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Abstract: Subtidal hard substrate habitats are unique habitats in the marine environment.
They provide crucial ecosystem services that are socially relevant, such as water clearance or
as nursery space for fishes. With increasing marine usage and changing environmental conditions,
pressure on reefs is increasing. All relevant directives and conventions around Europe include
sublittoral hard substrate habitats in any manner. However, detailed specifications and specific
advices about acquisition or delineation of these habitats are internationally rare although the demand
for single object detection for e.g., ensuring safe navigation or to understand ecosystem functioning is
increasing. To figure out the needs for area wide hard substrate mapping supported by automatic
detection routines this paper reviews existing delineation rules and definitions relevant for hard
substrate mapping. We focus on progress reached in German approval process resulting in first
hydroacoustic mapping advices. In detail, we summarize present knowledge of hard substrate
occurrence in the German North Sea and Baltic Sea, describes the development of hard substrate
investigations and state of the art mapping techniques as well as automated analysis routines.
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1. Introduction

The ecological importance of geogenic hard substrates for marine ecosystems is intensively studied
and beyond dispute [1–3]. Geogenic hard substrates can act as oases [4] and are associated with
high biomass and species richness [5–7]. Sessile invertebrates use them as settling grounds whereas
mobile organisms use hard substrates for shelter, foraging and spawning [6,8]. The communities living
on hard substrates provide irreplaceable ecosystem services in nutrient cycling, water purification
and benthic-pelagic coupling [3,9]. Furthermore, hard substrates serve as ‘stepping stones’ for e.g.,
larvae dispersion and manifestation of subpopulations [10,11]. Sublittoral hard substrate habitats and
its communities suffer under increasing pressure caused directly or indirectly by human activities
such as fishing, resource exploitation, coastal management, eutrophication or climate change [3,12,13].
At the same time, mankind is under pressure to take countermeasures and protect these valuable
habitats [14,15]. In the European Union, marine habitat and biodiversity conservation, including
assessment and monitoring of the environmental status, is regulated by two inter-related directives
adopted by the European Commission:

The “Council Directive 92/43/EEC on the Conservation of Natural Habitats and of Wild Fauna and
Flora” known as the Habitats Directive (HD) assures the conservation of natural habitats and lists
these in Annex 1 [16]. To clear any ambiguities in the interpretation of Annex 1 the Directorate
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General for Environment (DG ENV) developed the “Interpretation Manual of European Union
Habitats” [17]. The HD forms (together with the Birds Directive) the foundation of the Natura
2000 ecological network of protected areas.

The Marine Strategy Framework Directive (MSFD, 2008/56/EC) aims to achieve or maintain good
environmental status of all marine ecosystems including benthic habitats under descriptor 1
(biodiversity) and descriptor 6 (seafloor integrity) across the European Union while enabling the
sustainable use of marine goods and services [18].

Similar aims have the regional agreements OSPAR (Convention for the Protection of the Marine
Environment of the North–East Atlantic) and HELCOM (Baltic Marine Environment Protection
Commission—Helsinki Commission) or the UN Convention on Biological Diversity (CBD).

All relevant directives and conventions around Europe include sublittoral hard substrate habitats
in any manner but detailed specifications are rare and specific advices such as acquisition, delineation
and minimum spatial size are not provided in these legislations. However, especially when stones
(cobbles, boulders and even larger clasts) are loosely scattered on sandy or mixed substrate, delineation
rules are important to establish for example special areas of conservation (SAC) or in the course
of approval procedures for offshore constructions such as offshore wind farms, cables or pipelines.
The most common technique for habitat mapping and the identification of hard substrate areas is
the analysis of sidescan sonar (SSS) or multibeam echosounder (MBES) backscatter data [19–24].
There are no internationally standardized routines for large-scale data acquisition, processing and
interpretation either, albeit recommendations have been developed for the acquisition and processing
of MBES derived backscatter data [25]. In times of highly sophisticated computer technology it is still
common that experts manually interpret stone signatures on hydroacoustic backscatter data which is,
however, very time-consuming and not practical for large and heterogeneous areas. Recently, research
has focused on the automated identification of stone signatures in SSS backscatter data by means of
machine learning techniques for selected study sites [21,26]. The future perspective is to improve
publicly available training data sets to make the models more accurate and applicable for a variation of
geological sites and large scale mapping campaigns.

