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Abstract: The growing interest in monitoring the marine environment has strongly encouraged gov-
ernmental agencies and research institutes to undertake seabed mapping programs and stimulated
scientific interest in innovative mapping methods and tools. In this study, object-based image analysis
was used to map a very shallow tidal inlet, characterized by high sediment variability and intense
morphodynamic processes. The aim was to test the feasibility of reproducible mapping approaches
within extended mapping programs of complex coastal areas. The study is based on full-coverage,
high-resolution bathymetry and reflectivity, calibrated by means of sediment samples. Seafloor
segmentation and classification were based on a cluster analysis performed on reflectivity, slope,
and ruggedness. Statistics of clusters were extracted and analysed to identify the optimal number of
clusters and evaluate the suitability of the clustering process to differentiate different seabed types.
Clusters and samples data were joined to create a training and validation dataset for characterizing
the seabed and carrying out an accuracy assessment. Misclassifications were explored and referred to
three main reasons: (i) The not-perfect correspondence between sediment boundaries of classification
systems and boundaries derived from the clustering process; (ii) the geomorphological features
of the seabed; and (iii) the position accuracy of samples. The study contributes to testing of the
feasibility of objective methods and highlights the importance of joining acoustic, lithological, and
geomorphological analysis. It highlights issues and the need to critically analyse the mapping results
and improve the accuracy of collected data.

Keywords: seabed mapping; tidal inlet; object-based image analysis; Wadden sea; Germany

1. Introduction

Seafloor mapping is the subject of several worldwide research programs dealing
with the growing awareness that changes of the marine environmental conditions have to
be accurately monitored. The monitoring requirements strongly stimulate the scientific
interest in innovative mapping methods and tools, which should be exploitable within the
extensive mapping programs carried out by governmental agencies and institutes [1–4].

Modern hydro-acoustic technologies, supported by samples, provide a robust ap-
proach to the seabed investigation. Swath bathymetrical systems record stable and accurate
measurements. They simultaneously collect full-coverage bathymetry and backscatter
intensities, which strongly enlarges the range of applicable interpretation approaches. In
addition, the availability of morphological information optimizes the geometric and radio-
metric corrections within backscatter processing [5,6]. Results are artefact-reduced acoustic
images, mainly depending on the seabed nature, and therefore suitable for automatic
mapping methods.
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The technological progresses in data acquisition and processing techniques encour-
aged the research on objective mapping methods aimed to reduce subjectivity and to
provide repeatable results [7,8]. Even if a variety of approaches have been trialled ([9] and
references therein), just a few examples have investigated the effectiveness of non-manual
methods in very shallow coastal areas characterized by high spatial variability of seabed
types, heterogeneous sediments, and complex morphologies.

The study aims to assess the suitability of automatic methods to produce high-
resolution maps of the spatial sediment distribution in a very dynamic area, characterized
by heterogeneous sandy substrates and erosive/depositional geomorphological features.
It provides new considerations about critical issues within the mapping process, such as
the criteria of sediment classifications, the knowledge of geomorphological and geological
features of the investigated sector, and the quality of raw data.

Object-Based Image Analysis (OBIA) was applied in the Otzumer Balje tidal inlet in
the German Wadden Sea (Figure 1) within the extended institutional mapping program of
Lower Saxony coastal and marine waters. Results show that automatic methods provide
consistent products, reduce production time, and allow to keep track of the mapping
workflow, even if critical issues persist and have to be carefully examined.

2. Study Area

The Wadden Sea is the largest mesotidal system in the world, extending along the
coasts of the Netherlands, Germany, and Denmark [2]. It is a series of 39 distinctive tidal
basins made of salt marshes, tidal flats, tidal gullies, barrier islands, and ebb-tidal deltas.
The Frisian barrier islands separate the Wadden Sea from the North Sea. They result from
coastal depositional processes occurring during the Holocene sea-level rise [10]. Between
them, the strong currents of tidal flows generate tidal inlets up to 30 m deep (Figure 1). The
Wadden Sea is mainly made of a Late Holocene succession that is, on average, up to 20 m
thick [11]. It consists of a basal peat covered by marine and brackish sandy deposits, silt,
clay, and intercalated peat lenses. The surficial sediments mainly consist of fine to coarse
sand. The mud fraction is generally lower than 5% in the tidal channels and in the North
Sea area, increasing towards the intertidal sectors (Figure 1). A gravel fraction is rarely
present in few areas of the North Sea [12,13]. Holocene deposits overlay a Pleistocene
succession that is, on average, up to 50 m thick. It consists of fluvial and glaciofluvial
deposits of sand, silt, and clay related to the glacial and interglacial Pleistocene stages [11].

