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The contribution of geomorphometry to the seabed characterization of tidal
inlets (Wadden Sea, Germany)
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Abstract. The monitoring policies of subtidal marine areas, as regulated by the FFH and MSFD, re-
quire stable measures and objective interpretation methods to ensure accurate and repeatable results.
The nature of Wadden Sea inlets seabed have been investigated trough the analysis of bathymetrical and
backscatter data, collected simultaneously by means of high-resolution multibeam echosounder, in con-
junction with validation samples. The datasets allowed a robust approach to characterize substrate and
bedforms, using objective and repeatable methods. The geomorphometric approach gives a substantial
contribution to extract quantitative information on morphology and bedforms from bathymetry. DEMs
of four tidal inlets have been used to calculate morphometric parameters, compare the inlets morphol-
ogy and provide a classification of slope and profile curvature. Classified morphometric parameters have
been applied to a detailed characterization of Otzumer Balje seabed. Very steep slopes and breaks of slope
potentially related to substrate variations have been mapped and statistically investigated with respect to
their depth distribution and spatial orientation. The computation of multiscale Benthic Position Index
identified morphological features and bedforms at broad and fine scales. The geological and geomorpho-
logical meaning of morphometric parameters were extracted by means of quantitative comparison with
backscatter intensity and samples. Backscatter was processed for radiometric corrections, geometrical
corrections and mosaicking, to get intensities representative of the substrate characteristics. Within this
integrated approach, it was possible to quantitatively analyse the complex morphology of subtidal areas
of the Wadden Sea tidal inlets. At detailed resolution, the integration of bathymetric and backscatter data
provided a bedforms and substrate characterization according to the main habitat classification schemes.

Keywords: seabed mapping, tidal inlet, geomorphometry, backscatter, swath bathymetrical systems,
Wadden Sea, Germany

1 Introduction

The Wadden Sea is located along the southern North Sea, stretching for almost 500 km between
Den Helder (Netherlands) and Skallingen (Denmark). It covers an area of nearly 3,300 km? and
is one of the world’s largest intertidal systems encompassing a multitude of transitional zones
between land, marine and estuaries environments (DITTMANN 1999, DANKERS et al., 2012). Sev-
eral coastal infrastructures, a dense network of submarine energetic utilities, as well as dredg-
ing, dumping and fishing activities, strongly interact with the natural environment (D1ssAN-
AYAKE et al. 2012, WANG et al. 2012). Since 2009 it is an UNESCO World Heritage site and is
protected in framework of the Trilateral Wadden Sea Plan entailing policies, measures, projects
and actions agreed upon by The Netherlands, Germany and Denmark.

The high natural heritage and the intense human activity require an increasing knowledge
of the subtidal environment. The Marine Strategy Framework Directive 2008/56/EEC and the
Council Directive 92/43/EEC on the conservation of natural habitats formally provide moni-
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toring requirements and basic guidelines, including morphology and substrate composition
within the ecological quality elements to be periodically monitored. Establishing that monitor-
ing has to outline the environmental changes due to the human activities, the EU Directives in
fact require filtering instrumental effects, natural variables and human subjectivity out of the
acquisition and interpretation processes.

The use of acoustic remote-sensing, in conjunction with ground-truth validation samples,
provides a robust approach to characterize marine substrate and bedforms (MicCADEI et al.
2011, 2012, MICALLEF et al. 2012). Recent technological advancements of swath bathymetric
systems, as multibeam echosounders and phase measuring bathymetry systems, drastically
improve the effectiveness of hydroacoustics, as they collect high-resolution bathymetry and
high-quality backscatter intensities at the same time (LEs BAs & HUVENNE 2009, BARTHOLOMA
et al. 2011).