The aim of this paper is to review existing delineation guidelines and definitions relevant for
the hard substrate mapping in Germany (Section 2), to summarize current knowledge about hard
substrate occurrence and characteristics in the German North Sea and Baltic Sea (Section 3), presenting
the development of hard substrate mapping (Section 4) and the present standard mapping techniques
(Section 5) as well as data processing techniques (Section 6) to identify the needs for area-wide hard
substrate mapping campaigns. The focus is on progresses in Germany because the occurrence of hard
substrates in German parts of the Baltic Sea is very diverse and may be used as reference for other
study areas.

2. Definitions and Delineation Criteria of Hard Substrates

The European directives, regional sea conventions and habitat classification systems classify hard
substrate habitats as ‘reef’ (HD, Annex 1 code 1170), ‘rock and biogenic reefs’ (MSFD), ‘rock and
other hard substrata’ (European nature Information System (EUNIS), ‘rock and boulders’ (HELCOM
Underwater Biotope and Habitat classification system—HELCOM HUB). The previous classification
version HELCOM listed ‘stony bottoms’ for different depth zones [27]. All classifications have in
common that the hard substrate habitats are named without any further description concerning
substrate characteristics, spatial dimension or habitat delineation. Consequently, member states
developed their own delineation criteria which sometimes even differ on district level and which are
generally not published on international level. The EU characterizes the geogenic part of the Annex
1 habitat ‘reef’ (code 1170) in the Interpretation Manual of European Union Habitats as “ . . . hard
compact substrata on solid and soft bottoms, which arise from the sea floor in the sublittoral and littoral
zone” [17]. ‘Hard compact substrata’ is explained as “rocks (including soft rock, e.g., chalk), boulders
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and cobbles (generally >64 mm in diameter)” [17]. As long as the associated biota of Annex II is present,
these hard substrates may (temporally) be covered by a thin and mobile veneer of sediment [17].

Further, the UK has elaborated the term ‘stony reefs’ from a conservation and management point
of view [4]. The seabed has to be covered by at least 10% with hard substrate of particles larger than
64 mm (i.e., cobbles, boulders) which arise from the seafloor. The minimum extent should be 25 m2

and the substrate needs to be colonized by benthic communities [4]. It is also recommended to perform
geophysical surveys before ecological investigations. Advices for drawing boundaries are, however,
not defined.

Maps showing reefs (code 1170, Figure 1), normally result from thematic maps (e.g., from fisheries),
analysis of scientific data (mostly regional) and literature reviews. The information is presented in
the 10 km European reference grid of the European Environment Agency (EEA), which is strongly
generalized and tends to overestimate the areal distribution (Table 1). Furthermore, no distinction is
made between geogenic and biogenic reefs.

Figure 1. Map showing the distribution of reef habitats (geogenic and biogenic, code 1170) in Europe
(orange boxes) as reported by the EU member states between 2007 and 2012. The visualization is
based on the EEA (European Environment Agency) data set [28]. The size of raster cells is 10 × 10 km.
Each cell can contain more than one habitat type. The blue line represents the outer boundary of the
German Exclusive Economic Zone (EEZ).
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Table 1. Area of reef habitats (code 1170) for the German North Sea and Baltic sea published by the
German Federal Agency for Nature Conservation (BfN) [29] in comparison with areas given by the
European Environment Agency (EEA) [28] shown in Figure 1. It has to be considered that each EEA
raster cell can contain more than one habitat type.

