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Automatic methods of seaﬂoor mapping are still in their early stage of development, despite the technical
progress made in recent years. A serious imperfection is the limited types of predictor features available for
seabed classiﬁcation. It is therefore desirable to introduce new class of spectral features to benthic habitat
mapping. In this study, we introduced eight spectral features of a rough seaﬂoor surface that were indicative of
better seabed classiﬁcation. We compared them with traditional secondary features, like terrain variables and
textural features. The suitability of 48 variables was tested, and the most important features were identiﬁed. The
selected variables were used to perform a supervised object-based image analysis using four machine learning
algorithms. We found that backscatter was the strongest predictor, followed by several spectral features from
bathymetry that appeared more predictive than bathymetry itself. The highest overall accuracy of predictive
model reached approximately 86% using the support vector machine classiﬁer. The innovative results of this
study suggest further application of the spectral features for predictive benthic habitat mapping, including research based on multi-frequency multibeam echosounder datasets. The utilisation of spectral features derived
from bathymetry provide an important step towards more accurate maps of benthic habitats and seabed sediments composition.

1. Introduction
The ocean ﬂoor is the least explored surface of Earth. At present, it is
estimated that less than 15% of the seaﬂoor has been mapped in detail.
On the other hand, the surfaces of the Moon and Mars have been
mapped in signiﬁcantly greater detail (Jones, 1999). Global initiatives,
such as Seabed 2030 of the General Bathymetric Chart of the Oceans
group, aim to change this state of knowledge by mapping the entire
seabed by the year 2030 (Mayer et al., 2018).
Apart from side-scan based seaﬂoor analyses, remote sensing measurements of the seabed surface have often employed multibeam
echosounder (MBES) systems. Originally, MBES equipment was designed to collect measurements of the seaﬂoor bathymetry, which allowed for the generation of digital elevation models (DEMs) of the
seabed. In the early 1990s, an MBES was developed that could measure
the backscattering strength from the seaﬂoor based on its
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corresponding properties (Lamarche and Lurton, 2017). Recent recommendations have suggested concurrent acquisition of bathymetry
and seaﬂoor backscatter strength (or a related variable), as well as
further generation of georeferenced grids of bathymetry and co-registered backscatter mosaics (Schimel et al., 2018).
1.1. Multibeam echosounder features and their impact on benthic habitat
mapping studies
Terrestrial remote sensing studies often beneﬁt from many features
derived from diﬀerent sensors, for instance, spectral or multi-spectral
signatures, textural derivatives, or various indices (e.g. the Normalised
Diﬀerence Vegetation Index). In this study, we used the term ‘feature’ in
its typical sense with respect to remote sensing literature, as it is a
predictor variable extracted from the remote sensing data for its usage
in image classiﬁcation (Diesing et al., 2016). Moreover, hereinafter, the
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term ‘spectral’ has been used as a descriptor of the rough seaﬂoor
surface.
Recent benthic habitat mapping studies have underlined the utilisation of diﬀerent features of MBES bathymetry and backscatter data
(Diesing et al., 2016; Lecours et al., 2016; Held and Schneider von
Deimling, 2019). Special attention has been paid to the geomorphometric analysis of bathymetry (Goﬀ and Jordan, 1988; Wilson et al.,
2007; Micallef et al., 2012; Li et al., 2016; Diesing and Thorsnes, 2018;
Gafeira et al., 2018; Lucieer et al., 2018), textural analysis of backscatter (Montereale-Gavazzi et al., 2017; Prampolini et al., 2018;
Samsudin and Hasan, 2017), and multi-scale analysis, including the
geographic context of MBES datasets (Lecours et al., 2015; Misiuk et al.,
2018; Porskamp et al., 2018). For example, Conti et al. (2019) used
diﬀerent feature categories (from bathymetry, texture, optical properties, and object-based shape) for the classiﬁcation of a cold-water coral
mound based on MBES and a high-resolution video mosaic. Additionally, Janowski et al. (2018a) extracted sixteen features of bathymetry and nine object-based features of backscatter to execute the
mapping of seabed sediments in the Polish coastal area of the southern
Baltic Sea. Furthermore, Rattray et al. (2015) introduced wave exposure as an oceanographic predictor variable for the mapping of high
energy temperate reefs in Victoria, Australia.
Recent reviews of literature emphasise the need for new features for
benthic habitat mapping (Diesing et al., 2016). It is known that environmental factors, such as light penetration in the water column,
primary productivity, hydrodynamics, temperature, salinity, and
oxygen concentration determine the distribution of habitats on the
seabed (Brown et al., 2011). However, modelled features representing
these factors are typically generated in spatial and temporal scales that
are very diﬀerent (e.g. often signiﬁcantly larger) from those of MBES
datasets, thereby limiting their applicability. On the other hand, secondary features extracted from MBES bathymetry and backscatter are
directly related to the spatial and temporal extent of their counterparts.
The development of new features may allow for a better understanding
of the environmental processes occurring on and/or inﬂuencing the
seabed, and proper application may increase predictive power and
improve classiﬁcation accuracy.
Spectral parameters have been successfully used to classify sediment
types using single beam echosounder registrations (Tegowski et al.,
2003). Previous research on spectral features of MBES bathymetry has
indicated their utility for a detailed description of roughness and seaﬂoor geomorphology, as well as the classiﬁcation of seaﬂoor sediments.
Additionally, they have been used for benthic habitat mapping using
Principal Components Analysis to reduce correlated data and the Fuzzy
C-means clustering algorithm with a declared number of three classes
(Tegowski et al., 2018). In this study, we presented and evaluated eight
spectral features derived from bathymetry and applied them for the
classiﬁcation of the seabed using object-based image analysis (OBIA).
These parameters originated from two-dimensional fast Fourier transformation (2D FFT). Lyons et al. (2002) described one of the ﬁrst applications of this method for seabed characterisation with high-resolution, in which the photogrammetric method (stereoscopic photograph)
was utilised; a three-dimensional model of the bottom surface was
generated using this approach. Application of the 2D FFT allowed for
the spatial distribution of the power spectral density of the surface
heights to be obtained. The same technique has been applied in several
other studies (e.g. Briggs et al., 2005). Moreover, this method was
improved upon and applied to the analysis of high-resolution bathymetry from modern hydroacoustic measurements, including the application of a MBES (e.g. Cazenave et al., 2008; Lefebvre et al., 2009).
Schönke et al. (2017) used 2D Fourier transform to describe the microroughness of the seabed based on underwater laser line scanning in
the southeastern North Sea.
Classiﬁcation of the seabed substrata and benthic habitats is one of
the main tasks necessary for the spatial planning of the marine environment. In addition to providing crucial information for the