The interpretation of DEMs and backscatter mosaicked imageries has been conventionally
done by manual experts analysis, whereby expert analysis divides bathymetry and backscatter
into regions of similar attributes, linked to geological and geomorphological features by means
of ground-truthing samples. As this procedure is affected by high subjectivity, the research
of repeatable approaches became of primary importance (BROwN et al. 2011, DIESING et al.
2014, IsMAIL et al. 2015). Geomorphometry gives a substantial contribution to the objective
and quantitative analysis of bathymetry. Several studies prove its potential to help the scien-
tific community and governmental agencies advance their understanding of seabed geology,
geomorphological processes and habitats (IAMPIETRO et al. 2005, WILsON et al. 2007, LECOURS
et al. 2015). Even though it has been successfully applied to a variety of subaerial environments
(JasiEwicz et al. 2015 and references in), it still has a number of characteristics that make prob-
lematic the application of traditional geomorphometric techniques to the submarine landscape
(LEcours et al. 2015). The low availability of data, usually with different resolution, and a more
smooth morphology makes the computation of morphometric parameters hard (MICALLEF et
al. 2007). The difficulty to achieve a representative ground-truthing is a strong limitation to the
results calibration, even more in such areas where water turbidity drastically reduces the direct
observation of seabed by means of optical methods as cameras.

The aim of this paper is a methodological contribution to extract geological and geomor-
phological characteristics of seabed from hydroacoustic data and samples, integrating geomor-
phometric and backscatter analysis. It provides new quantitative information on the tidal inlets
morphology through the computation of morphometric parameters and proposes a multiscale
morphological classification to identify bedforms. The comparison of morphometric param-
eters, backscatter intensities and samples allowed the seabed characterization, outlying the
relations between bedforms, seabed composition and geomorphological process. Each of the
performed analysis gives important information to characterize the seabed and are valuable
inputs for environmental mapping, monitoring purposes and consistent to the main habitat
classification schemes.
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2 Studyarea

The present study focuses on the subtidal areas of the south-west German Wadden Sea, ex-
tended from the Dutch border, in the west, to the estuary of river Elbe, in the east (Fig.1). The
Wadden Sea is a meso-tidal environment, with semi-diurnal tides. It is separate from the North
Sea by the Frisian barrier islands, resulting from coastal depositional processes occurred dur-
ing the Late-Holocene sea-level high-stand (LUDERS 1953). Several tidal inlets cross the barrier
islands and connect the tidal basins to the North Sea trough a system of channels, flood delta
and ebb delta (HAaYES 1980). The maximum depth is about -25 m, generally observed along the
main tidal channels.

The stratigraphic setting is given by a Holocene wedge-like depositional body, lying on top
of the Upper Pleistocene succession made of alternating sandy and organic clayey layers (STREIF
1998, 2004). The Holocene succession consists of a basal organic sequence made of peat and
clay, covered by fine-grained sandy; silty and clayey deposits, with intercalated semi-terrestrial
peat layers (ZEILER et al. 2000, CHANG et al. 2006, BUNGENSTOCK & WEERTS 2012). The average
thickness of the Holocene succession ranges from 10 to 12 m, wedging out against the Pleistocene
hinterland. Seaward, it ends at a steep slope to a water depth of about 25 m (ZEILER et al. 2000).

Surficial sediments are mainly made of fine to coarse sands, with variable mud fraction.
Locally muddy deposits are present, made of physically or biodeposited muds (RacuTzk1 1980,
FLEMMING & DAvIs 1994, ZEILER et al. 2008, BARTHOLOMA et al. 2011). Surficial sediments are
permanently reworked and mobilized by waves- and tidal-induced currents, with a continu-
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Fig. 1. Location of the study area and the four analysed tidal inlets. Grey areas indicate the extension and the
type of used datasets.
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ous exchange of sediments between flood deltas, channels and ebb deltas (LADAGE et al. 2006,
Son et al. 2011). The sediment mobilization induces very intense morphodynamics in the inlets
(MEYER et al. 2014), producing bedforms mainly made of small to large sand waves (ERNSTSEN
et al. 2005).