German North Sea German Baltic Sea

km2 % of Total Territory km2 % of Total Territory

Reefs Total
BfN 452.83 1.1 1719.96 11.1

EEA 5768.54 14.1 7814.01 50.4

Reefs EEZ
BfN 240.81 0.6 463.77 3.0

EEA 4394.25 10.7 1158.81 7.5

Reefs Coastal Zone
BfN 212.02 0.5 1256.19 8.1

EEA 1374.29 3.4 6655.20 42.9

In Germany, there are at present only generalized habitat maps with reefs (code 1170) publicly
available, which, however, do not show the distribution of stones (e.g., [30,31]). The maps in the EEZ
are generally based on local hydroacoustic surveys (SSS and MBES) which were done in areas where
hard bottom substrates are likely to be present (e.g., moraine ridges). These data were used to manually
delineate potential reefs without any delineation specifications [32]. From these potential reefs, code
1170-reefs were selected applying the criteria proposed in Annex III of the habitats directive [29].
The final identified area is up to 18 times smaller than the area described by the EEA (Table 1).
In the territorial waters the mapping strategy and progress varies depending on the federal state.
Specific delineation criteria are rare or not public. A common, national approach is under development.

For local offshore licensing procedures the BfN has published a manual for reef mapping in
the German waters which specifies appropriate sampling techniques, substrate size and biological
assessment criteria [33]. The substrate identification is based on SSS backscatter data (frequency
≥300 kHz). As substrate density and distribution differ in the North Sea and Baltic Sea, criteria
for detection and delineation strategies vary for the two regions (Table 2) due to their geological
background (compare Section 3). All these criteria are based on expert knowledge but lack the scientific
evaluation. To fulfill these delineation criteria, individual objects have to be identified, measured and
marked. The delineation criteria are dependent on the substrate:

(1) Boulder field: This type typically occurs in areas characterized by a heterogeneous sediment
distribution. Each hard substrate object of a certain size needs to be identified and surrounded
by a bounding boundary of a certain diameter. The values differ for North Sea and Baltic Sea.
For details see Table 2. The bounding boundaries of at least 21 objects are needed to be connected
within a certain radius to form a reef. A biological verification is not required.

(2) Marine erratic boulders: Each erratic boulder (≥2 m in diameter) is defined as reef disregarding
their areal distribution density. A biological verification is not necessary.

(3) Lag deposits with erratic cobbles and boulders: Lag deposits typically contain a wide range
of hard substrate sizes mixed with sand and gravel. Single object detection is not required.
The entire area is classified as reef when characteristic reef species assemblages are present.

According to the abovementioned guideline [33] a biological verification is only necessary for
type three (lag deposits). The authors assume that hard substrates ≥30 cm in diameter are almost
always settled by epibenthic fauna and flora. The absence of epibenthic assemblages in exceptional
cases is explained by anthropogenic impacts (e.g., bottom trawling) or sediment mobility. A recent
study by Michaelis et al. [34] confirmed that at least 88% of boulders exceeding diameters of 20 cm
in the German North Sea are settled. The colonized proportion of smaller hard substrates shows a
strongly regional dependency. Furthermore, object size influences the sessile taxa richness [35], which
is not further considered in any guidelines.
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Table 2. Criteria for delineation of geogenic reefs (code 1170) in the German EEZ for regional
investigations according to the reef mapping guideline published by the German Federal Agency for
Nature Conservation [33]. The original German terms are shown in italic.

Type North Sea Baltic Sea

Boulder Field
“Steinfeld/Blockfeld”

object size: >30–50 cm
buffer: 75 m

≥21 stones with overlap = reef
no biological verification

object size: ≥50 cm
buffer: 7.5 m

≥21 stones with overlap = reef
no biological verification

Marine Erratic Boulders
“Marine Findlinge”

object size: ≥2 m
each object = reef

no biological verification

Lag deposits with Erratic Cobbles
and Boulders

“Restsedimente mit vereinzelten
Steinen und/oder Blöcken”

no single object detection
sediment type: lag deposit

polygon size ≥1.000 m2

biological verification mandatory

3. Hard Substrate Origin

Grab sampling and hydroacoustic mapping campaigns have shown that the geogenic hard
substrates in the German waters are present as loose scattered cobbles (64–256 mm) and boulders
(>256 mm) with maximum sizes up to several meters [20,22,23,34,36,37] including a high amount of
flint stones [38]. They originate from Scandinavia and were transported by several Pleistocene glacial
advances to the North Sea [38–40] and Baltic Sea [41,42], and deposited in end and ground moraines.
An exception is the ‘Helgoländer Festlandsockel’ in the North Sea with outcrops of Paleozoic and
Mesozoic bedrock [43].