establishment of Marine Protected Areas, such actions are within the
main aims of Descriptor 6 of the Marine Strategy Framework Directive
2008/56/EC, which is related to seaﬂoor integrity. In general, these
actions assume the development of standardised methods for seabed
mapping and monitoring. Although recent studies include proposals for
the working procedures of benthic habitat mapping or the development
of habitat classiﬁcation schemes, diversity of speciﬁc environmental
conditions (e.g. depth or sediment types), causes that they are still only
valid for strict spatial areas (Strong et al., 2019).
1.2. Multi-frequency multibeam echosounder studies
A recent trend in benthic habitat mapping is the use of multi-frequency MBES data. Bottom backscattering strength registered by
echosounder strongly depends on the frequency of the emitted signal,
its true incidence angle, seabed roughness, and geo-acoustic properties
of the seaﬂoor. The dependency of backscatter strength on frequency
has been observed in laboratory and ﬁeld studies with various responses from diﬀerent sediment types exhibited (e.g. Jackson et al.,
1986; Urick, 1983). Recent habitat mapping studies have emphasised
the use of multi-frequency MBES datasets for better discrimination
between seabed types (Feldens et al., 2018; Gaida et al., 2018; Janowski
et al., 2018b; Fakiris et al., 2019).
High-frequency pulses allow for the detecting smaller objects and
seabed structures; however, such pulses are strongly attenuated, thus
limiting the sonar range. Low-frequency signals are not as attenuated;
they can penetrate deeper into the sediments below the seaﬂoor, but
they are less sensitive to small features and weak boundaries with a
slight change in acoustic impedance, such as the boundary between
water and mud. Overall, acoustic images (especially of seaﬂoor sediments) that are recorded at several frequencies often provide more
information with respect to the physical and biological characteristics
of seabed habitats compared with that of a single-frequency (Feldens
et al., 2018; Gaida et al., 2018; Janowski et al., 2018b; Fakiris et al.,
2019Finer sediments, such as sands and silts, are more sensitive to
acoustic frequencies than coarser sediments, such as gravel, shells, or
boulders (Jackson et al., 1986; Williams et al., 2009; Hefner et al.,
2010; Gaida et al., 2018).
In this study, we focused on the spectral features derived from
bathymetry, which was considered independent of the frequency. Most
applicable for this approach were MBES, which delivered bathymetry,
as well as co-registered and geolocated backscatter of the seabed. In this
study, we did not focus on multi-spectral MBES, although we used
several frequencies to enlarge our feature space. Our objectives were as
follows: (1) to introduce eight spectral features of a rough seaﬂoor
surface, (2) to evaluate the importance of spectral features for benthic
habitat mapping, and (3) to classify benthic habitats and estimate the
accuracy of classiﬁcation, including the input from spectral features.
2. Materials and methods
2.1. Study site
The study site was situated in a shallow area oﬀ the Polish coast of
the southern Baltic Sea. The water depth ranged between 3.8 and
20.1 m below sea level (Fig. 1). The site was in direct proximity to
Slowinski National Park and partially located within a Natura 2000
area, which protects marine areas up to 10 m below sea level. In the
research area, six classes of benthic habitats were present, including ﬂat
areas of very ﬁne sand with traces of worm burrows (VFS), sands with
ripple marks (S), sandy gravels or gravelly sands (SG_GS), boulders
covered with a large concentration of Mytilus trossulus bivalves (B),
boulders covered with Mytilus trossulus and large patches of red algae
(R), and artiﬁcial structures (A), such as a shipwreck located in the
centre of the study area (Kendzierska, 2009; Tegowski et al., 2009;
Janowski et al., 2018b).
2
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Fig. 1. (A) Bathymetry and (B) location of the Rowy Site in the southern Baltic Sea. For visualisation and processing purposes, multibeam echosounder (MBES)
coverage is clipped to a regular shape, omitting vessel track lines that extend beyond the rectangular area.

processing. To fulﬁl our research purposes, the frequency was set to
either 150 or 400 kHz, and the swath range covered 150–160°. The
maximum ping rate for both frequencies was 20 Hz, and we applied a
200 μs (for 150 kHz) and 500 μs (for 400 kHz) modulated chirp with a
bandwidth of 6 and 80 kHz, respectively. Surveys were designed in
respect to the systematic collection of ﬁve sound velocity proﬁles. A
constant vessel speed 2.83–3.09 m/s was maintained.
The MBES datasets were processed using QPS Qimera 1.6.3 and
Fledermaus Geocoder Toolbox 7.8.4 software, which allowed for
bathymetry and backscatter data processing, cleaning, and mosaicking.
After registration, a patch test was applied. A bathymetric grid with a
pixel size of 0.25 m × 0.25 m was calculated for both frequencies.
Because we did not ﬁnd any signiﬁcant diﬀerences in the MBES measurements recorded at 150 and 400 kHz, we combined the frequencies
to obtain the bathymetry from a dense point cloud. The Qimera software allowed for the manual cleaning of any outliers and/or acoustic
spikes. Backscatter grids were generated based on beam time series
(snippets) with resolutions of 0.75 m and 0.5 m for 150 kHz and
400 kHz, respectively, using a mosaicking method with an Angle
Varying Gain (AVG) correction included in the Geocoder engine
(Fonseca et al., 2009). The AVG method has been commonly utilised for
the correction of MBES angular dependency and to obtain a normalised
seaﬂoor backscatter dataset. We applied the default settings of the AVG,
which were ‘ﬂat’ (mode), ‘blend’ (mosaicking style), and ‘300’ (size of
processing window). The ﬂat mode was responsible for reducing
backscatter signal noise and smoothing ﬁne variations. The blend mosaicking style was responsible for the management of overlapping
MBES swaths. This allowed for the blending of the pixels along the
nadir track line of the vessel with other overlapping pixels (Schimel
et al., 2018). The window size corresponded to a speciﬁc number of
consecutive MBES pings considered for AVG correction (e.g. see
Parnum and Gavrilov, 2011). All the MBES datasets were extracted as
surface ﬂoating point ﬁles in a Universal Transverse Mercator (zone
33 N) projected coordinate system.
We applied the general workﬂow for benthic habitat mapping developed by Janowski et al. (2018b) to the MBES data. Hence, we extracted statistical and geomorphometric features of bathymetry, for

The seabed consisted of valleys and crests with depths of approximately 2 m and lengths of dozens of metres to approximately 180 m.
The main geomorphologic structure was a large 1100 m × 500 m
moraine outcrop located in the centre of the area. Filled with glacial
tills, it was covered with areas comprising numerous boulders with red
algae vegetation. Such a hard substratum has not been typical along the
Polish coast of the Baltic Sea; however, it allowed for conditions necessary for the development of unique benthic communities, such as
Mytilus trossulus bivalves and Furcellaria lumbricalis or Polysiphonia fucoides red algae. Previous studies of this site have conﬁrmed its high
ecological relevance (Kendzierska, 2009; Tegowski et al., 2009). The
area surrounding the moraine shoal appeared inhomogeneous and
consisted of sands of diﬀerent grain sizes and occasional gravel admixtures. The bio- and geodiversity of this area has made it highly
suitable for the evaluation of non-invasive research methods of the
seaﬂoor, including the determination of diﬀerent acoustic characteristics.

2.2. Data acquisition and processing
MBES datasets were acquired using a NORBIT iWBMS STX system
(manufactured by Norbit ASA: Po box 1858, Lade 7440, Trondheim,
Norway) mounted on a portable pole on the ‘Zelint’ research vessel. The
MBES device was manufactured especially for use in shallow marine
areas and typically reserved for hydroacoustic measurements from 0.2
to 160 m below sea level. At a maximum frequency of 400 kHz, the
receiving beam width was 0.9° x 0.9° and allowed for the collection of
512 beams. The MBES had an integrated WaveMaster (manufactured by
Applanix: 85 Leek Crescent, Richmond Hill, ON Canada, L4B 3B3)
Global Navigation Satellite System/Inertial Navigation System that was
supported by Real Time Kinematic/Global Positioning System corrections for precise positioning and altitude measurements. Using the
Polish Active Geodetic Network - European Position Determination
System NAWGEO service (www.asgeupos.pl), we received real-time
positioning with an accuracy of 3 cm horizontally and 5 cm vertically.
In this study, the inﬂuence of acoustic absorption on the recorded signals was initially ignored; however, it was considered during post3
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Table 1
List of bathymetry and backscatter features extracted in this study.
ID

Feature of bathymetry

Window size

ID

Feature of backscatter

Scale of objects

1–4
5–8
9–12
13
14
15
16
17
18
19
20
21
22
23
24–25
26–27
28–29
30–31
32–33
34–35