3 Methods

3.1 Data set information

The study is based on three datasets acquired between 2012 and 2014 (Fig. 2). The first one is the
full-coverage swath bathymetry of Schluchter (2012), Wichter Ee (2013), Accumer Ee (2013) and
Otzumer Balje (2014) inlets. The total covered area is ca. 55 km?, with water depth from -1.5m
up to -25 m (Fig. 1). The second dataset consists on the full-coverage backscatter intensities only
for Otzumer Balje, collected simultaneously to the bathymetrical data (2014). It covers an area
of about 19 km?. Both bathymetric and backscatter datasets are collected by the R/V Nynor-
deroog by means of hull-mounted Kongsberg EM3002 D multibeam echosounder, operating
at a frequency of 300 kHz and fully compensating for vessel motion. Sound velocity profiles
were measured every 2 hours, to account for the hydrology effects. Position and elevation were
provided by RTK-Fixed DGNSS system with correction data supplied by the German satellite
positioning service SAPOS®. Bathymetric raw data were processed with QPS QINSy software
by accounting for sound velocity variations, tides and basic quality control. Digital Elevation
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Fig. 2. Workflow of the applied methodology, showing the datasets (thick-bounded cells), the computed
morphometric parameters (white cells), the approach performed on 4 inlets aimed to classify the mor-
phometric parameters (dashed-bounded cells) and the analysis performed on Otzumer Balje aimed to the
seabed characterization (grey cells).
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Models (DEMs) were realized with a cell size of 1 m. Raw backscatter was processed with QPS
Fledermaus GeoToolbox software for radiometric corrections, geometric corrections and mo-
saicking (BEAUDOIN et al. 2002, FonseEca & CALDER 2006). Backscatter mosaic was exported as
raster with a cell size of I m.

The third dataset consists on over 120 sediment samples from Otzumer Balje, collected in
2014 and 2015 to ground-truth backscatter intensities, with a 50 litre Van Veen grab by means of
the R/V Burchana. The number and position of samples were planned based on a preliminary
interpretation of bathymetry and backscatter. The samples analysis was performed through
qualitative observations and grain-size analysis by sieving.

3.2 Morphometric parameters classification

Hillshade, slope and profile curvature were derived from the DEMs of four inlets (Fig. 2), using
the Geographic Information System ArcGIS™ 10.3, on a 3x3 cell neighbourhood around the
centre cell. Hillshade was used to enhance the visualization of raster surfaces. The frequency
distribution of slope and profile curvature was statistically investigated, to compare the mor-
phology of the inlets. Slope and profile curvature have been then classified using the Jenks’
Natural Breaks clustering algorithm, selecting breaks minimizing the variance within a class
and maximizing the variance between classes (JENks & CaspaLL 1971). The classification iden-
tified 5 classes of slope and 5 classes of profile curvature for each inlet. The mean of each class
breaks were calculated to compute unique break values over the inlets.

3.3  Seabed characterization
3.3.1 Geomorphometric analysis

The mean values of the class breaks were used to perform the geomorphometric analysis of
Otzumer Balje (Fig. 2). Slope classes were used to identify steep and very steep slopes. Profile
curvature classes were used to map convex breaks of slope. Then they were filtered by a neigh-
bourhood filter on 20 x 20 m squared zones, to outline areas where steep or very steep surfaces
coexist with convex breaks of slope. The depth distribution and orientation of resulting surfaces
have been statistically analysed by the comparison with bathymetry and aspect raster surfaces.

A multiscale terrain classification has been performed trough the computation of the Ben-
thic Position Index BPI (ERDEY-HEYDORN 2008). The BPI is the marine version of the Topo-
graphic Position Index TPI introduced by WEIss (2001), and has been applied to several marine
studies in recent years (IAMPIETRO et al. 2005, LUNDBALD et al. 2006, WILsON et al. 2007, D1Es-
ING et al. 2009). It consists on a focal statistical analysis evaluating the depth difference between
a cell depth and the mean depth of the surrounding cells, within an user defined neighbourhood
geometry (Evans et al. 2006). The result is an indication of whether any particular pixel is part
of a positive (e.g. crest) or negative (e.g. valley) feature of the surrounding terrain (WiLson et al.
2007). The scale of the BPI calculation is denoted by the scalefactor, defined as the neighbour-
hood size multiplied by bathymetric data resolution, and strongly influences the results: smaller
scalefactors better represent small features (LUNDBALD et al. 2006, DE REU et al. 2013). Our
calculations were performed using an annulus neighbourhood shape (LUNDBALD et al. 2006)
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Table 1. Classified slope positions and classification criteria.