Figure 1. Location of Otzumer Balje and general sediment distribution according to the Figge
classification [12].
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Subtidal areas of the Otzumer Balje inlet are made of fine to coarse sands [14,15].
Waves and tidal currents steadily mobilize surficial sediments and generate a continuous
sediment exchange between flood deltas, channels, and ebb deltas [16,17]. Extended
small to large sand waves characterize the area, with heights up to 6 m and wavelengths
up to 120 m [18]. Currents induce erosive processes and generate steep scarps on the
channel slopes related to the presence of peat, cohesive clay, or consolidated coarse sand
layers [11,18].

3. Materials and Methods
3.1. Datasets

This study combined full-coverage, hydro-acoustic data and ground truths (Figure 2)
collected in 2014 over an area of approximately 19 km2, with a water depth from 1.5 up to
25 m.

Figure 2. Workflow of the applied methodology.

Bathymetric and backscatter data were collected by the NLWKN owned survey vessel
Nynorderoog equipped with a hull-mounted Kongsberg EM3002D multibeam echosounder,
operating at a frequency of 300 kHz and fully compensated for vessel motion. Sound
velocity profiles were measured every 2 h to account for the hydrology effects. The Real-
Time Kinematic (RTK) positioning technique and SAtellite POsitioning Service (SAPOS®)
provided position and elevation. Raw data were processed with QPS QINSy software
(ver. 8.10) by considering sound velocity variations, tides, and basic quality control.

Over 130 sediment samples were collected by the NLWKN owned research vessel
Burchana equipped with a 50 l Van Veen grab. The number and position of samples were
planned based on a preliminary interpretation of bathymetry and reflectivity to ground-
truth the different acoustic sectors and to verify substrate changes along the main breaks
of slope (Figure 3). The positions of collected samples were assumed the planned ones,
although they may differ because of the drift of both vessel and grab due to tidal currents.
The difference between planned and actual sampling points was estimated in a second
time, based on a further set of samples collected in 2015 whose position was pinpointed by
means of an Ultra-Short BaseLine (USBL) underwater positioning system.

The sample analysis was firstly performed on board through a qualitative description
of the sample surface, particle size, colour, consolidation or cohesion rate, and biogenic
content. A sub-sample was collected to perform laboratory sieve analyses. Particle-size
distribution and sample statistics were computed by means of the Gradistat software
(ver. 8) [19]. Sediments were classified according to the Folk classification [20] simplified to
four classes as proposed by BSH [21], and the sand fractions were classified according to
the Figge classification [12].



Geosciences 2021, 11, 49 4 of 15

Figure 3. Raster of (a) bathymetry, (b) slope, (c) ruggedness, and (d) reflectivity used to map the area. Red letters and
polygons are the locations of the magnified sectors described in paragraph 4.3.

3.2. Segmentation and Classification of Hydro-Acoustic Data

Bathymetrical acoustic data were gridded to a 1 m cell size Digital Elevation Model
(DEM, Figure 3). Backscatter was processed by means of QPS FMGeocoder software
(ver. 7.4) for radiometric and geometric corrections [5,22]. Mosaics were generated as
greyscale images with a cell size of 1 m (Figure 3), and reflectivity intensities were expressed
in Digital Numbers (DN) from 0 to 255 [9]. Slope and ruggedness were derived from the
DEM using ESRI ArcGIS 10.5TM tools (Figure 3). The slope computation was based on a
3 × 3 cell neighbourhood around the centre cell and expressed as an angle to the horizontal
in degrees. Ruggedness was calculated for each grid cell by computing the sum change
in elevation between the centre cell and its 5 × 5 neighbour grid cells, and expressed as a
Terrain Ruggedness Index (TRI) [23].

Reflectivity, slope, and ruggedness were combined into a multiband raster since
they are good proxies for sediment types, substrate variations, and geomorphological
processes [9,18,24].