Standard deviation
Kurtosis
VRM ruggedness
Slope
Variance
Curvature
Proﬁle curvature
Planar curvature
Aspect
Eastness
Northness
Surface area to planar area (arc-chord ratio)
BPI 50
BPI 250
Fractal dimension (Dﬀt)
Spectral moment m0
Spectral moment m2
Mean frequency (ω0)
Spectral width (v2)
γs )
Spectral skewness (∼
Quality factor (Q-factor)
Spectral skewness deﬁned for central moments (γs_centr)

3 × 3, 5 × 5, 7 × 7, 9 × 9
3 × 3, 5 × 5, 7 × 7, 9 × 9
3 × 3, 5 × 5, 7 × 7, 9 × 9
3×3
3×3
3×3
3×3
3×3
3×3
3×3
3×3
3×3
3×3
3×3
20 × 20, 35 × 35
20 × 20, 35 × 35
20 × 20, 35 × 35
20 × 20, 35 × 35
20 × 20, 35 × 35
20 × 20, 35 × 35

40
41
42
43
44
45
46
47
48

Standard deviation
GLCM Homogeneity
GLCM Entropy
GLCM Contrast
GLCM Standard Deviation
GLCM Dissimilarity
GLCM Correlation
GLCM Angular Second Moment
GLCM Mean

1–20
1–20
1–20
1–20
1–20
1–20
1–20
1–20
1–20

36–37
38–39

20 × 20, 35 × 35
20 × 20, 35 × 35

Fig. 2. Locations of ground-truth training and validation samples on multibeam echosounder (MBES) backscatter image for (A) 150 kHz and (B) 400 kHz frequencies;
S - sand, B - boulders, R - red algae on boulders, SG_GS - sandy gravel or gravelly sand, and VFS - very ﬁne sand. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)

2.3. Bathymetric 2D spectral parameters

instance, slope and vertical ruggedness measure (Sappington et al.,
2007), bathymetric position index (Wilson et al., 2007), as well as
textural features of backscatter, such as diﬀerent types of grey level cooccurrence matrices (Haralick et al., 1973). Additionally, we derived
ﬁrst- and second-order 2D spectral parameters of bathymetry. A list of
all extracted features is presented in Table 1. Features 1–23 were created using the Benthic Terrain Modeler toolbox for ArcGIS (Walbridge
et al., 2018), features 24–39 were calculated using algorithms coded in
MATLAB, and features 40–48 were created using OBIA workﬂows in
Trimble eCognition software (Janowski et al., 2018b). When possible,
we tested various sizes of rectangular moving windows or scales of
image-based objects (Table 1), which enabled us to perform multi-scale
analysis of geospatial datasets to a certain extent (Misiuk et al., 2018).

Utilising 2D FFT of the bathymetric grid allowed us to generate
eight spectral parameters, which will be discussed in respect to their
predictive power for the description of seaﬂoor geomorphology and
classiﬁcation. The eight spectral parameters were zero-order spectral
moment (m0), second-order spectral moment (m2), mean frequency
(ω0), spectral width (ν2), spectral skewness (γs,), spectral skewness
deﬁned for central moments (γs_centr), quality factor (Q-factor), and
fractal dimension (Dﬀt).
2.3.1. Considerations of 2D seabed spectral parameters
Assuming that the height values of the bottom surface are normally
distributed, and the surface is isotropic, the power spectral density can
4
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Fig. 3. Bathymetry and corresponding spectral parameters created using moving window with dimensions of 20 m × 20 m; (A) bathymetry; (B) zero-order spectral
moment; (C) second-order spectral moment; (D) mean frequency; (E) spectral width, (F) spectral skewness; (G) quality factor; (H) spectral skewness deﬁned for
central moments; (I) fractal dimension.

and trend removal to avoid spectral leakage. Further reduction of the
spectral leakage eﬀect requires additional multiplication of the transformed bathymetric surface by a function of the discrete prolate
spheroidal sequences spectral window, or in our case, a ﬁrst-order
parameter in which NW (Slepian bandwidth parameter) = two window
widths. Our algorithm was performed on the basis of a moving window
with the dimensions of 20 m × 20 m or 35 m × 35 m with a 90%
overlap. After executing the 2D FFT, we extracted one-dimensional
(1D) cross-sections spectra from 0° to 180° (every 5°) for which we
calculated spectral parameters.
To ﬁnd the speciﬁc features of the tested surface of the bottom, 1D
spectra were parameterized, and the results were averaged. For each of
the 37 spectra, spectral moments mr (Clough and Penzien, 1975) were
calculated as follows:

be expressed as the following power function (Jackson et al., 1986;
Jackson and Richardson, 2007):

→
W ( k ) = W (k x , k y ) = w2 k −γ2,

(1)
→
where k (k x , k y ) is the wave vector of surface inequalities, γ2 is the
exponent of the spectrum, and w2 is the spectral power of the rough
seabed surface expressed in cm4. Both the γ2 and w2 spectral parameters
comprehensively characterise the scale and degree of surface roughness
in that they are basic parameters of the physical models of sound
scattering at the bottom (APL, 1994). Measurements of the γ2 using
diﬀerent techniques, such as stereophotography, laser scanning,
acoustic scanning, and mechanical stylus scanning, indicated that the
value of this parameter ranges from 2.4 to 3.9 (in most instances),
whereas the mean value is 3.25 (APL, 1994). The values of the parameters w2 and γ2 can be determined from the Fourier spectrum of a
rough surface, and such a method was adopted in this study.
The 2D normalised bathymetric cross spectrum s(x,y) can be represented by Fourier transformation as follows:

P (Kx , Ky ) =

∞

∞

∫−∞ ∫−∞ s (x, y) e−i2π (K x,K y) dxdy,
x

y

mr =

∫0

∞

ωr S (ω) dω,

(3)

where r is the order of the moment, ω is the circular frequency, and S
(ω) is the density of the power spectrum.
The mean frequency is deﬁned as the following equation:

(2)

ω0 = m1/ m 0 .

where Kx and Ky are the spatial wave numbers expressed in the cycle∙m−1. The result of the transformation is a spatial spectrum of the
surface height. The 2D FFT requires subtraction of the average height

(4)

The spectral width is calculated according to the following equation:
5
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Fig. 4. Bathymetry and corresponding spectral parameters created using moving window with dimensions of 35 m × 35 m; (A) bathymetry; (B) zero-order spectral
moment; (C) second-order spectral moment; (D) mean frequency; (E) spectral width, (F) spectral skewness; (G) quality factor; (H) spectral skewness deﬁned for
central moments; (I) fractal dimension.

ν2 =

m 0 m2
− 1.
m12

DFFT =

(5)

0.5

m12 ⎞
Q = ⎜⎛1 −
.
⎟
m 0 ∙m2 ⎠
⎝

(9)

The Q-factor is a measure of spectrum peak ‘sharpness’. For the 1D
spectra obtained in this way, the eight spectral parameters deﬁned
above were calculated. Whereas spectral parameters created with a
moving window size of 20 m × 20 m had a resulting pixel resolution of
2 m × 2 m, parameters generated with the larger window size
(35 m × 35 m) had a pixel resolution of 3.5 m × 3.5 m.