Broad-Scale BPI (scalefactor 200) Fine-Scale BPI (scalefactor 20)
Slope position classification | BPI and slope criteria | Slope position classification | BPI and slope criteria
Depressions BPI<-1SD Depressions BPI<-0,1SD
Slopes -1SD<BPI<1SD |Deeply incised depressions | BPI< -1 SD
Slope > 2°
Reliefs BPI>1SD Slopes -0,1SD <BPI<0,1SD
Slope > 2°
Flats -1SD<BPI<1SD |Ridges BPI>1SD
Slope < 2°
Local ridges BPI > 0,1 SD
Flats ~0,1SD <BPI<0,1 SD
Slope < 2°

by means of the GIS implementation Topography Tools for ArcGIS™ 10.3 (JENNESs 2006). The
neighbourhood sizes were chosen based on an examination of the bathymetry prior to the BPI
calculation, which showed large features size about 300 meters across (e.g. tidal channel) and
small bedforms average size about 20 m across (e.g. sand waves). The BPI was, therefore, com-
puted at two different scales: a broad-scale, with inner-radius = 20 m and outer-radius =200 m,
and a fine-scale, with inner-radius = 5m and outer-radius =20 m. BPI grids were standardised
by subtracting the mean BPI from each BPI data point value and dividing by the standard devia-
tion. In this way, the mean BPI had a value of 0 and the standard deviation had a value of -1/+1
(WiLsoN et al. 2007). The broad-scale BPI was classified into 4 slope positions and the fine-scale
BPI into 6 slope positions (Table 1). The classifications are based on the standard deviation from
the depth, which take into account the variability of depth values within the neighbourhood
(EvaNs et al. 2016, LUNDBALD et al. 2006, WEIss 2001).

At broad-scale, thresholds values as proposed by WEiss (2001) were applied. Thresholds
values of the fine-scale classification were set as reported in Table 1, in order to adjust them to
the relatively smoothed morphology of minor bedforms. The critical slope value discerning
slopes and flats was set based on the results of the slope classification performed over four inlets
(Table 1).

3.3.2 Backscatter analysis

The geomorphometric results were compared with substrate characteristics, derived from the
backscatter intensity as defined by the sonar equation

EL = SL - 2TL + BS +10 logA,

where EL is the echo level recorded by the sonar, SL is the source level, TL is the energy loss in
the water column, BS is the backscatter strength depending on the seabed type, and A is the
instant ensonified area (LURTON 2002).

The recorded echo was processed to be rid of those parts of the signal that are not directly
related to the seabed type itself, as water column effects and morphology, and access the back-
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scatter information intrinsic to the bottom composition, since the bathymetry provided by the
sonar allows the computation of all the variables of the equation. The processing chain started
with the calibration of the signal levels emitted and received by the sensor. The next stages were
data corrections, required for qualitative and quantitative backscatter estimation and exploi-
tation. They included i) the compensation of the instant ensonified area as a function of the
sonar characteristics and the incident angle between the acoustic waves and the seabed, ii) the
compensation of transmission loss as a function of the transducer-seafloor distance and the
absorption coefficient of the water, iii) the correction of BS for the incident angular depend-
ency. The last step was the mosaicking, providing backscatter intensities directly depending
on the substrate composition (AUGUSTIN & LURTON 2005, LAMARCHE et al. 2011, LurToN &
LaMARCHE 2015 and references in). The different acoustic facies of the mosaic were then linked
to the sediment types by means of ground-truth samples (Fig. 2).