The Weichselian ice shield reached the mainland of the Baltic region [44]. The line of maximum
extension was located in eastern Schleswig Holstein [44,45] between Baltic Sea and North Sea. In contrast,
the most recent ice coverage of the North Sea area took place during the Saalian glaciation [46,47].
This explains the general distribution pattern of hard substrates in the North Sea and Baltic Sea.
Most stones in the North Sea are found offshore in the EEZ (Sylter Outer Reef and Borkum Reef
Ground) in water depth of 20–45 m [22,34] whereas in the Baltic Sea hard substrates are located along
the coast in 5–15 m water depth and on submarine sills (Fehmarn Belt, Kadet Trench, Adler Grund,
Rönne Bank) [20]. The distribution of hard substrates in the North Sea is less dense and stones of
boulder size are generally spaced a few meters to several decameters apart while in the Baltic Sea the
distance of individual boulders varies between a few decimeters and several meters [20].

The moraines were initially reworked by wind and later with increasing sea level by waves and
tidal currents, resulting in lag deposits with exposed cobbles and boulders. Abrasion is still going
on in the Baltic Sea with rates of 1 to 5 cm/yr [19,48,49] and submerged hard substrates are getting
continuously exposed [50]. Fine material is removed by waves and deposited in the surrounding.
In the present basins of the Baltic Sea lag deposits are normally completely covered by limnic sediments
mainly deposited during the Baltic Ice Lake (approx. 12.600–10.300 BP) and organic-rich mud deposited
ever since approx. 8.000 BP [51–53]. In the North Sea the Saalian lag deposits are partly covered by
Holocene marine sands (maximum thickness approx. 10 m) whereas the thickness of the cover is
decreasing with increasing distance to the coast [38,54] and is partly absent in the offshore area [22].

Both in Baltic Sea and North Sea exposed stones are generally settled by sessile organisms [8,34,36,55].
For the North Sea Michaelis et al. [34] have shown that the proportion of colonized hard substrate is
increasing with object size. The sessile communities show regional differences [35,37,56].

4. History of Geogenic Hard Substrate Investigation Activities

Earliest information about geogenic hard substrate distributions can be derived from fishermen
who noted the positions of broken and entangled nets in their maps. This knowledge combined with
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initial systematic investigation of the seafloor characteristics was first published for the European
Oceans in 1871 by the French cartographer Delesse [57]. The map comprises the main sediment types
mud, sand, gravel and ‘stone’. About the same time more detailed sediment investigations started for
the North Sea (e.g., [38,58] and references therein). The focus was set on soft sediments (gravel and
finer) which could be investigated with contemporary state of the art instruments like diverse types of
grab samplers. Jarke [58] explicitly emphasized that appropriate tools for hard substrate investigations
were missing, thus information on their occurrence still originated mostly from fishermen’s experience
or observations of damaged grab samplers. He further highlighted the future importance of clearly
demarcated stony areas for fishing and science and suggested the use of dredges and single beam echo
sounders, which were used commonly for the search of wrecks. Generally, the sample distribution at
that time was poor and the accuracy in positioning was not better than ±2–3 nautical miles, resulting
in the use of small map scales (e.g., 1:1,000,000). A more systematically investigated map for the North
Sea (1:250,000), with grab sample information at least each nautical mile, was published by Figge [59]
and updated by Laurer et al. [60]. These maps comprise also a layer of ‘gravel and stones’ distribution.