The resulting raster was the input of the object-based approach, of which extracts
feature from images based on groups of pixels. The process segments the images into
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similar objects (groupsof pixels), classifies them into n classes, and characterizes the classes
based on ground truths [25]. ESRI ArcMap 10.5TM was used to carry out segmentation and
classification. The segmentation tool is based on the Mean Shift approach. The technique
uses a moving window that calculates an average pixel value to determine which pixels
should be included in each segment. As the window moves over the image, it iteratively
recomputes the value to make sure that each segment is suitable. The result is a grouping
of adjacent pixels that have similar spectral characteristics into a segment characterized
by an average value [26]. The segmented raster was classified using the ISO-cluster
unsupervised classification. The process group segments with similar statistical properties
into a user-specified number of distinct clusters [27]. The choice of the optimal number
of clusters was a critical step of the entire process, since it was previously unknown how
many substrate types were actually present and how many of them could be efficiently
identified by acoustic data. The question was here managed through the analysis of
variance, which uses the Within-Clusters Sum of Squares (WCSS) and the Between-Clusters
Sum of Squares (BCSS) to check whether two or more groups of data differ significantly
among themselves [8]. The WCSS and the BCSS values were calculated for a number of
clusters ranging from 2 up to 15 according to the equations:

WCSSj =
j

∑
k=1

nkσ2
k BCSSj =

j

∑
k=1

nk(µk − M)2, (1)

where j is the number of clusters in each set, k is the number of the considered cluster,
nk, σ2

k, and µk are, respectively, the number of values, the variance, and the mean value
within the k cluster, and M is the mean of all values [28]. The optimal number of clusters
for the ISO-cluster classification was determined using the elbow method by plotting
the WCSS/BCSS ratios against the number of clusters [8,29]. The aim was to define
the minimum number of clusters such that the total intra-cluster variation (WCSS) was
minimized and the between-cluster variation (BCSS) was maximized. This number was
graphically identified by the bend in the WCSS/BCSS plot (Figure 4). Adding more clusters
resulted into a flattening of the curve and did not provide a better modelling of the data.

Figure 4. Plot of the WCSS/BCSS ratio (solid line) and gradient m of the WCSS/BCSS curve (dashed
line). The blue line marks the change in slope occurring in correspondence to the five clusters.
Adding more clusters, the WCSS/BCSS ratio becomes almost constant and does not provide further
details to the classification process.

The result of the ISO-cluster was a classified image, which still did not contain any
information about substrates. Statistics of reflectivity, slope, and ruggedness within each
cluster were plotted on box-plot diagrams, explicitly showing the median and the extremes,
as well as the variability around the median [30].
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3.3. Seabed Characterization and Validation of Results

Sediment samples and particle-size analyses were used to validate the classification
of the acoustic data. Ground-truth locations were plotted in ESRI ArcGIS 10.5TM and
substrate information were joined to the ISO-cluster classified image. The sediment char-
acterization of each cluster was based on the frequency of occurrence of sediment types.
The classification accuracy was investigated by means of an error matrix, which reports the
overall thematic map accuracy, the representation, the purity, and the Kappa coefficient
of agreement [31,32]. The overall accuracy depicts the percentage of correctly allocated
cases and is computed by dividing the sum of all correct classifications by the total number
of samples. Representation is how often the collected sediments are correctly shown on
the classified map and expresses the probability that a certain substrate of an area of the
seabed is classified as such. It is calculated by dividing the number of accurately classified
reference sites by the total number of reference sites for that cluster. Purity is how often
the granulometric class on the map is actually present on the ground, and is referred to
as reliability. It is calculated by dividing the total number of correct classifications in a
particular cluster by the total number of samples in the same. Cohen’s Kappa coefficient
(k) takes into account the possibility of the agreement occurring by chance, and evaluates
the reliability of the performed classification compared to randomly assigned values [31].

The last step of this study was the punctual analysis of the incorrectly allocated cases,
carried out through the critical evaluation of seabed geomorphological features, samples
position accuracy, and adopted classification systems.