Information on morphology and seabed composition were combined in a single map, which
was slightly smoothed to eliminate small and isolated areas with high uncertainty and that were
probably misclassified (MICALLEF et al. 2012). In this way, each cell of the produced map was
classified in terms of morphology, composition and geomorphologic information.

4 Results

4.1  Slope and profile curvature classification

Slope and profile curvature over the four inlets were statistically investigated in terms of fre-
quency distribution and results were plotted as cumulative curves (Fig. 3). Slope frequency has a
similar unimodal distribution over the inlets, with over 85 % of the surveyed area having slope
<5° and about 60 % with slope < 2°. Steepest surfaces with slopes >20° characterize about 1%
of the whole area.

The profile curvature has a unimodal and slight positive skewed distribution, with positive
and negative values describing concave and convex surfaces, respectively (Fig. 3). The maxi-
mum frequency is between 0m™ to ~-2m™. For each inlet, over 90 % of the surveyed area has
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Fig. 4. Class breaks of slope (left) and profile curvature (right) of each inlets, computed using the Jenk’s Na-
tural Breaks algorithm. Grey dashes are the mean value of each break over the four inlets.

Table 2. Generalized classes of slope and profile curvature based on the mean value of classes breaks of

each inlet.
Slope Profile Curvature
Flat §<2° Very convex C<-10°m™!
Gently sloping 2°<S§<5° Convex -10°m'< C<-4°m™!
Sloping 5°<§<10° Slightly convex -4°m < C<0°m™!
Steep 10° < S < 20° Slightly concave -0°m'< C<7°m™!
Very steep >20° Concave >7°m™!

a profile curvature between -4 m™" to 7°m™, about 75 % has negative values. 2 % of the surface
contains the highest absolute values, with curvature < -10m™ and >7m™.

The classification of slope and profile curvature by means of the Jenk’s Natural Breaks al-
gorithm identifies four main class breaks for each inlet (Fig. 4).

Since resulting values of class breaks over the four inlets are similar, mean values were com-
puted and used for a generalized classification of slope and profile curvature (Table 2).

4.2 Seabed characterization of Otzumer Balje

4.2.1 Geomorphometric characterization

The broad-scale BPI computed on Otzumer Balje identifies wide flat surfaces with slope values
<2° They mainly cover areas shallower than -5 m and are referable to the tidal flat (Fig. 5a).
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Flats are crossed by depressions consisting on the tidal-channels, characterized by flat or
u-shaped bottoms (Fig. 5a). The fine-scale BPI identifies deeply incised sub-circular depres-
sions, located on the margin of the main channel (Fig. 5b, ¢). They are 5 to 6 m deep, bounded
by convex breaks of slope and very steep slopes (Fig. 6a, b).

Slopes identify steeping zones connecting depressions and shallow flats, as well as the flanks
of the largest sand waves (Fig. 5a). The slopes of tidal channels have gradients between 10° and
20°. Locally, the alternation of very steep surfaces (S > 20°) and gently sloping (2° < S < 5°) or flat
ones (S <2°) results into a terraced morphology of the channel profile (Fig. 6a).
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Fig. 6. Geomorphometric mapping, backscatter intensities and samples of the fine-scaled bedforms. a, b:
Two orders of scarps identified by convex breaks of slope, steep and very steep slopes, located between -7
and -12 m. ¢: Sand waves characterized by steep and very steep slopes and convex morphology of the crests.
d, e: Backscatter intensity showing high values on flat and gently sloping areas, and low values on steepest
surfaces. f: Backscatter intensity with relative high values, showing a pattern consistent with the morphology
of small and medium sand waves. g, h: Peat fragments collected on the very steep slopes. i: sandy sediments
with a coarse fraction made of shells, collected on sand waves.
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Fig.7. Depth distribution of very steep slopes (S >20°) and convex breaks of slope (C < -10°m™).

