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ABSTRACT

The paper presents a map of sediment surface distribution and bedforms in the Harle tidal
inlet, German Wadden Sea. Data collection, processing, and map editing were realized
within the sublittoral mapping program of Lower Saxony national waters carried out by the
NLWKN - Coastal Research Station. The map is the result of the combined use of multibeam
echosounder, sub-bottom profiler, and ground-truth data. The sediment characterization is
achieved by an unsupervised approach using an Object-Based Image Analysis (OBIA) on a
normalized backscatter mosaic, verified by nineteen sediment samples. Morphometrical
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parameters and sub-bottom data provided important information to identify hard substrates

and bedforms.

1. Introduction

The Wadden Sea is among the largest tidal systems in the
world encompassing a multitude of transitional zones
between land, estuarine, and marine environments.
Since 2009 it belongs to the UNESCO World Heritage
Site (UNESCO, 2021) and is protected in the framework
of the Trilateral Wadden Sea Plan entailing policies, pro-
jects, and actions agreed upon by Denmark, Germany,
and The Netherlands (Kloepper et al., 2022).

The high natural heritage and the substantial pres-
ence of economic activities strongly attract the scien-
tific interest in the subtidal environment. At the
same time, the mapping and monitoring requirements
imposed by European directives force EU-Countries
to start research projects on monitoring methods
(Winter et al., 2016) as well as extended mapping pro-
grams (Kloepper et al., 2022).

A long-term monitoring project on the subtidal
habitats of the Lower Saxony Wadden Sea is carried
out by the NLWKN — Coastal Research Station of Nor-
den, through acquisition and interpretation of differ-
ent hydro-acoustic datasets and samples (Mascioli &
Kunde, 2021). Bathymetry and seabed backscatter
are collected simultaneously by means of swath bathy-
metry systems, in conjunction with sub-bottom
profiles and validation samples. These allow the adop-
tion of a robust approach to characterize substrates
and bedforms, based on the assumption that there is
a close connection among morphology, geomorpholo-
gical processes, and seabed composition.

The paper presents a map of sediments and bed-
forms of the subtidal area of the Harle tidal inlet,
using methodological approaches largely investigated
in the scientific literature (Diesing et al., 2014) and
tested in similar test-areas (Mascioli et al., 2017,
2021). Morphometric analyses of bathymetric data
provided a quantitative description of seabed mor-
phology. An unsupervised approach based on
Object-Based Image Analysis (OBIA) was used to clas-
sify and divide acoustic data into different classes,
which have been characterized using sediment
samples as well as stratigraphic information from
sub-bottom profiles and available sediment cores
(Bartholomé et al, 2017; Capperucci et al., 2022;
NIBIS® Kartenserver, 2020a, 2020b, 2020c¢).

The map is a product of the mapping program of
Lower Saxony Wadden Sea and provides necessary
information for the further monitoring of biotopes
according to the Habitat Directive 1992/43/EEC,
fulfills the requirements of the Marine Strategy Frame-
work Directive 2008/56/EC, and is a necessary input
for numerical modeling within morphological evol-
ution studies.

2, Study area

The Wadden Sea stretches off the coasts of the Neth-
erlands, Germany, and Denmark and is separated
from the North Sea by the barrier islands of the Fri-
sian archipelago, resulting from Holocene marine
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transgression and concurrent depositional processes
(Streif, 2004; Schaumann et al.,, 2021). The strati-
graphic setting consists of a Holocene succession,
made of sandy deposits of marine and brackish ori-
gin, silt, clay, and intercalated peat layers, lying on a
Pleistocene sequence made of sand, silt, and clay of
fluvial and glaciofluvial origin. A basal sequence con-
stituted by organic peat sets the limit between Holo-
cene and Pleistocene deposits (Streif, 2004). Tidal
currents and wind waves govern the sediment trans-
port and, consequently, erosional and depositional
processes acting on seabed and coastline morphology
(De Swart & Zimmerman, 2009; Son et al., 2011).
Different sized sand waves cover large subtidal sec-
tors. Steep scarps locally bound the slopes of the
main tidal channels and outline the presence of
peat and cohesive clay layers (Mascioli et al., 2017;
Streif, 2004).