In the EEZ of the German Baltic Sea systematic sediment grab mapping started in the 1930’s [61].
Stones are named in context of lag deposits. More detailed maps on a scale 1:100,000 with an
additional stone layer (based on grab sampling) was published by Tauber and others [62–72]. For local
areas detailed studies on geogenic hard substrate distributions by means of diving, underwater
video inspection or SSS were done [19,20,73,74]. They were conducted to investigate the effects of
commercial stone extraction in the coastal zone and the regeneration potential of depleted areas.
Between approximately 1850 and 1974 about 3.5 million tons (equivalent to approx. 5.6 km2) of stones
(here: 60–150 cm in diameter) were removed from water depth of up to 20 meter for construction
purposes on land [19,75]. The intensive extraction has led to an almost complete absence of geogenic
hard substrates and the threatened situation of blue mussels (Mytilus sp.) and brown algae (Fucus spp.)
in large areas [76,77]. By comparing the number of stones on analogue sidescan sonar records from the
1980s with digital ones from 2007 it was shown that on a decadal time scale a natural regeneration of
hard substrates by abrasion processes exists along the Baltic coast [19].

Since 2012 the project SedAWZ coordinated by the Federal Maritime and Hydrographic Agency
(BSH) maps the area wide sediment distribution, including hard substrates, in the German EEZ with
sidescan sonar on a scale of 1:10,000. A mapping guideline was developed to standardize acquisition,
processing and interpretation procedures of SSS data [78]. The sediments are classified on three levels
of detail. Hard substrates are represented in the class ‘lag sediments’ and large boulders are indicated
using an extra layer. No delineation criteria are given. The sediment maps (until now without the large
boulder layer) are published and regularly updated in the GeoSeaPortal of the BSH (geoseaportal.de,
last accessed on 08.01.2020).

5. Hydroacoustic Mapping Techniques

Typical products of hydroacoustic surveys with SSS or MBES are maps of backscatter intensity
and bathymetry (MBES and interferometric SSS only). Backscatter intensity imagery, reflecting the
strength of acoustic echo return, provide information on physical seafloor parameters and images
obstacles lying on top of the seafloor like pipelines, wrecks, debris or stones [79]. Objects elevated
from the seafloor will intercept the emitted acoustic signal and prevent backscattering from the bottom
at the backside of the object, producing an acoustic shadow corresponding to the object’s shape,
while backscatter is increased at the ensonified front of the object (Figure 2) [79]. The shadow length
(LS) depends on the object height and the geometry between the object and the sound source [80].
With means of the geometric relation the object height (H0) and the across track distance to the nadir
(ground range, RG) can be calculated using Equations (1) and (2) [81]:

HO =
LSxHS

LS + RS
(1)
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RG =
√

R2
S −H2

S (2)

where H0: object height; LS: shadow length; HS: sonar height; RS: slant range.

Figure 2. Backscatter and bathymetry data of a hard-substrate area: (a) 400 kHz SSS, (b) 900 kHz SSS,
(c) MBES 300 kHz, (d) MBES bathymetry. Red boxes represent insets of (e–h). Data resolution is 25 cm.
The blue numbers indicate the calculated object height in centimeters. SSS height above the sea floor
was approximately 6.5 m.

Figures 3 and 4 display the shadow length in relation of the object height, sonar height and ground
range. Objects close to the nadir cast shorter shadows compared to objects of the same size located
farther away (Figures 3 and 4). Directly in the nadir region high quality backscatter data is difficult
to record, as the return signal is located within the specular regime [82], requiring more than 100%
overlap of acoustic data to provide high quality data in full coverage. In addition, objects close to the
nadir normally produce shadow lengths below the sonar data resolution. The loss of this characteristic
feature makes objects difficult to detect. Incidence is less grazing for hull-mounted MBES than for
SSS towed closer to the seafloor [79], making shadows caused by stones more difficult to recognize.
For SSS it is recommended to tow them at a height above the bottom that is maximum 10–15% of the
range of the sonar.



Geosciences 2020, 10, 100 8 of 16

Figure 3. Diagram showing the change of shadow length in relation to sonar height, distance to the
nadir (ground range) and object height (a) vs. (b).

Figure 4. Calculated shadow length depending on ground range (across track distance) and sonar
height for objects with size of 6.3 cm, 30 cm and 1 m.