Ridges identify the crests of large sand waves as well as the convex edges connecting slopes
and flats (Fig. 5a). At fine-scale, ridges identify the boundaries of the deeply incised depressions
and high-morphological structures along the main channel (Fig. 5b, c) as well as the crests of
large sand waves located on the channel bottom (Fig.5d). The low ridges class identifies the
crests of small and medium sand waves, as well as moderate elevations within flats and u-
shaped depressions (Fig. 5,b, ¢, d). All the ridges are characterized by convex breaks of slope,
which outline sharp transitions from flats to slopes (Fig. 6a, b, ¢), as well as the crests of the sand
waves (Fig. 6¢). The flank of large sand waves are characterized by very steep slopes (S >20°),
whereas medium and small ones mainly have steep flanks (Fig. 6).

The analysis of the depth distribution of very steep surfaces (>20°) shows that they are
mainly located at four bathymetric levels (Fig. 7). The first level has a depth of about -3 m. It is
characterized by a high concentration of surfaces with slope up to 22° and maximal values of
about 35° The second level is located between -5 m to -6 m, and presents a high concentration of
values up to 25°. The highest occurrence of very steep surfaces has been observed at -9 m depth,
with high frequency of values up to 25°, and a wide distribution of steepest values up to 50°. A
similar distribution and range of values characterizes the fourth level, at about -13 m depth. All
the four levels present a similar trend of the slope distribution, with the steepest surfaces gener-
ally located at lowest depth. The increase of depth corresponds to wider steep areas and to the
decreasing of the slope. This feature outlines a general concave morphology of the four bathym-
etric levels, with a very steep upper part followed by a less steep and more extended basal sector.

Convex breaks of slopes (C < -10°m™) are mainly located at three depth levels (Fig.7).
The shallowest and the deepest ones, respectively located at -2 to -3 m and -10 to -12 m, have
a high presence of curvature values up to -15° m™, with maximal values up to about -30° m™".
The most populated level is located at -6 to -7 m and has a very high occurrence of values up to
-15°m™!, and maximal values up to ~50°m. The bathymetrical levels with high convex surfaces
are shifted towards shallower depth respect to very steep slope ones, as the breaks of slopes are
generally the upper boundary of very steep slopes.
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direction [*] direction [*] direction [*]

Fig. 8. Aspect of a) steep slopes (10° < S <20°), b) very steep slopes (S >20°) and c) very convex surfaces
(C < -14m™). Radial-values indicate the number of pixels; the Azimuth-values are compass direction in
degrees, with 0 = north.

Steep slopes have two main aspect directions, toward ENE and SSW. Secondary facing di-
rections are NNE and SE (Fig. 8a). The very steep slopes are most facing toward NNE and WSW,
with remaining surfaces dipping toward SSW and SE (Fig. 8b). Those directions are consistent
with the orientation of convex breaks of slope, mainly facing toward NNE and WSW (Fig. 8¢).

Steep slopes, very steep slopes and breaks of slope have a closed correlation in terms of ori-
entation, mostly consistent with the general orientation of the ebb-channel slopes (NE and SW)
and, to a lesser extent, of sand waves flanks (SE and NW).

4.2.2 Sediment characterization

The correlation of geomorphometric features and seabed composition is best carried out using
backscatter intensity and sediment samples (Fig. 6). Low backscatter intensities, ranging from
-60 and -45 dB, characterize the very steep slopes (Fig. 6d, €) and they are located directly
deeper of the lowest values of profile curvature (Fig. 9, profiles a, b). According to collected sam-
ples, these backscatter values are given by the presence of peat layers and cohesive clay (Fig. 6g).

As well as the values of morphometric parameters, also the backscatter intensities of those
steep sectors are distinct from the intermediate flat surfaces and the bottom of the deeply in-
cised depression. Flat surfaces are characterized by quite constant slope and profile curvature
and a mean backscatter intensity of —33 dB, given by sandy sediments (Fig. 9a). The bottoms
of depressions have higher variability of morphometric values due to the rough morphology.
Backscatter intensity is between -37 and -24 dB, with a mean value of about -32 dB (Fig. 9b).
Such variability is given by the presence of mixed sediments made of sand, shells and peat frag-
ments (Fig. 6h).