The Harle inlet is located between the islands of
Spiekeroog, to the West, and Wangerooge, to the
East; it features a catchment area of about 65 km?
and depth values up to about —34 m NHN (Normal-
hohennull, German Standard Elevation Zero) in the
northern sector of the main tidal channel. Surficial
sediments mainly consist of sands, with a variable
mud fraction (Figure 1).

3. Materials and methods
3.1. Dataset

Full coverage high-resolution bathymetry and backscat-
ter were collected by the NLWKN owned survey vessel
Nynorderoog, by means of a hull-mounted Kongsberg
EM2040C multibeam echosounder, operating at 300
kHz and fully compensated for vessel motion (Figure
2). To account for hydrologic effects sound velocity
profiles were acquired every 2 h. The Real-Time Kin-
ematic (RTK) positioning technique and the SAtellite
POsitioning Service (SAPOS®) provided position and
elevation. The QPS QINSy software (ver. 8.10) was
used to process raw data by accounting for sound vel-
ocity, tides, and basic quality control.

Nineteen sediment samples were gathered by the
NLWKN owned research vessel Burchana (Figure
2), equipped with a 50 L Van Veen grab (Boxes 1
and 2 of the attached map). Number and position
of samples were planned based on a preliminary
analysis of bathymetric and backscatter data to
ground-truth different morphological and acoustical
facies (Mascioli et al, 2021). A Kongsberg pPAP
200 Ultra-Short BaseLine (USBL) underwater posi-
tioning system provided the samples position with
an accuracy of about 50 cm. This ensured a highly
reliable correlation between samples and backscatter
by accounting for potential vessel drift due to strong
tidal currents.

Sub-bottom profiles were acquired by means of a
pole-mounted Kongsberg TOPAS PS120 parametric
sub-bottom profiler (Figure 2) using a non-linear
wideband Ricker wavelet operating at 6-8 kHz
(Box 7 of the attached map). The system provides
high-resolution vertical profiles with a maximal
penetration of about 5m. Data were processed
using the Delph Seismic Interpretation software
(iXblue) for applying tide corrections, enhancing
the signal-to-noise ratio, and producing geo-refer-
enced sections.

3.2. Performed analyses

Bathymetrical acoustic data were gridded toa 1 x 1 m
cell size Digital Elevation Model (DEM, Box 1 of the
attached map). Backscatter was processed by means
of QPS FMGeocoder software (ver. 7.9.5) and cor-
rected for system-dependent variables, transmission
losses in the water column, insonified area extent on
the seafloor and angular response (Beaudoin et al,
2002; Fonseca & Calder, 2005). This allowed the cre-
ation of a high-quality artefacts-reduced mosaic of
normalized backscatter, that was exported as image
with a cell size of 1 x 1 m and used for image-analysis
techniques.

Slope, slope standard deviation (STD), profile cur-
vature, and benthic position index (BPI) were derived
from the DEM using ArcMap™ 10.6 tools.

Slope is expressed as an angle to the horizontal and
indicates the maximum rate of change in elevation
value (Box 3 of the attached map). For each cell, it
was computed using the average maximum technique
given a plane fitting to its 3 by 3 cells neighborhood.
Slope values were classified into five classes: flat
areas (0°-2°), gently sloping a. (2°-5°), sloping
a. (5°-10°), steep a. (10°-20°), and very steep
a. (>20°) (Mascioli et al., 2017).

Slope STD was computed within non-overlapping 3
by 3 cells blocks and resulting values were assigned to
all of the cells in the block (Box 4 of the attached map).
It provided a measure of how far slope values vary
from their mean within each block thus providing
an index of the surface ruggedness.

Profile curvature was calculated by computing the
second derivative of the depth along the direction of
maximum slope to outline the presence of convex/
concave breaks of slope (Box 5 of the attached map).
Profile curvature was expressed in °/m and classified
into five classes: very convex areas (< —10°/m), convex
a. (—10°-—4°/m), slightly convex a. (—4°-0°/m),
slightly concave a. (0°-7°/m), and concave a. (>7°/m)
(Mascioli et al., 2017).