4. Results
4.1. Seabed Segmentation and Classification

The analysis of variance performed on the segmented raster shows that the WCSS/BCSS
ratio quickly decreases as the number of clusters increases from 2 to 5, and becomes
approximately constant for more than six clusters. Accordingly, the gradient of the curve
approaches zero by increasing the clusters number (Figure 4). Therefore, the segments can
be fairly grouped into five clusters. A higher number does not provide further details to
the classification process.

The statistical analysis of each cluster outlines that reflectivity has a good discrimina-
tory power and properly separates Clusters 2 and 4, which have mean values of 117 and
147 DN. On the other hand, Clusters 1, 3, and 5 show a similar mean reflectivity of about
130 DN (Figure 5). Slope and ruggedness substantially contribute to clear characterization
of Cluster 5, since a mean value of 15.3◦ and a TRI of 0.61 highlight a steeper and more
complex morphology compared to other clusters. In the same way, even if Clusters 1 to 4
have similar slope and ruggedness values, Cluster 3 presents the highest mean and the
largest range due to a more complex morphology. On the other hand, Cluster 1 has lower
mean values and smaller ranges than other clusters (Figure 5).

4.2. Sediment Analysis

Sediments range from mud and sandy mud to coarse sediments (Figure 6) with the
gravel fraction made of mollusc-shell debris. Mud and sandy mud represent 20% of
collected samples, including muddy sand, sandy mud, and mud. The mud content ranges
from 10 to 95% (Figure 6). Sandy sediments correspond to 35% of collected samples and
are mainly made of fine and medium sand, with a few samples made of medium-to-coarse
and coarse sand (Figure 6). Coarse sediments are the 33% of collected samples. They are
made of an association of sand and contain up to 40% of mollusc-shell debris. The sand
fraction ranges from fine to coarse (Figure 6). Organic peat and very cohesive clay were
collected close to the very steep slopes and constitute 12% of all samples.



Geosciences 2021, 11, 49 7 of 15

Figure 5. Box-plots for reflectivity, ruggedness, and slope against the five identified clusters. Hori-
zontal lines and crosses inside the boxes are the median and the mean values; lower and upper limits
of boxes represent the first (Q1) and the third (Q3) quartile; whiskers go from the first quartile to the
minimum and from the third quartile to the maximum values of each set.

Figure 6. Samples classification according to (a) Folk [20] simplified to four classes [21], and to (b) Figge [12] showing the
wide presence of sandy sediments with a variable content of mud and coarse sediments. The sand fraction of muddy and
sandy sediments mainly consists of fine sand; coarse sediments include medium and coarse sands. Colours of points refer
to the legends of the classifications.
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4.3. Seabed Characterization

The comparison between samples and classified acoustic data shows that 31 samples
belong to Cluster 1. Twenty-three of them are mud and sandy mud (Table 1), with the
sand fraction mostly made of fine sand. The remaining eight samples are fine sands and
coarse sediments characterized by a medium to coarse sand fraction never exceeding 15%
(Figure 7). Slope and ruggedness depict a flat and morphologically homogeneous area
characterized by small sand waves with heights up to 10 cm covering small areas. Most
of the surface is characterized by the absence of bedforms (Figure 7). The classification of
Cluster 1 as mud and sandy mud results in a representation of 79.3% and a purity of 74.2%
(Table 1).

Figure 7. Lithological, geomorphological, and particle-size features of each classified cluster. The location is shown in
Figure 3a. (a) Cluster 1 is characterized by mud and sandy mud, mainly including fine sand, and generally flat morphologies
with absent or small sand waves. (b) Cluster 2 is mainly made of fine sand, with a flat to gently sloping morphology. It is
locally covered by small to large sand waves. (c) Cluster 3 is characterized by heterogeneous sediment types, mainly made
of medium to coarse sands, including samples of mud and sandy mud, fine sands, as well as coarse sediments. It is covered
by small to large sand wave fields. (d) Cluster 4 is made of coarse sediments, including samples of mud and sandy mud, as
well as fine sands. It presents small to large sand waves. (e) Cluster 5 is characterized by steep surfaces and breaks of slope,
mainly related to hard substrates made of peat layers. Abbreviations in the legend refer to sample classes shown in Figure 6.
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Table 1. Error matrix and accuracy coefficients. The matrix contains the number and type of sediments
per cluster. Abbreviations refer to sample classes shown in Figure 6.