(6)

Another parameter based on 1D spectral density of power is the Dﬀt.
If the rough surface of the bottom has fractal properties, the ratio between the spectrum S(f) and the frequency f takes the form of an exponential relation for the frequency interval f (Mandelbrot, 1982) as
follows:

S (f ) = K ·f −β ,

(8)

Additionally, the Q-factor, which is a combination of spectral moments, can be also calculated with the following equation:

It is deﬁned as the concentration of the spectral energy density
around the mean frequency. The higher the value of average frequency,
the lower the parameter value. Furthermore, the parameter value is
higher for a wider spectrum and lower when the opposite is true. A very
sensitive parameter for changes in the shape of the surface is the
spectral skewness deﬁned for central moments (Davidson and Louglin,
2000), which is calculated as follows:

∼
m
3
∼
γs = ∼ 3/2
.
m2

5−β
.
2

2.4. Ground-truth data acquisition and processing
Ground-truth samples were acquired with a remotely operated vehicle (ROV) and a Van Veen grab sampler. Samples were retrieved
during three surveys on 7 September 2018, 20–23 November 2018, and
21–25 January 2019. Based on previous research in this area, as well as
backscatter acoustic characteristics, the locations were carefully chosen
in a representative way to capture all the properties of the seabed
(Tegowski et al., 2009). ROV video recordings were collected in more

(7)

where K is a constant, and β is the exponent of the power function. The
spectrum slope is calculated by linear regression. The Dﬀt is deﬁned as
follows:
6
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Fig. 5. Results of Boruta feature selection algorithm for all parameters used in this study.

7
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Fig. 6. Results of correlation matrix for features selected in this study; backscatter 150 kHz (bs150khz);
backscatter 400 kHz (bs400khz); spectral skewness
deﬁned for central moments (20; SpSk_c_2); spectral
moment m0 (35; m0_3_5); spectral moment m2 (35;
m2_3_5); bathymetry (bath); Q-factor (35; Q_3_5);
fractal dimension (35; Dﬀt_3_5); spectral width (35;
sp_w_3_5); fractal dimension (20; Dﬀt_2); spectral
skewness (35; SpSk_3_5).

The Z-score is calculated based on the RF method during the training of
the classiﬁer (Breiman, 2001). Based on the feature importance measure, feature selection is performed iteratively, successively removing
irrelevant features. To exclude tentative (unallocated) features, the
maximum number of Boruta iterations was set to 5000. Although our
aim was to identify all relevant features, including weakly relevant ones
(Nilsson et al., 2007), we allowed the possibility of reﬁnement if some
were correlated. To remove highly correlated features, a correlation
analysis was performed in the R software using a ‘caret’ package. Features with an absolute Pearson's correlation of 0.75 or higher were
removed.
In this study, we used Trimble eCognition software to conduct an
OBIA. This image processing technique was developed in the 2000s to
manage an increasing number of high-resolution remote sensing images
containing larger amounts of heterogenous information (Blaschke,
2010). Through a multiresolution segmentation (MS) algorithm, the
OBIA merged similar pixels of an image into groups of uniform shapes
and sizes (Benz et al., 2004). MS had various parameters that we deﬁned and tested to generate meaningful image objects. Whereas the
colour parameter corresponded to the relative values of the MBES
backscatter intensity, the associated parameter (shape) was related to
the ratio between compactness and smoothness. Compactness referred
to the ratio between the segment border length and the square root of
the pixel count within. Smoothness was related to the ratio between the
border length of the segment and its bounding box (Benz et al., 2004).
Both weighted pairs of parameters were determined with values of 0.1
to 0.9, and the total value of each pair was 1. The MS parameters of
shape and compactness were deﬁned as 0.1 and 0.5, respectively. We
also tested 1–20 scale parameters of MS that were responsible for the
termination of the merging process of the image objects. Segmentation
was performed to delineate image objects based equally on two

than half the sites, allowing for the investigation of the locations and
surrounding areas. Sediment samples were collected from 46 sites, and
they were classiﬁed using the methods of Folk and Ward (1957), as well
as the Wentworth method (Wentworth, 1922).
From the 57 ground-truth samples, 29 were chosen for the training
of supervised classiﬁers, and 28 were used to test the classiﬁcation
performance. The split was performed based on random single splitting.
Our split for the training/test samples was targeted to obtain better
prediction performance than that of model ﬁtting. Fig. 2 presents the
locations of the ground-truth samples used for training and validation
with reference to the MBES backscatter. Note that the A benthic habitat
class is omitted in Fig. 2 because of its presence in only one speciﬁc site.
It was, therefore, classiﬁed manually at the conclusion of the supervised
classiﬁcation process, based on the exact location of the shipwreck
visible on the MBES bathymetry and ROV video datasets.
2.5. Image analysis for predictive habitat mapping
To evaluate the importance of individual features we applied the
Boruta feature selection algorithm (Kursa and Rudnicki, 2010) based on
the random forest (RF) machine learning algorithm by Breiman (2001).
The algorithm belongs to the wrapper feature selection methods that
evaluate the performance of a certain model after searching for all
possible feature selections. Typically, wrapper methods aim to minimise prediction error, and because of this, they belong to common
minimal-optimal feature selection methods as well (Kursa, 2016). The
wrapper is implemented in R software using the ‘Boruta’ library. The
wrapper method iteratively evaluates sets of diﬀerent input features
and calculates a Z-score, which is indicative of feature importance. Each
evaluation is done by the introduction of other irrelevant features that
are treated as a reference for the assessment of the original features.
8
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Fig. 7. Comparison between (A) backscatter 400 kHz grid and (B) classiﬁcation results for all relevant features; (C) uncorrelated features; and (D) only primary
features. S - sand, B - boulders, R - red algae on boulders, SG_GS - sandy gravel or gravelly sand, and VFS - very ﬁne sand. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.)

method used for classiﬁcation, regression, and other tasks, which consisted of constructing multiple decision trees that generated the class
dominant or predicted average of individual trees (Breiman, 2001).
SVM based on the machine learning technique used an algorithm that
transformed datasets into a multidimensional feature space to ﬁnd the
appropriate boundary between them. Data points were called vectors,
and the vectors that supported border selection were called support
vectors. Machine learning models that use support vectors have been
called SVM (Cortes and Vapnik, 1995).
We used validation ground-truth samples to create error matrices
and calculate accuracy assessment statistics (Foody, 2002). These included the accuracy of the user and producer (Congalton, 1991; Story
and Congalton, 1986), overall accuracy, and kappa index of agreement
(Cohen, 1960).