Broad- and fine-scale BPI was derived to determine,
respectively, long- and short-wavelength features in
the landscape. The BPI consists on a focal statistical
analysis which evaluates the depth difference between
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Figure 1. Study area (red polygon) and sediment distribution according to Folk (1954) classification (data from GPDN, 2013).

a cell and the mean depth of surrounding cells, within
a user-defined neighborhood geometry (Evans et al.,
2016; Lanier et al., 2007; Weiss, 2001). The calculation
was executed by means of the Benthic Terrain Mode-
ler 3.0 tool (Walbridge et al., 2018), using an annulus
neighborhood shape with inner- and outer-radius
values of 20 and 200 m for the broad-scale BPI, 5
and 20 m for the fine-scale BPI. The slope position
classification was then performed according to the cri-
teria proposed by Mascioli et al. (2017) (Box 6 of the
attached map).

Sediment samples were preliminary analyzed on
board through a qualitative description of sample sur-
face, color, particle size, and biogenic content. A sub-
sample was collected to perform laboratory sieve ana-
lyses. Particle-size distribution and sample statistics
were derived using the Gradistat v.8 software (Blott
& Pye, 2001). Samples were classified according to
the Folk (1954) classification simplified to four classes
(Figure 3) as proposed for harmonizing seabed sub-
strate data of the European Maritime Areas (Kaskela
et al., 2019) and used by the seabed-mapping guide-
lines for the German Bight of German Federal Mari-
time and Hydrographic Agency (BSH, 2016). The
biogenic part, mainly made of shells, was included in
the analysis and classified as gravel fraction, if coarser
than 2 mm. According to the same guidelines (BSH,
2016), the sand fraction of all samples was further
classified based on Figge (1981), in order to character-
ize the type of sand as a combination of coarse, med-
ium and fine sand (Figure 3).

3.3. Sediments and bedforms mapping

An unsupervised classification was firstly performed on
the backscatter image by means of ESRI ArcMap™™ 10.6
tools using an OBIA approach (Diesing et al., 2020;
Mascioli et al., 2021). The backscatter mosaic was
prior segmented using the Segment Mean Shift tool,
grouping into segments adjacent pixels that have similar
spectral characteristics, thus producing homogenous
sectors. Segmented raster was then classified into a
number of clusters ranging from 2 up to 15 by means
of the ISO-Cluster Unsupervised Classification tool.
The optimal number of clusters was not determinable
a priori, since it was unknown how many substrate
types were actually present and how many of them
could be efficiently identified by acoustic data. Its assess-
ment was based on the analysis of the Within and
Between Clusters Sum of Squares (WCSS and BCSS).
A decrease of the WCSS and an increase of the BCSS
is expected as the number of clusters increases, pointing
out a progressively higher homogeneity within clusters
and a higher differentiation among them. The optimal
number of clusters was then derived using the elbow
method (Carabella et al., 2022; Mascioli et al., 2021; Tri-
pathi et al,, 2018), i.e. by plotting WCSS/BCSS ratios
against the number of clusters and by detecting the
bend in the plot which states the transition between
the best differentiated set of groups and the first exceed-
ingly differentiated one. Detected clusters were given a
proper lithological characterization based on the fre-
quency of occurrence of sediments types per cluster.
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Figure 2. Workflow of the applied mapping methodology.

Sub-bottom data were filtered and tide-corrected.
The Relief of the Holocene Basis map provided by
the LBEG Geodatabase (NIBIS® Kartenserver, 2020a,
2020b, 2020c), as well as literature data (Schwarzer
et al., 2008; Streif, 2004), were used to interpret sub-
bottom reflectors. Data were mainly used to infer the
presence of peat or cohesive clay, which typically out-
crop in correspondence of narrow sectors along steep
scarps and therefore are difficult to sample. Conse-
quently, their presence was inferred based on sub-bot-
tom and cores data.

Bedforms mapping was performed based on mor-
phometric parameters derived from bathymetric data
and sand waves were classified based on their size
and according to Ashley (1990).

