medium Sand: characterized by the
presence of medium sand (1.1 w%) and a backscatter in-
tensity significantly higher than class 7. The class bor-
dered the Riffgat channel and the north-western sand-
banks and presented a few sporadic bedforms and seafloor
marks. It showed the lowest mean greyscale value (177).

*  Class 9, Sand with shells: together with class 10, it char-
acterized the tidal drainage system (channels and gullies)
and presented the highest backscatter intensity recorded in
the area. Specifically, Class 9 referred to the secondary
channels. The sediment analysis was based on only 2 sam-
ples (T54 and T55) with a high variance in composition.
The sand content is > 74 w%, with medium sand > 50 w%
for T55. In-field observations showed a high amount of
shell debris mixed with sandy sediments on the bottom of
the secondary channels.

*  Class 10, Sand with shells and gravel: it corresponded to
the Riffgat channel and it showed a sharp change in back-
scatter intensity values respect to the surrounding regions.
On the bottom of the Riffgat channel it was possible to
recognize both regular bedforms and different morpholog-
ical structures. Class 10 showed the lowest mean greyscale
value (81, corresponding to the highest mean backscatter).

Comparison sidescan sonar 2013 and 2014

The SSS mosaics of 2014 showed a great difference in quality
respect to the 2013 data (Fig. 4). The acoustic record—
especially in the intertidal region—was significantly affected
by the noise, due to the adverse weather conditions. Attempts
to filter or minimize the noise (enhancing the seafloor signature)
did not succeed. Nevertheless, the three main morphological
elements (shellfish beds, drainage system, and tidal flat deposits)

could be recognized and mapped in SSS image of 2014. In its
total amount, the area covered by each of these three compo-
nents did not vary significantly in one-year time (Fig. 4).

The surface classified as drainage system showed limited
variation in spatial coverage (from 12.0 to 10.5%) and the
main morphological changes were observed in the connection
between the eastern secondary channel and the Riffgat, which
was clearly visible in the 2013 and blurred 1 year later. Minor
modifications occurred also in the geometry of some of the
gullies (Fig. 4, box 3a and 3b), which presented meter-sized
shifts and differences in shape.

The shellfish bed extension in the two mosaics did not
change significantly from 2013 to 2014 (8.7% and 7.6%),
and even isolated and meter-size shellfish patches could be
detected in the 2014 dataset (Fig. 4, box 2a and 2b).

The main difference between the 2013 and 2014 mosaics
was represented by the impossibility of subdividing the inter-
tidal flat deposits into classes: the acoustic artifacts, in fact,
strongly masked the information coming from the seafloor
(Fig. 4, box la and 1b). As a consequence, a unique class
was assigned for the intertidal region, where 7 classes were
defined in the 2013 mosaic.

Discussion
Seafloor classification

The three main morphological components of the
Liitetsburger tidal flat system (drainage network, intertidal
deposits, and shellfish beds) were identified and mapped in
both the SSS and in the Lidar datasets (Fig. 2). Although the
SSS has a very limited ability in reconstructing the morpho-
bathymetry of the seabed, in the study area it allowed the
definition and delineation of the same morphological seafloor
features recognized in the Lidar-DTM dataset and, in some
cases, at a higher detail.

Tidal drainage system

The high backscatter mean values (Table 3) and the sharp
contrast with the surroundings served as acoustic signature
for contouring the tidal drainage system. Such high backscat-
ter intensity was due to the presence of shell debris and gravel
on the channels’ bottom. The missing connection between the
Wagengat and the Riffgat in the SSS 2013 mosaic (Fig. 3a, b)
was likely due to a lack of coarse material. In fact the hydrau-
lic section of the Wagengat channel was much broader in the
connection to the Riffgat than in its southern part, where it cuts
sharply through the intertidal flat sediments. As a result, the
energy of the tidal flow is much lower at the Riffgat-Wagengat
branching, and likely not enough to either remove the finer
fractions (selecting the coarser material), or to transport and
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deposit coarser material and shell debris in that area. On the
other hand, this result could be also related to the mobility of
the sandy sediments, which—depending on energetic
events—can temporarily cover and smooth the coarser frac-
tion. The same effect can be observed where the Riffgat
branches in its secondary channel (eastern region), by com-
paring the SSS mosaics of 2013 and 2014 (Fig. 4). The clear
connection showed in 2013 disappeared in the 2014 dataset,
where a lower backscatter area is still recognizable, without
any distinctive border.