backscatter derivatives, namely, 150 kHz and 400 kHz.
Similar to other benthic habitat mapping studies, a few supervised
classiﬁcation approaches were tested to generate predictive outcomes
based on ground-truth samples (Diesing et al., 2014; Hasan et al., 2012;
Montereale Gavazzi et al., 2016). In this study, they included k-nearest
neighbours (KNN), classiﬁcation and regression trees (CART), RF, and
support vector machines (SVM). We implemented these algorithms,
which were available in the eCognition software. The KNN classiﬁed a
speciﬁed object (query point) by a certain number (K) of known
training samples that were located at the nearest neighbour around the
query point. Euclidean distances (between the object and each instance)
were calculated in the feature space to estimate the inﬂuence area of
the neighbours. The KNN classiﬁcation algorithm has been described in
detail by Bremner et al. (2005). CART makes classiﬁcation rules by
recursively partitioning the data into increasingly homogenous groups.
The algorithm created a decision tree that was associated with a system
of questions and answers, thereby allowing the determination of the
ﬁnal classiﬁcation (Breiman et al., 1984). RF was the machine learning
9
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spectral skewness (35), bathymetry, spectral moment m0 (35), spectral
width (35), and spectral moment m2 (35). The Boruta results indicated
that certain spectral parameters were of greater signiﬁcance than
bathymetry, from which they were derived. This was especially visible
in the Dﬀt parameter, which had a importance score approximately
twice as great as that of bathymetry. It was also noteworthy that all the
other extracted features (including the geomorphometric, statistical,
and textural features) of the MBES bathymetry and backscatter were
not considered important. Our initial results suggested the relevance of
multi-frequency MBES; in other words, the ﬁrst and second most important features were backscatter collected at diﬀerent frequencies. The
correlation analysis removed six highly correlated features, as shown in
Fig. 6. The retained features were 400 kHz backscatter, bathymetry,
spectral skewness deﬁned for central moments (20), Q-factor (35), and
spectral moment m2 (35).
From the twenty scales of MS and four methods of supervised
classiﬁcation, the best classiﬁcation performance was found with MS 8
and the SVM classiﬁer. We adopted the following properties of the SVM
classiﬁer: radial-basis function kernel with C factor 100 and gamma 0.1.
We created three predictive models using the following sets of features:
(1) all relevant; (2) uncorrelated; and (3) only primary features
(backscatter 400 kHz and bathymetry). The predictive benthic habitat
maps generated using this approach are shown in Fig. 7.
The error matrix and accuracy assessment of the predictive habitat
mapping method are presented in Table 2. Based on the validation
subset of the ground-truth samples, the model with all relevant features
conﬁrmed a high performance that achieved a prediction accuracy of
86% and a Kappa index of agreement of 0.82. The second model, which
considered only uncorrelated features, also achieved high accuracy;
however, in comparison with the previous map, it misclassiﬁed one
validation sample. The reference model without spectral features had
an overall accuracy of 64% and a Kappa index of agreement of 0.55.
Taking the accuracy of the user and producer into consideration, the
two best-performing models were in reasonable agreement for speciﬁc
classes, such as VFS, S, and R. We performed McNemar's chi-squared
test for the statistical signiﬁcance of diﬀerences in overall accuracy
between the three models (Foody, 2004). The test result for diﬀerences
between all relevant and uncorrelated features was 0.0. It means that
the diﬀerence between these two models is statistically insigniﬁcant at
the 5% level of signiﬁcance. The McNemar's chi-squared test for differences between all relevant and only primary features models was
4.17 with p-value = .04, while the same test between uncorrelated and
only primary features was 3.2 with p-value = .07. Mentioned results
mean that there was a signiﬁcant diﬀerence in the accuracy between all
relevant and only primary features models and lack of signiﬁcant difference between uncorrelated and only primary features models at the
5% level of signiﬁcance.

Table 2
Error matrices and accuracy assessment statistics for three benthic habitat
models.
All relevant features

Prediction

S
SG_GS
B
R
VFS
Sum
Producer's
User's
Overall Accuracy
KIA

Uncorrelated
Prediction
S
SG_GS
B
R
VFS
Sum
Producer's
User's
Overall Accuracy
KIA
Only primary features
Prediction
S
SG_GS
B
R
VFS
Sum
Producer's
User's
Overall Accuracy
KIA

Reference
S

SG_GS

B

R

VFS

Sum

7
0
1
0
0
8
0.875
1
0.857
0.815
S
6
0
2
0
0
8
0.75
1.000
0.821
0.769
S
6
1
1
0
0
8
0.75
0.75
0.643
0.545

0
2
2
0
0
4
0.5
1

0
0
7
0
0
7
1
0.636

0
0
1
3
0
4
0.75
1

0
0
0
0
5
5
1
1

7
2
11
3
5

SG_GS
0
2
2
0
0
4
0.5
1.000

B
0
0
7
0
0
7
1
0.583

R
0
0
1
3
0
4
0.75
1

VFS
0
0
0
0
5
5
1
1

Sum
6
2
12
3
5

SG_GS
0
2
2
0
0
4
0.5
0.286

B
0
3
4
0
0
7
0.571
0.571

R
0
1
0
3
0
4
0.75
1

VFS
2
0
0
0
3
5
0.6
1

Sum
8
7
7
3
3

3. Results
3.1. Spectral parameters of bathymetry
The processed MBES bathymetry was presented in Fig. 1, and the
co-registered backscatter for both frequencies was shown in Fig. 2.
Figs. 3 and 4 show the bathymetry and its eight derived spectral
parameters for moving windows of 20 m × 20 m and 35 m × 35 m,
respectively.
Visual insight for the created parameters demonstrated that several
could match the geomorphologic features of bathymetry, especially a
few spectral parameters (e.g. m0, m2, and spectral skewness deﬁned for
central moments) redrawn with speciﬁc features such as valleys and
crests (Figs. 3 and 4). Moreover, the comparison of MBES backscatter
(Fig. 2) showed a rough similarity to seabed areas of strong absorption
or backscattering (visible as Dﬀt).

4. Discussion
In this study, we introduced eight spectral features of a rough seaﬂoor surface. The signiﬁcance of the spectral features was evaluated
and expressed using an importance score. We built and estimated the
accuracy of three models of benthic habitat mapping, thereby demonstrating that the majority of introduced spectral features (i.e. seven out
of eight) could improve the predictive power of supervised classiﬁers.
This study emphasised the importance of spectral parameters derived from bathymetry for predictive benthic habitat mapping based on
multi-frequency MBES measurements. We did not observe signiﬁcant
diﬀerences in the bathymetry between both datasets (150 and
400 kHz). However, moderate diﬀerences existed in the backscatter of
both frequencies, thus supporting the usefulness for a multi-frequency
approach. We assumed that consistency in the bathymetry gathered
with diﬀerent frequencies was valid for sandy and gravelly sediments,
as well as hard substrates. However, substantial depth diﬀerences in
softer sediments could occur when signiﬁcant acoustic penetration

3.2. Ground-truth data processing
Six benthic habitat classes were determined, and they included VFS,
S, SG_GS, B, R, and, A. The extensive identiﬁcation of the benthic habitats with reference to MBES backscatter in this area was described by
Janowski et al. (2018b).
3.3. Feature selection
The results of the Boruta feature selection are presented in Fig. 5.
The algorithm performed 612 iterations and conﬁrmed 11 features as
important. The most important feature in this study was 400 kHz
backscatter; this was followed by 150 kHz backscatter, Dﬀt (35), Dﬀt
(20), spectral skewness deﬁned for central moments (20), Q-factor (35),
10
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features, including volcanic structures, seamounts, or mid-ocean ridges.