4. Results

4.1. Morphometric parameters and
geomorphology

Slope values range from 0° up to 60°, with a mean
value of 3.5° and standard deviation of 3.5° thus
depicting a mostly flat morphology. Wide flats rep-
resent over 40% of the area and mainly occur in the
shallowest sectors, at the margin of intertidal areas,
and in the central part of the Dove Harle tidal channel.

Gravel

muddy sand (mS)
Sand (S)

80%

[ Coarse sediments (cSED

Fine sand

Medium sand

Medium to coarse sand
Coarse sand
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)
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Sediments and bedforms map

Flats are morphologically quite smooth, as outlined by
the general low slope STD, and only locally modeled
by small sand waves (Box 7 of the attached map).

Depressions cross flat areas and consist on tidal
channels with a flat or u-shaped bottom. At a fine
scale, even if extended portions are covered by sand
waves, they are characterized by several flat surfaces
as well as irregular bedforms. In the northern part,
the profile curvature outlines sharp breaks of slope
at depths ranging approximately from —5 to —15m
NHN. They bound the very steep slopes which border
the deep depression at the end of the H-Groyne and
are described by high slope STD values (Box 7 of the
attached map).

Slopes mainly consist on the flanks of tidal channels
connecting flats and depressions. They are generally
gently sloping to sloping surfaces and are extensively
covered by sand waves fields (Box 7 of the attached
map).

Ridges, at a broad scale, constitute convex surfaces
and identify the upper part of slopes, connecting
slopes to flats. At a fine scale, they are characterized
by very convex surfaces and identify the crests and
flanks of sand waves, which feature different shapes
and dimensions, going from small to large, and are
definitively well described by a general high slope
STD (Box 7 of the attached map).
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Figure 3. Ground-truths classification according to Folk (1954) as proposed by BSH (2016) (left) and Figge (1981) (right) classifi-

cations. Colors of points refer to the legends of classifications.



4.2. Sediment grain-size

Collected samples are made of sandy sediments, with
variable fractions of silt, shells and shell fragments
(Figure 3).

According to the simplified Folk classification,
samples are classified as fine sediments (MsM, 5% of
samples), sand (S, 63% of samples), coarse sediments
(cSED, 27% of samples), and mixed sediments
(mixSED, 5% of samples). According to the Figge
classification, the sandy part of collected samples con-
sists of fine sand (fS, 79% of samples) and medium to
coarse sand (mcS, 21% of samples).

Fine sediments are represented by one sample, with
a mud fraction of about 47% and a fine sand fraction
of about 53%; the gravel fraction is lower than 0.5%.

Sands are mainly made of fine sand (fS). The gravel
fraction is smaller than 1%, with the exception of just
one sample which features a gravel fraction of about
2.5%; the mud fraction is always smaller than 7%.

All coarse sediments are classified as gravelly sand
(gS) with a gravel fraction smaller than 30%. The
sand fraction is made of medium to coarse sand
(mcS, 3 samples) and fine sand (fS, 1 sample).

Mixed sediments are represented by a muddy sandy
gravel (msG) sample, with 57% of medium to coarse
sand, 36% of gravel, and 7% of mud.

4.3. Segmentation and classification of
hydroacoustic data

The analysis of variance performed on segmented acous-
tic data shows that the WCSS/BCSS ratio quickly
decreases increasing from 2 to 4 the number of clusters,
and becomes approximately constant for more than 5
groups. Accordingly, the gradient of the curve
approaches 0 by increasing the clusters number
(Figure 4). Consequently, segments can be fairly
grouped into four clusters. A higher number does not
improve the differentiation among clusters and does
not provide further details to the classification process.

The comparison between samples and classified
acoustic data shows that cluster 1 can be characterized
as mud and sandy mud with a fine sand fraction, clus-
ter 2 as sand and muddy sand with a fine sand fraction,
cluster 3 as coarse sediments with a fine to medium to
coarse sand fraction (Table 1).Cluster 4 contains no
samples. It consists on very narrow, steep, elongated
outcrops located at the border of the deep depression
at the end of the H-Groyne. Sub-bottom profiles cross-
ing the depression show a sub-horizontal reflector,
which marks a sharp break of slope at about —15 m
NHN. Overlaying deposits are structured and mod-
eled by bedforms on the surface. Underlying deposits
are mostly blind to the sub-bottom profiler. The
reflector is almost continuous and can be observed
all over the area.