Ground-Truth

OBIA-Clusters MsM S, fS S, mS-mcS cSED HS Total Purity

1 23 5 0 3 0 31 74.2%
2 1 30 1 3 0 35 85.7%
3 2 2 7 1 0 12 58.3%
4 3 5 0 40 0 48 83.3%
5 0 0 0 0 11 11 100.0%

Total 29 42 8 47 11 137

Representation 79.3% 71.4% 87.5% 85.1% 100.0%

Overall Accuracy = 81.0% Kappa Coefficient = 0.74

Cluster 2 contains 30 samples of well-sorted fine sands, which represent 86% of all
grab samples collected within this cluster (Table 1). Remaining samples consist of coarse
sediments with a gravel fraction lower than 10% and a fine sand fraction, medium sand,
and mud and sandy mud (Figure 7). The morphology is characterized by generally flat
to gently sloping areas, locally covered by sand wave fields, made of small to large sand
waves, with wavelengths ranging from 5 to 35 m and heights from 0.15 to 1 m (Figure 7).
Cluster 2 is then classified as fine sand, with a representation of 71.4% and a purity level of
85.7% (Table 1).

Cluster 3 is the less represented one and matches quite heterogeneous sediments.
Seven samples are made of medium to coarse sand (Table 1). The remaining samples
consist of fine sands, mud and sandy muds, and a sample of coarse sediments (Table 1).
Noticeably, this last of these presents a sand fraction of 88% (Figure 7). Morphologically,
this cluster extends over flat to gently sloping areas, with a mean slope gradient of about 4◦.
Areas are covered by extensive small to large sand wave fields, with wavelengths ranging
from 5 to 35 m and heights from 0.15 to 1 m (Figure 7). The classification of Cluster 3 as
medium and medium to coarse sand results in a high representation of 87.5%. On the
other hand, the cluster contains several other different sediment types, which results in a
relatively low purity of 58.3% (Table 1).

Cluster 4 is effectively represented by 40 coarse sediment samples (Table 1) with a
heterogeneous sand fraction ranging from fine to coarse (Figure 7). The remaining eight
samples consist of fine sands, as well as mud and sandy muds. Morphologically, it extends
over flat areas generally covered by small to large sand wave fields with wavelengths
ranging from 5 to 35 m and heights from 0.15 to 1 m (Figure 7). The classification of
Cluster 4 as coarse sediments results in high values of both representation and purity of
85.1% and 83.3%, respectively (Table 1).

Cluster 5 is definitely well-described by morphometrical parameters, with a prevalence
of steep surfaces, bounded on the upper part by sharp convex breaks of slope, giving the
surrounding areas a terraced morphology (Figure 7). Due to the steep gradients, the
planar extension is generally small and characterized by long narrow sectors parallel to the
channels. The sampling process is consequently difficult, even if all 11 samples collected
close to these sectors reveal the presence of organic peat and very cohesive clay (Figure 7).

5. Discussion
5.1. Assessment of Accuracy

The seabed of a shallow and complex tidal inlet was divided into five lithologically and
geomorphologically meaningful clusters. This result was achieved adopting a repeatable
methodological workflow based on high-resolution multibeam data and ground truths. In
accordance with the most recent studies on seabed mapping [8,33–35], the combination of
morphometrical and hydro-acoustic features strongly increased the consistency of seafloor
classification. Reflectivity was a proxy for sediment particle size and mainly contributed
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to the recognization of different sediment types. Artefact-reduced images allowed for
quantitative analyses. In the present case, reflectivity generally increased by particle-
size coarsening. An exception was the relatively high reflectivity of mud and sandy
mud. The explanation is a strong bioturbation, in accordance with the earlier work by
Roche et al. (2013) [36].

Morphometrical features contributed to the differentiation of clusters with similar
reflectivity. Steep slopes, high ruggedness, and sharp breaks of slope clearly identify
Cluster 5. The ground-truthing of this cluster was difficult due to outcrop narrowness;
hence, its characterization solely based on samples was uncertain. Therefore, its geological
characterization is based on the interpretation of several factors. Morphological features
given by steep slopes and breaks of slope reveal the presence of a substrate harder than
unconsolidated sand. The depth of Cluster 5 areas is consistent with the depth of the
Holocene base [11]. Ground truths collected close to Cluster 5 generally contain peat. Con-
sequently, Cluster 5 is classified as hard substrate, referred to the Holocene basal peat and
the Upper Pleistocene sandy sediments. This interpretation is in line with stratigraphical
investigations performed on similar tidal inlets of the Wadden Sea [37,38].