occurs (Schneider von Deimling et al., 2013). Furthermore, the beam
resolution was linked with the frequency using one acoustic array with
lower beam resolution when using lower frequencies. This could have
aﬀected the bathymetric results presented in this study.
A visual comparison of the spectral parameters (particularly Dﬀt)
indicated a high similarity between certain features of the multibeam
backscatter datasets. Remarkably, the Boruta results showed that the
spectral parameters of bathymetry, in general, had a greater signiﬁcance than bathymetry itself. If the spectral parameters could match
certain types of seabeds, they could be very useful for benthic habitat
mapping at times when only MBES bathymetry is available. This study
highlighted that the implementation of these spectral parameters could
signiﬁcantly improve supervised classiﬁcation and benthic habitat
mapping.
Other research of the Rowy Site demonstrated high applicability of
the KNN and RF methods of classiﬁcation (Janowski et al., 2018b). On
the other hand, in this study, we obtained the best prediction performance with the SVM technique. Additional ground-truth samples were
available for this study, thereby doubling the amount in relation to
previous research (Janowski et al., 2018b). Increasing the number of
samples provided a more realistic reference. Therefore, the predictions
presented in this study could be considered as more robust.
The spectral analyses of surfaces, including Dﬀt, have already been
applied in the analyses of seaﬂoor data (Goﬀ et al., 1999; Wilson et al.,
2007) for morphological description. However, geomorphometry has
been applied to the terrestrial environment very intensely (e.g. Soﬁa
et al., 2016). Spectral analysis of the land surface has been used by
geomorphologists; for example, Hutchinson and Gallant (2000) explored the usefulness of using numerical geomorphometric methods in
terrain shape analysis. In the marine realm, studies using the autocovariance function of multibeam bathymetry successfully characterised the widths of morphological structures such as abyssal hills
and continental slope canyons (Goﬀ and Jordan, 1988; Goﬀ, 2001).
However, it was not determined as to what the size of the processing
window of the spectral parameters should be for useful classiﬁcation.
This issue should be investigated further. The analysis of the spectral
features, such as lidar data, from other sources of DEMs would be another topic worth exploring.
An MBES currently allows for the registration of absolute (calibrated) backscattering strength values; however, uncalibrated backscattering is still the most commonly used of these two measurement
types. There is a need for calibrated systems with accurate hydroacoustic measurements so that data from diﬀerent registrations can be
compared. Because backscatter is dependent upon frequency, it can also
be a disadvantage when compiling various datasets. In turn, the
bathymetric spectral features represent absolute values, and therefore,
they are reliable and easy to compare with measurements from other
datasets. Spectral parameters are generally not dependent on the operating frequency of the MBES when the eﬀects of sediment penetration
can be excluded. However, taking such spectral features into account
requires a high quality MBES bathymetry dataset and precise motion
compensation. Any vessel motion artefacts can interfere, or ‘leak’, into
the spectral features when they are not compensated. However, modern
motion compensation systems work well correcting these errors. The
dataset presented in this study was recorded on a vessel with a length of
8 m and width of 3 m at a sea state between 2 and 4. Despite unfavourable weather conditions for such a small vessel, the surveys
yielded valuable results.
Because our study site was characterised by complex geomorphological features, we can ascertain that the presented method of predictive benthic habitat mapping could be especially valuable in other
areas with diverse morphology (e.g. reefs). Considering a broader
perspective, the spectral analysis of seaﬂoor bathymetry could provide
new insight into the analyses of DEMs of other sources, such as gravity
models (Smith and Sandwell, 1997), which would allow for the exploration and interpretation of large scale complex geomorphological

Funding
This work resulted from the BONUS ECOMAP project, supported by
BONUS (Art 185), funded jointly by the EU and the Federal Ministry of
Education and Research of Germany (BMBF), the National Centre for
Research and Development of Poland (NCBR) [grant number BONUSBB/ECOMAP/07/2017], and the Innovation Fund Denmark
(Innovationsfonden).
Declaration of Competing Interest
None.
References
APL, 1994. APL-UW High-Frequency Ocean Environmental Acoustic Models Handbook
(Technical report APL-UW TR9407 AEAS 9501), Seattle. Applied Physics Laboratory,
University of Washington, pp. 210.
Benz, U.C., Hofmann, P., Willhauck, G., Lingenfelder, I., Heynen, M., 2004. Multi-resolution, object-oriented fuzzy analysis of remote sensing data for GIS-ready information. ISPRS J. Photogramm. Remote Sens. 58, 239–258. https://doi.org/10.
1016/j.isprsjprs.2003.10.002.
Blaschke, T., 2010. Object based image analysis for remote sensing. ISPRS J.
Photogramm. Remote Sens. 65, 2–16. https://doi.org/10.1016/j.isprsjprs.2009.06.
004.
Breiman, L., 2001. Random forests. Mach. Learn. 45, 5–32. https://doi.org/10.1023/
a:1010933404324.
Breiman, L., Friedman, J.H., Olshen, R.A., Stone, C.J., 1984. Classiﬁcation and Regression
Trees. Wadsworth, Belmont.
Bremner, D., Demaine, E., Erickson, J., Iacono, J., Langerman, S., Morin, P., Toussaint, G.,
2005. Output-sensitive algorithms for computing nearest-neighbour decision
boundaries. Discret. Comput. Geom. 33, 593–604. https://doi.org/10.1007/s00454004-1152-0.
Briggs, K.B., Lyons, A.P., Pouliquen, E., Mayer, L.A., Richardson, M.D., 2005. Seaﬂoor
Roughness, Sediment Grain Size and Temporal Variability, in Underwater Acoustic
Measurements: Technologies and Results. Heraklion, Crete, Greece, pp. 29–37.
Brown, C.J., Smith, S.J., Lawton, P., Anderson, J.T., 2011. Benthic habitat mapping: a
review of progress towards improved understanding of the spatial ecology of the
seaﬂoor using acoustic techniques. Estuar. Coast. Shelf Sci. 92, 502–520. https://doi.
org/10.1016/j.ecss.2011.02.007.
Cazenave, P.W., Lambkin, D.O., Dix, J.K., 2008. Quantitative bedform analysis using
decimetre resolution swath bathymetry. In: CARIS 12th International User Group
Conference. United Kingdom, Bath.
Clough, R.W., Penzien, J., 1975. Dynamics of Structure. McGraw-Hill, New York.
Cohen, J., 1960. A coeﬃcient of agreement for nominal scales. Educ. Psychol. Meas. 20,
37–46. https://doi.org/10.1177/001316446002000104.
Congalton, R.G., 1991. A review of assessing the accuracy of classiﬁcations of remotely
sensed data. Remote Sens. Environ. 37, 35–46. https://doi.org/10.1016/00344257(91)90048-b.
Conti, L.A., Lim, A., Wheeler, A.J., 2019. High resolution mapping of a cold water coral
mound. Scientiﬁc Reports 9, 1016. https://doi.org/10.1038/s41598-018-37725-x.
Cortes, C., Vapnik, V., 1995. Support-vector networks. Machine Learning 20, 273–297.
https://doi.org/10.1007/bf00994018.
Davidson, K.L., Louglin, P.J., 2000. Instantaneous spectral moments. Journal of The
Franklin Institute 337, 421–436. https://doi.org/10.1016/S0016-0032(00)00034-X.
Diesing, M., Thorsnes, T., 2018. Mapping of cold-water coral carbonate mounds based on
geomorphometric features: an object-based approach. Geosciences 8 (2), 34. https://
doi.org/10.3390/geosciences8020034.
Diesing, M., Green, S.L., Stephens, D., Lark, R.M., Stewart, H.A., Dove, D., 2014. Mapping
seabed sediments: Comparison of manual, geostatistical, object-based image analysis
and machine learning approaches. Cont. Shelf Res. 84, 107–119. https://doi.org/10.
1016/j.csr.2014.05.004.
Diesing, M., Mitchell, P., Stephens, D., 2016. Image-based seabed classiﬁcation: what can
we learn from terrestrial remote sensing? ICES Journal of Marine Science: Journal du
Conseil 73, 2425–2441. https://doi.org/10.1093/icesjms/fsw118.
Feldens, P., Schulze, I., Papenmeier, S., Schönke, M., Schneider von Deimling, J., 2018.
Improved interpretation of marine sedimentary environments using multi-frequency
multibeam backscatter data. Geosciences 8 (6), 214. https://doi.org/10.3390/
geosciences8060214.
Folk, R.L., Ward, W.C., 1957. Brazos River bar [Texas]; a study in the signiﬁcance of grain
size parameters. Journal of Sedimentary Research 27, 3–26.
Fonseca, L., Brown, C., Calder, B., Mayer, L., Rzhanov, Y., 2009. Angular range analysis of
acoustic themes from Stanton Banks Ireland: a link between visual interpretation and
multibeam echosounder angular signatures. Appl. Acoust. 70, 1298–1304. https://
doi.org/10.1016/j.apacoust.2008.09.008.
Foody, G.M., 2002. Status of land cover classiﬁcation accuracy assessment. Remote Sens.
Environ. 80, 185–201. https://doi.org/10.1016/s0034-4257(01)00295-4.
Foody, G.M., 2004. Thematic map comparison: evaluating the statistical signiﬁcance of