Shellfish beds

Shellfish beds (Class1, Fig. 3c) were clearly recognizable in
the SSS datasets, representing the second most prominent
acoustic features in both records. Similarly to the drainage
system, the shellfish beds generated a unique acoustic signa-
ture on SSS data, with high backscatter intensity and a bimod-
al envelope of its greyscale histogram (Table 3). The bimodal
distribution could be either due to the twofold nature of the
seabed (shellfish patches and fine sediments trapped in be-
tween) resolved by the SSS in two slightly overlapping peaks
(the second peak resembles the histograms of the other inter-
tidal classes), or it could be the result of the scatter-shadow
succession (high and low backscatter). The latter, in fact, de-
pends on the specific geometry of the SSS system (side
looking beams), the elevated reliefs of the shellfish beds, the
operation conditions (water depth shallower than 1 m), and the
angle between the shellfish beds and the travel direction of the
SSS, which produce streams of extremely high backscattering
reefs (dark greyscale tones), followed by their related shadows
(with low backscatter values, light greyscale tones).

Shellfish beds were also recognized as patchy-like topo-
graphic features in the Lidar bathymetry, more elevated
(0.4-0.5 m) than the surrounding areas (Fig. 2). However,
their spatial extension was different in the SSS and Lidar re-
cords (Fig. 6). In fact, the SSS backscatter was mainly influ-
enced by the roughness associated with such communities,
independently on the age and/or development stage of the
shellfish beds. On the contrary, the topography (which plays
the major role in generating the shellfish beds fingerprints on
the bathymetric data) is strongly influenced by the develop-
ment stage of these communities. The Lidar intensity data for
the 2014 dataset were also tested, in regard to a small site
(20 x 15 m, Fig. 6e), in order to check the sensitivity of the
different remote sensing system in detecting and mapping the
shellfish beds. The size of the reefs in the intensity data
matched the one in the SSS image. On the other hand, the
intensity pattern (which corresponds to the shellfish beds) oc-
curred also in areas where those beds were not present
(Fig. 6e, red dotted line). Sagawa et al. (2008) deployed a
sidescan sonar for characterizing the seagrass distribution in
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near-to-shore areas, and used such classification for
performing a supervised classification of satellite images.
Similarly, as a future development, the possibility of
performing high resolution seafloor classification on small
testing areas by means of ground-truthed SSS, and to use the
outcomes for training Lidar intensity and satellite classifica-
tion algorithm should be proved.

Tidal flat deposits

The combination of shellfish beds (Class 1) and the related
fine sediment deposits (Class 2—Mud, and Class 3—Mud to
very fine sand) outlined a specific region (the western one),
with distinctive biological, sedimentological, morphological,
and geographical characteristics, which were sum up in tran-
sect T1 (Fig. 5). In this region, the shellfish beds acted as
sediment traps for the finest fractions, slowing down the cur-
rents and allowing the sedimentation of muddy sediments,
which are not removed by tidal currents. The primary produc-
tion of fine organic material (fecal pellets) from the shellfish
beds must be taken into account.

The remaining five classes (Class 4 to Class 8) represented
a typical tidal flat succession, the sedimentological composi-
tion of which included a continuous mixture of three grain size
fractions: clay, silt, and sand. The spatial distribution of these
classes and their relationship with the morphology are sum up
in transect T3, which crossed all of them (Fig. 5). The general
decrease in mud content from Class 4 to Class 8 marked the
transition from mixed flat (Class 4 to Class 6) to sand flat
(Class 7 and Class 8). The mud content in Class 4
(27.6 W%, lower than in Class 5, Table 3) was explained as
a result of the two sediment samples (outliers) collected at the
transition with Class 6 (T45, T48, cf. Fig. 2b and Fig. 3b). If
excluded, the average mud content for Class 4 would have
been of 38.0 w%. Class 4 (Mud to very fine sand with
bedforms) corresponded to the morphologically depressed ar-
ea in the center of the eastern region. Despite its mud content
(>40 w%) exceeded the threshold defined by Reineck and
Waunderlich (1968, modified by Flemming 2003) for a sand
flat (mud < 5%), Class 8 (fine sand to medium sand) was
included in sand flat deposits. In fact, only one sediment sam-
ple was collected in the area.