Next to their position in the acoustic swath, the quantity of detected objects is increasing with
higher data resolution. Von Rönn et al. [23] recognized an underestimation of boulders of up to 42%
with lower image resolution. The resolution of backscatter imagery depends on the sonar frequency
and pulse length (continuous wave systems) or bandwidth (frequency modulated systems, “Chirp
technology”), the across and along track aperture, the range to the sonar and the speed of the ship.
Generally, pulses of higher frequency have a higher spatial resolution for a given transducer array
length but have a smaller swath due to quick absorption and vice versa. Resolution versus mapped
seafloor area is reviewed for different acquisition systems by Kenny [83].

Beam spreading of SSS results in resolution variations across and along track (Figure 5).
The acoustic wave is widening with increasing distance from the sonar but across-track footprint is
decreasing. Close to the nadir the acoustic wave is smaller and detects objects of a certain along track
distance as individual objects. Objects of the same along track distance but further apart from the sonar
appear as one single object [80].
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Figure 5. Along track object detection is depending on the across track distance (ground range).
Closely spaced objects far from the nadir are imaged as one object due to beam spreading (modified
after Blondel and Lurton [84]). (a) Horizontal beam evolution and size of footprint in relation to the
across track distance for time stamp t: 1–3. (b) Schematic sonar image.

While MBES across-track resolution used to be lower than SSS resolution, the introduction of beam
time series (“snippets”) considerably increased MBES across track resolution [85]. Advantages of MBES
backscatter investigation is the additional depth information which can be used to detect stones directly
in bathymetric data, while a corresponding disadvantage of MBES remains the depth-dependent size
of the acoustic footprint which may not be constant across an investigation area. Increasingly common
multi-frequency surveys [86–90], in which the sonar cycles through different frequencies, provide
different resolutions for imagery derived from each frequency. While the use of multiple frequencies
for habitat mapping is undoubted, the capacity of multi-frequency maps for object detection will be
reduced due to increased ping intervals per frequency. Currently, the individual backscatter datasets
cannot be easily merged into an image of higher resolution.

The influence of flora and fauna on backscatter characteristics of sediments is known from diverse
studies [91–95]. While single beam systems are established for the discrimination of colonized and
non-colonized hard substrates [36,96,97], the effect of benthic organisms on SSS and MBES backscatter
characteristics of stones is still unknown. The biomass may absorb and scatter parts of the acoustic
signal so that the typical high backscatter at the front of the object can become attenuated or even
erased [80], and further studies are required on this topic.

In terms of object detection highly accurate positioning is necessary which is often lacking for
towed sonars. Layback correction computed from the cable length (assumed straight) and trigonometric
relations are too inaccurate, especially for long cables and when wind and tidal induced currents cause
lateral and vertical misalignment. USBL (ultra-short baseline) systems can enhance the positioning
underwater. The subsea position (range and bearing) is calculated from a transceived acoustic pulse
between ship and towed sonar. A disadvantage is that update frequency is low (seconds interval) [98].
Problems with multipath issues can occur when water is to shallow or stratified due to strong
temperature and salinity gradients.

Hull-mounted sonar systems do not have the problem of positioning but may not be able to
detect small objects especially in deep areas and the data quality also suffers when sea state is wavy.
However, platform movement can be compensated by multibeam echo sounders already during
beam steering.

In case that backscatter resolution is too low to identify objects by means of their acoustic shadow,
Papenmeier and Hass [22] recommend the combination of simultaneous recorded backscatter and
single beam data. Parametric sediment echo sounder data for instance indicate hyperbolas at the
sediment surface in stony areas. By merging this information with backscatter data it is possible to
differentiate e.g., fine gravel substrates (also characterized by high backscatter) from stony substrates.
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6. Automated Stone Detection