11

Marine Geology 427 (2020) 106239

K. Trzcinska, et al.

Micallef, A., Le Bas, T.P., Huvenne, V.A.I., Blondel, P., Hühnerbach, V., Deidun, A., 2012.
A multi-method approach for benthic habitat mapping of shallow coastal areas with
high-resolution multibeam data. Cont. Shelf Res. 39–40, 14–26. https://doi.org/10.
1016/j.csr.2012.03.008.
Misiuk, B., Lecours, V., Bell, T., 2018. A multiscale approach to mapping seabed sediments. PLoS One 13, e0193647. https://doi.org/10.1371/journal.pone.0193647.
Montereale Gavazzi, G., Madricardo, F., Janowski, L., Kruss, A., Blondel, P., Sigovini, M.,
Foglini, F., 2016. Evaluation of seabed mapping methods for ﬁne-scale classiﬁcation
of extremely shallow benthic habitats – Application to the Venice Lagoon, Italy.
Estuar. Coast. Shelf Sci. 170, 45–60. https://doi.org/10.1016/j.ecss.2015.12.014.
Montereale-Gavazzi, G., Roche, M., Lurton, X., Degrendele, K., Terseleer, N., Van Lancker,
V., 2017. Seaﬂoor change detection using multibeam echosounder backscatter: case
study on the Belgian part of the North Sea. Mar. Geophys. Res. 39, 229–247. https://
doi.org/10.1007/s11001-017-9323-6.
Nilsson, R., Peña, J.M., Björkegren, J., Tegnér, J., 2007. Consistent feature selection for
pattern recognition in polynomial time. J. Mach. Learn. Res. 8, 589–612.
Parnum, I.M., Gavrilov, A.N., 2011. High-frequency multibeam echo-sounder measurements of seaﬂoor backscatter in shallow water: Part 2 – Mosaic production, analysis
and classiﬁcation. Underw. Technol. 30, 13–26. https://doi.org/10.3723/ut.30.013.
Porskamp, P., Rattray, A., Young, M., Ierodiaconou, D., 2018. Multiscale and hierarchical
classiﬁcation for benthic habitat mapping. Geosciences 8 (4), 119. https://doi.org/
10.3390/geosciences8040119.
Prampolini, M., Blondel, P., Foglini, F., Madricardo, F., 2018. Habitat mapping of the
Maltese continental shelf using acoustic textures and bathymetric analyses. Estuar.
Coast. Shelf Sci. 207, 483–498. https://doi.org/10.1016/j.ecss.2017.06.002.
Rattray, A., Ierodiaconou, D., Womersley, T., 2015. Wave exposure as a predictor of
benthic habitat distribution on high energy temperate reefs. Front. Mar. Sci. 2, 1–14.
https://doi.org/10.3389/fmars.2015.00008.
Samsudin, S.A., Hasan, R.C., 2017. Assessment of Multibeam Backscatter Texture Analysis
for Seaﬂoor Sediment Classiﬁcation. ISPRS - International Archives of the
Photogrammetry. Remote Sensing and Spatial Information Sciences XLII-4 (W5),
177–183. https://doi.org/10.5194/isprs-archives-XLII-4-W5-177-2017.
Sappington, J.M., Longshore, K.M., Thompson, D.B., 2007. Quantifying Landscape
Ruggedness for Animal Habitat Analysis: a Case Study Using Bighorn Sheep in the
Mojave Desert. J. Wildl. Manag. 71, 1419–1426. https://doi.org/10.2193/2005-723.
Schimel, A.C.G., Beaudoin, J., Parnum, I.M., Le Bas, T., Schmidt, V., Keith, G.,
Ierodiaconou, D., 2018. Multibeam sonar backscatter data processing. Mar. Geophys.
Res. 39, 121–137. https://doi.org/10.1007/s11001-018-9341-z.
Schneider von Deimling, J., Weinrebe, W., Tóth, Z., Fossing, H., Endler, R., Rehder, G.,
Spieß, V., 2013. A low frequency multibeam assessment: Spatial mapping of shallow
gas by enhanced penetration and angular response anomaly. Mar. Pet. Geol. 44,
217–222. https://doi.org/10.1016/j.marpetgeo.2013.02.013.
Schönke, M., Feldens, P., Wilken, D., Papenmeier, S., Heinrich, C., Schneider von
Deimling, J., Held, P., Krastel, S.J.G.-M.L., 2017. Impact of Lanice conchilega on
seaﬂoor microtopography oﬀ the island of Sylt (German Bight, SE North Sea). GeoMar. Lett. 37, 305–318. https://doi.org/10.1007/s00367-016-0491-1.
Smith, W.H.F., Sandwell, D.T., 1997. Global sea ﬂoor topography from satellite altimetry
and ship depth soundings. Science 277, 1956–1962. https://doi.org/10.1126/
science.277.5334.1956.
Soﬁa, G., Hillier, J.K., Conway, S.J., 2016. Frontiers in geomorphometry and earth surface
dynamics: possibilities, limitations and perspectives. Earth Surface Dynamics 4,
721–725. https://doi.org/10.5194/esurf-4-721-2016.
Story, M., Congalton, R.G., 1986. Accuracy assessment: a user’s perspective. Photogramm.
Eng. Remote. Sens. 52, 397–399.
Strong, J.A., Clements, A., Lillis, H., Galparsoro, I., Bildstein, T., Pesch, R., 2019. A review
of the inﬂuence of marine habitat classiﬁcation schemes on mapping studies: inherent
assumptions, inﬂuence on end products, and suggestions for future developments.
ICES J. Mar. Sci. 76, 10–22. https://doi.org/10.1093/icesjms/fsy161.
Tegowski, J., Gorska, N., Klusek, Z., 2003. Statistical analysis of acoustic echoes from
underwater meadows in the eutrophic Puck Bay (southern Baltic Sea). Aquat. Living
Resour. 16, 215–221. https://doi.org/10.1016/S0990-7440(03)00015-9.
Tegowski, J., Gorska, N., Kruss, A., Nowak, J., Blenski, J., 2009. Analysis of single beam,
multibeam and sidescan sonar data for benthic habitat classiﬁcation in the southern
Baltic Sea. In: Papadakis, J., Bjorno, L. (Eds.), 3rd International Conference and
Exhibition on Underwater Acoustic Measurements: Technologies and Results.
Nafplion, Greece, pp. 131–138.
Tegowski, J., Trzcińska, K., Janowski, Ł., Kruss, A., Kusek, K., Nowak, J., 2018.
Comparison of backscatter and seabed topographic characteristics recorded by multibeam echosounder at rewal Area - Southern Baltic Sea. In: 2018 Joint Conference Acoustics (pp. 1-4), https://doi.org/10.1109/ACOUSTICS.2018.8502330.
Urick, R.J., 1983. Principles of Underwater Sound. McGraw-Hill, New York.
Walbridge, S., Slocum, N., Pobuda, M., Wright, D., 2018. Uniﬁed geomorphological
analysis workﬂows with benthic terrain modeler. Geosciences 8 (3), 94. https://doi.
org/10.3390/geosciences8030094.
Wentworth, C.K., 1922. A Scale of Grade and Class Terms for Clastic Sediments. The
Journal of Geology 30, 377–392.
Williams, K.L., Jackson, D.A., Tang, D., Briggs, K.B., Thorsos, E.I., 2009. Acoustic backscattering from a sand and a sand/mud environment: experiments and data/model
comparisons. IEEE J. Ocean. Eng. 34, 388–398. https://doi.org/10.1109/joe.2009.
2018335.
Wilson, M.F.J., O’Connell, B., Brown, C., Guinan, J.C., Grehan, A.J., 2007. Multiscale
terrain analysis of multibeam bathymetry data for habitat mapping on the continental
slope. Mar. Geod. 30, 3–35. https://doi.org/10.1080/01490410701295962.