5.2. Analysis of Inconsistencies

The seabed classification based on acoustic data using automatic methods such as
OBIA and verified by ground truths normally results in a partial agreement between
acoustic clusters and gathered samples [39,40]. Inconsistencies are often observed near
cluster boundaries or in areas characterized by high terrain complexity. This study provided
a map with a substantial agreement between predicted clusters and ground truths, defined
by an overall accuracy of 81% and a Kappa coefficient of 0.74. The punctual analysis of
inconsistent cases outlined three different reasons (Table 2).

The first is the not direct correspondence between boundaries derived from the cluster-
ing process and those of sediment classification systems. In particular, clusters classified as
mud and sandy mud or sand contain several coarse sediment samples. However, particle
size analysis unveiled a gravel fraction lower than 10%, that is, quite close to the boundary
between sand and coarse sediments in the Folk classification [20] (Figure 7). The gravel
fraction was made of small shells or shell fragments with a flat shape and included in a
sandy matrix, which resulted in surface micro-ruggedness and an acoustic behaviour quite
similar to that of fine sediments, as already observed by Goff et al. (2004) [41]. Furthermore,
several well-sorted fine sands were classified as mud and sandy mud in the image analysis.
All considered samples had a mean mud content of 2.2% with a maximum of 7%. Even if
such content is quite low, it must be considered that these samples have cohesive behaviour,
which confers very low ruggedness and relatively low reflectivity to the seabed surface. In
addition, the sampling procedure by means of the Van Veen grab tends to underestimate
the mud fraction, since part of the finest fraction can be lost in the water column during
grab recovery [9]. Such observations outlined that most of the errors were located close
to the Folk boundaries between sand and neighbouring classes. The reason is that the
commonly used sediment classification systems were created as a function of particle
size [12,20], making approximations in acoustic data classification actually unavoidable,
especially in areas with slight differences between sediment types.
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Table 2. Analysis of inconsistencies between ground truths and predicted clusters. G-T = ground-truth; Predicted = clusters resulting from the OBIA verified by ground-truths according to
the error matrix in Table 1; C = inconsistency due to classifications; G = inconsistency due to geomorphology; P = inconsistency due to samples position. Other abbreviations refer to
sample classes shown in Figure 6.

Sample Predicted G-T C G P Description

otz_001 MsM, fS S, fS x Similar reflectivity of S, fS and MsM, fS with bioturbation
otz_030 MsM, fS S, fS x 2.5 m from a S, fS area
otz_045 MsM, fS cSED, mcS x x 8 m from a S, mcS area–Coarse fraction 8.6%
otz_071 MsM, fS cSED, mcS x 50 m from a cSED, mcS area
otz_088 MsM, fS cSED, fS x 13 m from a cSED area
otz_093 MsM, fS S, fS x Small scaled sediment sorting on sand waves
otz_134 MsM, fS S, fS x 19 m from a S, fS area
otz_151 MsM, fS S, fS x Similar reflectivity of S, fS and MsM, fS with bioturbation
otz_049 S, fS MixSed, fS x x Consistent sand fraction, coarse fraction 8.8%–1 m from a MsM, fS boundary
otz_077 S, fS cSED, fS x Consistent sand fraction–coarse fraction 9.5%
otz_079 S, fS cSED, fS x Consistent sand fraction–coarse fraction 7.4%
otz_090 S, fS S, mS x fS–mS ratio very closed to the Figge boundary
otz_116 S, fS cSED, fS x Consistent sand fraction–coarse fraction 9.5%
otz_010 S, mS–mcS S, fS x Small scaled sediment sorting on sand waves
otz_046 S, mS–mcS S, fS x 13 m from a fS area
otz_084 S, mS–mcS S, cS x Small scaled sediment sorting on sand waves
otz_091 S, mS–mcS MsM, fS x Small sand waves on muddy layer–Classification consistent surficial sediment
otz_119 S, mS–mcS MsM, mS x Small sand waves on muddy layer–Classification consistent surficial sediment
otz_142 S, mS–mcS cSED, mcS x x Collected on a boundary S, mcS. Consistent san–Coarse fraction 10%
otz_144 S, mS–mcS S, fS x Small scaled sediment sorting on sand waves
otz_005 cSED, fS–cS S, fS x Small scaled sediment sorting on sand waves
otz_016 cSED, fS–cS MsM, fS x 10 m from a MsM area
otz_033 cSED, fS–cS S, fS x Small scaled sediment sorting on sand waves
otz_052 cSED, fS–cS MsM, fS x 5 m from a MsM area
otz_080 cSED, fS–cS MsM, fS x 10 m from a MsM area
otz_081 cSED, fS–cS S, fS x Small scaled sediment sorting on sand waves
otz_136 cSED, fS–cS S, fS x Small scaled sediment sorting on sand waves
otz_143 cSED, fS–cS S, fS x 17 m from a MsM area
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The second reason for inconsistency is the geomorphology of the seabed. Over 30%
of non-matching samples are located on extended small to large sand wave fields. These
bedforms generally present sediment sorting and particle size differentiation between
crests and troughs [42–49]. In the OBIA classification, the segment size is generally set
large enough to filter out small segments and provide a clear map. It implies that crests
and troughs can be included in the same segment and classified as the same seabed type,
even if composed by slightly different sediments (Figure 7). Consequently, the smoothness
generated by pixel grouping does not perfectly match the punctual information provided
by grab samples, which can refer to the crests or to the troughs. In the present case, the
influence of bedforms on the sediment sorting explains most of the inconsistencies observed
within Clusters 3 and 4, both widely covered by sand waves.