On sand waves, backscatter intensities range from -30 to -25 dB. The trend of backscatter is
mainly consistent to the variation of morphometric parameters given by the medium and small
sand waves morphology, with higher backscatter values on the throws and lower on the crests
(Fig. 9¢). On large sand waves, the backscatter intensity is quite constant, even though their
morphology gives variable morphometric parameters. Samples reveal the presence of heteroge-
neous sediments, ranging from gravelly sand to sand, with local variations of the coarse fraction
mainly made of shells and shell fragments (Fig. 6i).
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Fig. 9. Comparison of morphometric parameters and backscatter intensity. Profiles refer to Fig. 6.

5 Discussion

The morphology of four tidal inlets was investigated by the application of a geomorphometric
approach, allowing quantitative analysis of bathymetry and providing repeatable results. The
statistical analysis of morphometric parameters of four tidal inlets was possible by the availabil-
ity of high-resolution data, collected by swath bathymetric systems, processed to correct spikes,
artefacts and the water column effects. As geomorphometric methods are strongly conditioned
by the quality of data (PIKE et al. 2009), the use of a bathymetric datasets collected by the same
instrument and processed with same methods, ensured the homogeneity of data quality and the
quantitative comparability of the DEMs across the investigated inlets.

The large availability of homogeneous bathymetrical datasets allows classifying slope and
profile curvature according to the peculiar morphology of the Wadden Sea tidal inlets. The
classification outlines a general consistency of morphology over four inlets, even though a
larger variability characterizes the profile curvature values. This can be due to the more noisy
nature of curvature, since residual artefacts may still be present in the final DEMs (LECOURSE
etal. 2016). They are introduced by some technical factors typically affecting the hydroacoustic
surveys, as the position accuracy and the water column effects (LurTON 2002). Moreover, the
intense morphodynamics causes rapid bathymetric variations (MEYER 2014), making the inter-
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Fig.10. Geoforms and substrate characterization, resulting from the integration of the geomorphometric
analysis and backscatter intensity. Vertical exageration 3x.

polation of overlapping areas surveyed at different times problematic. The variability of profile
curvature over the four inlets can also be related to local heterogeneities of substrate nature,
which still need further investigations by means of backscatter and samples to be correlated to
morphometric parameters.

Classified slope and profile curvature have been used for the detailed analysis of Otzumer
Balje to map steep slopes and breaks of slope. The broad-scale morphological classification car-
ried out by the BPI, identifies four morphological zones (Fig. 10) corresponding to the ebb tidal
channel, the small tributary channels, the channels upper edges, as well as the crest of the large
sand waves on the channels bottom (BOOTHROYD, 1985, ERNSTSEN et al., 2005).

The fine-scale BPI and morphometric parameters identify different types of minor bed-
forms. Respect to those proposed by WEiss 2001 and widely employed in previous marine stud-
ies (IAMPIETRO et al. 2005, LUNDBALD et al. 2006, WILSON et al. 2007), the used classification
criteria allow us to identify smoothed and small-scaled bedforms, including sand waves, scarps
and deeply incised depressions. Even though such bedforms are characterized by the same
classes of slope and profile curvatures, they return different backscatter intensities with very
low values on scarps and higher values on sand waves (Fig.9). The different backscatters on
similar morphometric parameters constitutes a useful constraint to consider the backscatter
mainly depending on the sediment type rather than on the morphology, and to assume a reli-
able processing of the received signal according with the sonar equation (LAMARCHE et al. 2011,
LurTON 2002).