The subdivision into five classes (Classes 4 to 8) was pos-
sible only integrating the sediment grain size analyses, the
morphological information, and the backscatter texture. The
interpretation had to take into account the time difference be-
tween the acoustic and the sediment data collection. The sea-
floor conditions recorded in the SSS data, in fact, could po-
tentially not agree with the information provided by the grain
size analysis, as the seafloor was reworked during the ebb or
flood flow between two slack water intervals.
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Fig. 6 Detection of shellfish beds
and patches by means of different
remote sensing devices. SSS and
Lidar data were exported at 0.5 m
grid. Shellfish beds can be easily
recognized and mapped both in
the SSS and in the Lidar
topographic data, although the
extension of the banks is much
more clear in the SSS datasets
(even in the 2014, despite of the
poor quality of the dataset).
Similarly to the SSS backscatter,
Lidar intensity could be used for
the detection and mapping of
shellfish beds, although similar
intensity values and pattern are
not univocally generated by the
presence of such features: the area
contoured with a dashed line
present intensity values similar to
the shellfish beds ones

Comparison sidescan sonar 2013 and 2014

The weather seems to be the most impacting factor for the
quality of the SSS data (Fig. 4). The sea conditions re-
corded in 2014 differed significantly from 2013 (Table 1):
the maximum wave height (1.2 m) adversely affected the
sonar movements (which could not be completely
compensated in post-processing) and the seawater charac-
teristics (more air bubbles and sediments in the water
column). The effects were amplified in such extreme shal-
low conditions. The decreased signal-to-noise ratio and
the presence of acoustic artifacts distorted the seafloor
information. As a result, it was not possible to define
any sub-class within the intertidal deposits. Nevertheless,
the SSS sonar can be still considered a suitable and reli-
able tool for investigating the seafloor, if the main focus is
to resolve the tidal system into its three main components
(drainage network, shellfish beds, and tidal flat deposits,
as expression of morphology, biology, and sediments).

RE 2011

| s
4 .g-’.

Comparison with RapidEye-TerraSAR-X seabed
classification

For the comparison with the classification performed by Jung
etal. (2015) in 4 classes, the original number of 10 classes was
decreased accordingly. Excluding the shellfish beds, in face,
Jung and coauthors (Jung et al. 2015) divided the tidal flat
deposits into four classes: mud, mixed sediments, wet sand,
and dry sand, with reference to the EU Habitat Directive
(Council Directive 92/43/EEC) for the sediment definition.
The definition of littoral and sublittoral mixed sediments ac-
cording to the European Environmental Agency (EUNIS) in-
cludes any kind of poorly sorted mixture of non-consolidated
sediments, with grain size ranging from clay to gravel.
Pebbles, cobbles, and boulder are also included among the
mixes sediments, mainly depending on their relationship with
other grain size fractions and on the observation scale. Within
this frame, any kind of grouping or clustering of the seafloor
classification classes was necessarily subjective, to some
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Fig. 7 Seafloor classification of
the Liitetsburger area by means of
a SSS, Lidar, and sediment data
and b satellite data (RapidEYE-
RE and TerraSAR-X, Jung et al.
2015). The area covered with
water in the RE classification was
excluded from further
computation. The 10 seafloor
classes were grouped and reduced
to four, in order to match the RE
classification, and the
corresponding coverage (in %)
was given for comparison

Sidescan-Sediment classification RapidEye-TerraSAR-X classification

Class % % % % Class
S (shG) 0.0 Coarse e Coarse
S (sh) 2.8 sed. = comispondence | gad,
FS-MS 1.4

I FS 6.3 Sand 22.6 50.2 Sand 3.6 Dry Sand
VFS-FS 14.9 46.6 Wet Sand
M5 49 Mixed Mixed .
M-VFS (bd) 8.6 30.6 0.7 0.7 Mixed Seds

sed. sed.