JOURNAL OF MAPS (&) 5

5. Discussion and conclusion

The subtidal area of the Harle inlet is mainly charac-
terized by fine sandy sediments, locally associated to
a coarse fraction made of shells and shell fragments.
Mud and muddy sands are present as well and located
in the shallowest areas, at the margin of intertidal
sectors.

The interpretation of the cluster 4 required a com-
bination of different data. The morphology, actually
well described by slope, slope STD, profile curvature,
and BPI, features very-steep slopes, bounded by
sharp convex breaks of slope, strongly different from
the rest of the investigated area. This suggests the pres-
ence of a hard substrate, outcropping from the sandy
sediment. Taking into consideration the sub-bottom
profile results and the depth of the Holocene base in
the area (NIBIS® Kartenserver, 2020a, 2020b, 2020c¢),
the reflector can be referred to one of the Holocene
peat layers (Schaumann et al., 2021; Streif, 2004; see
the cross sections in Box 7 of the attached map). A
more precise stratigraphic attribution is not possible
due to the low resolution of the interpolated Holocene
base surface and the absence of cores in this specific
area.

Concerning the performed sediment characteriz-
ation, achieved results show a good consistency
with previous maps (GPDN, 2013, 2014). Out-
comes from the acoustic classification as presented
in this contribution, either way, feature a much
higher resolution once more highlighting the
reliability of applied methodology. In this context,
peat or cohesive clay outcrops mapping by joining
cores and hydroacoustic sub-bottom data represents
a mandatory step toward a comprehensive seabed
characterization.

Detected bedforms feature mainly depositional
processes. This is consistent with the historical intense
filling trend of the Harle inlet, actually differing from
most of the other ones (Homeier et al., 2010).

The main erosive form is the deep depression at the
end of the H-Groyne, which makes the Harle inlet one
of the deepest of the East Frisian tidal basins and
results from the interaction of anthropogenic elements
and tidal currents. The groyne, built between 1938 and
1940 to prevent further migration of the inlet toward
East, reduces indeed the inlet width, increasing the
intensity of tidal currents and enhancing erosive pro-
cesses (Ladage et al., 2006).

In conclusion, the map provides a detailed rep-
resentation of sediments and bedforms distribution
of a very shallow meso-tidal inlet. The combined use
of hydroacoustic and sedimentological data constitu-
tes a highly effective approach, taking a large advan-
tage from the simultaneous collection of backscatter
and bathymetry by means of a multibeam echosoun-
der. The critical use of semi-automated approaches
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Table 1. Frequency of occurrence of sediment types per
cluster.

Ground-truths

OBIA- MsM, S, cSED, fS- mixSED,

clusters fS fS mcS mcS HS Total
1 1 0 0 0 1
2 0 11 0 0 0 11
3 0 1 5 1 0 7
4 0 0 0 0 0 0
Total 1 12 5 1 0 19

Note: Abbreviations refer to sample classes shown in Figure 3.

ensures the repeatability and objectivity of the map-
ping process, which are necessary in the frame of
monitoring programs. Uncertainties remain still pre-
sent and are mainly connected to the characterization
of hard substrates, due to the small extension of the
outcrops which makes the sampling quite difficult.
In this case, sub-bottom profiles provide very useful
information, although they need to be verified and
calibrated by cores.

Software

The QPS QINSy software v.8.10 and the QPS FMGeo-
coder software v.7.9.5 were used to process raw bathy-
metry and backscatter data; the iXblue Delph Seismic
Interpretation software was used to process sub-bot-
tom data; the Gradistat software v.8 was used to derive
particle-size distribution and sample statistics. The
Benthic Terrain Modeler 3.0 tool (Walbridge et al.,
2018) was used to compute and classify the Benthic
Position Index. The vector and raster data and the
main map were managed using the ESRI ArcMap™™
software v.10.6; final editing of the attached map was
performed using Corel Draw 2019 ..
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