diﬀerences in classiﬁcation accuracy. Photogramm. Eng. Remote Sens. 70, 627–633.
Gafeira, J., Dolan, M., Monteys, X., 2018. Geomorphometric characterization of pockmarks by using a GIS-based semi-automated toolbox. Geosciences 8 (5), 154. https://
doi.org/10.3390/geosciences8050154.
Gaida, T., Tengku Ali, T., Snellen, M., Amiri-Simkooei, A., van Dijk, T., Simons, D., 2018.
A multispectral bayesian classiﬁcation method for increased acoustic discrimination
of seabed sediments using multi-frequency multibeam backscatter data. Geosciences
8 (12), 455. https://doi.org/10.3390/geosciences8120455.
Goﬀ, J.A., 2001. Quantitative classiﬁcation of canyon systems on continental slopes and a
possible relationship to slope curvature. Geophys. Res. Lett. 28, 4359–4362. https://
doi.org/10.1029/2001GL013300.
Goﬀ, J.A., Jordan, T.H., 1988. Stochastic modelling of seaﬂoor morphology: Inversion of
Sea Beam data for second-order statistics. Journal of Geophysical Research: Solid
Earth 93, 13589–13608. https://doi.org/10.1029/JB093iB11p13589.
Goﬀ, J.A., Orange, D.L., Mayer, L.A., Hughes Clarke, J.E., 1999. Detailed investigation of
continental shelf morphology using a high-resolution swath sonar survey: the Eel
margin, northern California. Mar. Geol. 154, 255–269. https://doi.org/10.1016/
S0025-3227(98)00117-0.
Haralick, R.M., Shanmugam, K., Dinstein, I.H., 1973. Textural Features for image
Classiﬁcation. IEEE Transactions on Systems, Man, and Cybernetics SMC-3, 610–621.
https://doi.org/10.1109/tsmc.1973.4309314.
Hasan, R., Ierodiaconou, D., Monk, J., 2012. Evaluation of four Supervised Learning
Methods for Benthic Habitat Mapping using Backscatter from Multi-Beam Sonar.
Remote Sens. 4, 3427–3443. https://doi.org/10.3390/rs4113427.
Hefner, B.T., Jackson, D.R., Ivakin, A.M., Tang, D., 2010. High frequency measurements
of backscattering from heterogeneities and discrete scatterers in sand sediments. In:
Proceedings of the Tenth European Conference on Underwater Acoustics
(ECUA2010), Istanbul, Turkey, 5–9 July 2010. 3. pp. 1386–1390.
Held, P., Schneider von Deimling, J., 2019. New feature classes for acoustic habitat
mapping—a multibeam echosounder point cloud analysis for mapping submerged
aquatic vegetation (SAV). Geosciences 9 (5), 235. https://doi.org/10.3390/
geosciences9050235.
Hutchinson, M.F., Gallant, J.C., 2000. Digital elevation models and representation of
terrain shape. In: Wilson, J.P., Gallant, J.C. (Eds.), Terrain Analysis. John Wiley and
Sons, Principles and Applications. New York, pp. 29–49.
Jackson, D.R., Richardson, M.D., 2007. High-frequency Seaﬂoor Acoustics. Springer, pp.
557.
Jackson, D.R., Baird, A.M., Crisp, J.J., Thomson, P.A.G., 1986. High-frequency bottom
backscatter measurements in shallow water. The Journal of the Acoustical Society of
America 80, 1188–1199. https://doi.org/10.1121/1.393809.
Janowski, L., Tegowski, J., Nowak, J., 2018a. Seaﬂoor mapping based on multibeam
echosounder bathymetry and backscatter data using Object-based image Analysis: a
case study from the Rewal site, the Southern Baltic. Oceanol. Hydrobiol. Stud. 47,
248–259. https://doi.org/10.1515/ohs-2018-0024.
Janowski, L., Trzcinska, K., Tegowski, J., Kruss, A., Rucinska-Zjadacz, M., Pocwiardowski,
P., 2018b. Nearshore Benthic Habitat Mapping based on Multi-Frequency, Multibeam
Echosounder Data using a combined Object-based Approach: a Case Study from the
Rowy Site in the Southern Baltic Sea. Remote Sens. 10, 1983. https://doi.org/10.
3390/rs10121983.
Jones, E.J.W., 1999. Marine geophysics. In: Chichester. Wiley, New York.
Kendzierska, H., 2009. Stilo-Ustka. In: Gic-Grusza, G., Kryla-Straszewska, L., Urbanski, J.,
Warzocha, J., Weslawski, J.M. (Eds.), Atlas of Polish Marine Area Bottom Habitats.
Broker-Innowacji, Gdynia, pp. 158–165.
Kursa, M., 2016. Robust and Eﬃcient Approach to Feature Selection with Machine
Learning, Faculty of Mathematics. University of Warsaw, Informatics and Mechanics.
Kursa, M.B., Rudnicki, W.R., 2010. Feature selection with the Boruta Package. Journal of
Statistical Software 36 (11). https://doi.org/10.18637/jss.v036.i11.
Lamarche, G., Lurton, X., 2017. Recommendations for improved and coherent acquisition
and processing of backscatter data from seaﬂoor-mapping sonars. Mar. Geophys. Res.
39, 5–22. https://doi.org/10.1007/s11001-017-9315-6.
Lecours, V., Devillers, R., Schneider, D.C., Lucieer, V.L., Brown, C.J., Edinger, E.N., 2015.
Spatial scale and geographic context in benthic habitat mapping: review and future
directions. Marine Ecology Progress Series 535, 259–284. https://doi.org/10.3354/
meps11378.
Lecours, V., Dolan, M.F.J., Micallef, A., Lucieer, V.L., 2016. A review of marine geomorphometry, the quantitative study of the seaﬂoor. Hydrology and Earth System
Sciences 20, 3207–3244. https://doi.org/10.5194/hess-20-3207-2016.
Lefebvre, A., Thompson, C.E.L., Collins, K.J., Amos, C.L., 2009. Use of a high-resolution
proﬁling sonar and a towed video camera to map a Zostera marina bed, Solent, UK.
Estuar. Coast. Shelf Sci. 82, 323–334. https://doi.org/10.1016/j.ecss.2009.01.027.
Li, J., Tran, M., Siwabessy, J., 2016. Selecting optimal random forest predictive models: a
case study on predicting the Spatial distribution of Seabed Hardness. PLoS One 11,
e0149089. https://doi.org/10.1371/journal.pone.0149089.
Lucieer, V., Lecours, V., Dolan, M., 2018. Charting the course for future developments in
marine geomorphometry: an introduction to the special issue. Geosciences 8 (12),
477. https://doi.org/10.3390/geosciences8120477.
Lyons, A.P., Fox, W.L.J., Hasiotis, T., Pouliquen, E., 2002. Characterization of the twodimensional roughness of wave-rippled sea ﬂoors using digital photogrammetry.
IEEE J. Ocean. Eng. 27, 515–524. https://doi.org/10.1109/JOE.2002.1040935.
Mandelbrot, B.B., 1982. The Fractal Geometry of Nature. Freeman, San Francisco.
Mayer, L., Jakobsson, M., Allen, G., Dorschel, B., Falconer, R., Ferrini, V., Lamarche, G.,
Snaith, H., Weatherall, P., 2018. The Nippon Foundation—GEBCO Seabed 2030
PROJECT: the quest to See the World’s oceans completely mapped by 2030.
Geosciences 8 (2), 1–18. https://doi.org/10.3390/geosciences8020063.

12