M-VFS 7.1
M 6.4 Mud 6.4 6.0 Mud 6.0 Mud
ShB 9.7 Shellbed 9.7 15.1 Shellbed 15.1 Mussel
Water 27.9 Water 27.9 275 Water 299 Water

extent. In this comparison, Class 1 (Sh) and Class 2 (M) found
direct correspondence to the shellfish bed and mud classes in
Jung et al. (Jung et al. 2015; Fig.7). The “muddy-sediment”
classes (Class 3, M-VFS; Class 4, M-VES (bd); Class 5, M-
FS) were grouped and compared with the “mixed sediment”
class of Jung and coauthors (Jung et al. 2015), whereas the
“sandy-sediment” classes (Class 6, VFS-FS; Class 7, FS;
Class 8, FS-MS) were grouped and compared with the
“Sand” class in Jung et al. (2015). The remaining two coarse
sediment classes (Class 9 and Class 10) had no correspon-
dence in the RE classification, as they mainly occurred in
the subtidal area (drainage network), which was excluded
from the RE classification. The surface coverage was calcu-
lated for each of the new classes and the comparison was
summarized in Fig. 7.

Whereas the shellfish bed class looked overestimated in the
RE data, the area covered by mixed sediments approximated
to zero. Based on these result, almost the entire study site
should have been considered as sand flat, which was hard to
explain considering its position in the backbarrier system and
the sediment grain size results. The mixed sediment class cov-
ered the largest area in the seafloor classification (>30% spa-
tial coverage), immediately followed by the Sand class
(> 22%; >25%, if the values corresponding to Class 9 and
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10 were added), which was instead the most relevant sediment
class (>50% spatial coverage) in the RE classification. In
contrast, the mud class showed similar spatial extension in
both classifications, with a spatial coverage, which varied of
0.4%.

In the comparison with the RE classification, the difference
in resolution had to be taken into account: in fact, a single RE
multispectral record is delivered in 25 % 25 km tiles, with a
5.0 m pixel size and a 6.5 m resolution (ground sampling
distance) at nadir, whereas the maximum resolution of the
Starfish record was < 0.2 m (minimum size of a recognizable
object). The semi-automatic process of picking up and inter-
polate the shellfish bed borders on TSX data, and to apply
suck masks on the RE dataset produced a coarsening effect,
which was likely responsible for the overestimation of the
shellfish beds.

Conclusions

This very unique comparison of hydroacoustic SSS data,
LIDAR, and satellite data of TerraSAR-X and Rapid Eye in
this study could be summarize as follows:
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» The transition zone between intertidal and subtidal can be
investigated by means of both multispectral (RapidEye,
Lidar) and hydroacoustic (sidescan sonar) techniques.
Rather than being an advantage, this may result in an
increased uncertainty, because both approaches are limited
by specific processes occurring in such transition zone
(presence of water for the satellite and airborne systems;
extreme shallow bathymetry and sensitivity to adverse
weather conditions for the SSS).

* SSS showed to be a successful tool for classifying sedi-
ments and biological components (shellfish beds), with a
resolution hardly achievable by most of the other sources,
resulting to be a high performing system, in terms of ef-
fectiveness. The ability of detecting the lateral variability
of sediments in gradational environments was proved. In
this perspective, sidescan sonars can be used for mapping
and monitoring the evolution of biotic and biotic compo-
nents of a tidal system (e.g., the modifications in shellfish
bed coverage) as long as weather/sea conditions allow
collecting undisturbed data.

* The use of the SSS has the potential to be extended even
further to the upper intertidal with a high effectiveness,
although the efficiency would be much lower.

+ SSS allows also the reconstruction of the main tidal mor-
phological structures (channels, gullies, bedforms, etc.). If
coupled with Lidar data, the classification can be im-
proved and extended to the upper intertidal and in areas
where boats would have no access. In this frame, it can be
used for monitoring the morphological changes (sediment
supply, sediment balance, etc.).

* The limited SSS swath allows the system to cover areas of
2-3.5 km?” per tide, which makes the system not very
efficient, if compared with satellite or airborne remote
sensing techniques.

» Satellite and airborne-based classifications present the ad-
vantage of an extremely large coverage (high efficiency),
if compared with sidescan. They have been used quite
successfully for mapping and monitoring biogenic fea-
tures (reefs, mussel beds, etc.), whereas the detection of
sedimentary regions is still impaired (lower effectiveness).

* As a future perspective, it is recommended to test the possi-
bility to perform the sediment classification on small areas,
based on sidescan sonar and sediment dataset. The outcomes
could be used for training satellite The SSS-sampling tech-
nique could be performed on small areas, and the relative
classification being used for training airborne-satellite remote
sensing-based algorithm and classification processes.
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