The morphometric analysis assumes a geologic and geomorphologic meaning by the com-
parison with processed backscatter and samples, as they give most of the contribution to char-
acterize the substrate and differentiate unconsolidated sediments and hard-layers (DIESING et
al. 2009, 2014) being optical methods, as cameras, not usable due to the water turbidity of the
Wadden Sea.
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As result, we were able to classify the seabed in terms of bedforms and sediment type, ac-
cording to the main schemes for seabed geomorphological, ecological and biotope classification
(DaviEes et al. 2004, MADDEN & GROSSMAN 2007 FINKL et al. 2008). Very steep slopes and breaks
of slopes identify three main systems of scarps, whose spatial distribution is quantitatively de-
scribed by the analysis of their depth and orientation. Scarps are located along the slopes of the
ebb-channel, with a main direction parallel to the channel, at three different depths at -5m to
-6m, -8 m to -10m and -12m to -13 m (Fig. 10a). They are given by the alternation of sandy
sediments and hard substrate layers, made of peat and very cohesive clay. Hard layers constitute
the scarps bounding two deeply incised holes located on the margin of the ebb-channels, filled
by mixed sediments made of sand, shells and peat fragments (Fig. 10b). The depth and litho-
stratigraphical features of the hard substrate outcrops are consistent with the Holocene basal
clastic sequence (STREIF 1998, 2004), as deduced by the intersection of the actual bathymetry
with the map of the Holocene basis and stratigraphic cores (GPDN 2009, 2013).

Sand waves are present on the channels bottom (Fig. 10). They present flanks and crest with
directions generally perpendicular to those of the ebb-channel, outlined by a high occurrence
of steep surfaces facing toward SE and NW and the more scattered orientation of profile curva-
ture. Even though backscatter shows quite constant intensities and samples outline sandy sedi-
ments, slight variations of backscatter across the sand waves are present. Assuming a consistent
calibration and compensation, these variations can be considered more related to a sediment
sorting across the sand waves rather than to morphological effects on backscatter (LAMARCHE
et al. 2011). This is consistent with several sedimentological investigations carried out on sand
waves of the Wadden Sea by the use of systematic sampling (ERNSTEN et al. 2005, SVENSON et
al. 2009).

6 Conclusion

The paper proposes an objective approach to characterize the seabed, which transforms high-
resolution bathymetric data, backscatter intensities and samples into meaningful geomorpho-
logical and geological information.

The morphometric analysis provides a general morphologic classification of the subtidal
areas of the Wadden Sea tidal inlets, based on a substantial homogeneous high-resolution ba-
thymetrical dataset. It gives a substantial contribution to objectively identify bedforms at broad-
and local-scale, as well as to give preliminary information about substrate variations.

We focus on the importance to join the quantitative morphometric interpretations with
calibrated-compensated backscatter intensities and samples, to extract acceptable information
on the seabed nature. This is possible by the use of modern swath bathymetrical systems, as they
simultaneously collect bathymetry and backscatter intensity. That ensures the consistency of
hydro-acoustic datasets and allows an optimal processing of backscatter strength according to
the sonar equation, returning suitable results for a quantitative comparison of datasets.

Compared to the traditional manual one, this approach i) reduces the operator bias and
subjectivity, ensuring consistency of classification results, ii) does not require intensive com-
puter processing power, and it decreases the time and cost of data interpretation, iii) it is mainly
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implemented in GIS environment, allowing further spatial and statistical analysis to be carried
out. A number of sources of uncertainty may still affect the final products. Even though advanc-
es in survey and processing technologies are quite rapid, artefacts are still common in hydro-
acoustic data and could affect the derivation of some morphometric parameters and backscatter
intensity. This may result in misclassification coinciding with noise or gaps in the data, that
could be partially improved during the data acquisition and processing.

Further investigations based on the quantitative comparison of morphometric parameters,
backscatter and samples will be aimed to improve the classification of morphometric param-
eters for the tidal inlets systems.

In conclusion, within this integrated approach, it is possible to quantitatively analyse the
complex geomorphology and substrate nature of the Wadden Sea tidal inlets. The characteriza-
tion of hard substrates, unconsolidated sediments, erosive and depositional bedforms allows the
implementation of most of the geological, geomorphological and biotope classification schemes,
providing valuable information for multidisciplinary ecological investigations in agreement
with the monitoring requirements of the European Directives.
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