Current expert analysis techniques to estimate stone density do not scale to the large area of
European Seas, thus requiring the use of automated methods in the future. This is especially the
case for the identification and localisation of individual stones for the purpose of habitat delineation
and ecosystem research. However, research on the automatic detection of stones is still ongoing.
The majority of the applied automated classification algorithms are based on the identification of
the strong backscatter signal and the associated acoustic shadow region. Deterministic approaches
for automated target detection utilize classification algorithms designed by human experts to match
features of the expected targets and have been primarily developed for the detection of anthropogenic
objects such as mines or debris. In principle, these methods may be applicable to the detection of
stones, although no corresponding studies exist to our knowledge. Recent examples include the use
of independent component analysis to extract features of high resolution backscatter mosaics for the
detection of smaller metallic objects [99] or shipwrecks [100]. Environmental conditions are included
in the analysis by Williams and Fakiris [101]. A further example of a study potentially transferable
to automatic stone detection is the use of shadow areas in SSS data based on a priori geometrical
information of underwater mines using an unsupervised random Markov field model [102] or image
thresholding and spatial domain filtering [103]. Recent studies dealing directly with the identification
of stones in backscatter data have been made using deep learning and closely related techniques.
While these studies require significantly less feature engineering, they depend on the collection of
large training datasets with several thousand entries. Although this can be a critical constraint for
anthropogenic targets such as mines or shipwrecks, such training datasets are comparatively easy to
generate for stones due to their widespread occurrence. Sawas et al. [104] and Barngrover et al. [105]
have trained Haar-Like features (equivalent to convolutional neural networks with pre-selected
kernel values) to automatically detect objects, specifically mines, using real and synthetic SSS images
to increase the sample size. Applying Haar-Like features to the identification of stones based on
~22,000 positive images and ~340,000 negative samples, Michaelis et al. [26] showed that training data
in terms of different acoustic backscatter signals of the underlying seafloor have a strong influence on
the detectability of stones in heterogeneous environments. Detection of mines using convolutional
neural networks was attempted by Dzieciuch et al. [106]. An image classification framework based on
a convolutional neural network for the identification of stones on SSS mosaics is presented by Feldens
et al. [21]. The performance of the trained algorithm was as good as the results obtained from a manual
classification, especially with regard to the general occurrence of stones. However, when it comes to
smaller sized objects and distortions of the SSS data, the manual classification was more favorable.
All methods have in common that their performance highly depends on the quality of the acoustic
data, most importantly the resolution and the presence of distortions (e.g., [107]).

7. Conclusions and Future Needs

Geogenic hard substrates host a high number of benthic species on a small area and provide
irreplaceable ecosystems services but the distribution is almost always misjudged. Although, hard
substrate habitats are under protection by EU legislation (reef—code 1170) delineation criteria remain
weak. The declaration of marine protected areas (Natura 2000) was realized by expert knowledge
without detailed knowledge on single objects, especially with regard to their distribution pattern,
size or benthic coverage. However, these parameters are essential for present questions and scopes
like understanding ecosystem functioning, monitoring environmental status, marine spatial planning,
ensuring safe navigation and many more. Especially, the influence of object size and distribution
pattern on the ecosystem function is totally unknown, although such knowledge is needed to develop
ecologically meaningful delineation criteria. This requires the detection of single objects which is
commonly done by SSS or MBES backscatter imagery. The minimum size of detectable objects may be
decreased by utilizing synthetic aperture sonars in the future. In case of monitoring issues or object
localization for navigational risk management MBES data sets are recommended despite their smaller



Geosciences 2020, 10, 100 11 of 16

range because of a more accurate positioning and additional depth information when compared to data
retrieved from SSS. Autonomous underwater vehicle (AUV) could support area wide data acquisition
whereas the height above seafloor and thus the geometrical relation to the objects has to be considered.
The identification of objects and the delineation of stony habitats/reefs on backscatter images is still
time-consuming and subjective. The integration of automatized routines by e.g., machine learning is
very promising but still rudimentary. The future perspective is to improve training datasets including
both backscatter and bathymetric data as well as derived datasets (texture, bathymetric position index)
to make the models applicable for a variation of geological sites and to optimize the algorithms for
the detection of small objects. Finally, the application of neural networks on ground-truthed full
waveform data collected by MBES may allow to differentiate stones with attached flora and fauna.
Nevertheless, some kind of actually verified punctual data would be needed which can be provided by
e.g., remote operating vehicles (ROV).
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