The last reason of inconsistency was the position accuracy of ground truths. Concern-
ing the samples presented in this work, the grab positions were considered the planned
ones. However, the vessel drift due to tidal currents and wind makes the positioning
on the planned point rather hard. In addition, the strong currents shift the grab from
the vertical, making the positioning of the sample even more uncertain. The distance
between the planned positions and the actual sampled points was measured by means of
an USBL system on a sample dataset collected in 2015 by the same vessel and under the
same environmental conditions [50]. The mean value is about 25 m, with a maximum of
50 m (Figure 8).

Figure 8. Distance in meters between planned and actual sampling positions.

They are consistent with the distances measured between some incorrectly allocated
samples and neighbouring clusters actually characterized by the same sediment type
(Table 2), which points out the inaccuracy of the positioning method.

6. Conclusions

This study provides a practical application of objective mapping methods within
institutional extended mapping programs. The combination of geomorphometric analysis,
reflectivity, and ground truths is a consistent approach for producing accurate and repro-
ducible maps of the spatial sediment distribution. Results show that automatic methods
provide consistent products, allow to keep track of the mapping process, and reduce pro-
duction time. However, the application on a complex coastal area, made of different types
of sandy sediments, which cover relatively small seabed portions and are often shaped by
bedforms, outlines some crucial aspects highlighted by the inconsistencies between ground
truths and expected sediment classes.

The punctual analysis of inconsistency cases reveals that they are commonly placed
close to the boundaries between similar sediment types. The reason is that limits set by
sediment classifications are based on the particle size distribution, and do not necessarily
match cluster boundaries derived by hydro-acoustic data, which depend on the acoustic
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properties of sediments. Further inconsistencies are generated by the presence of peculiar
bedforms, such as large and medium sand waves. Even though the interpretation of hydro-
acoustic data shows large, lithologically homogeneous portions of seabed, they actually
present sediment sorting due to the presence of sand waves. Lastly, the uncertain position
of samples becomes of critical importance when working in complex areas characterized
by high spatial variability of seabed and strong drift during sampling operations.

In conclusion, this study outlines that, even if the mapping process should be more
automatic and objective, it remains an interactive procedure where the various sources
of uncertainty have to be critically investigated. The knowledge of general geological
information, as well as a detailed geomorphological characterization, are of primary
importance in results evaluation. Gaps between classification schemes and outputs of
classification algorithms have to be considered. Despite the continuous scientific progresses,
their correlation is still a wide field of research to explore and develop. The successful
application of automatic mapping will take great advantage of the availability of high-
quality hydro-acoustics, as well as accurate ground-truth data.
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