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Abstract: Stones and boulders in shallow waters (0–10 m water depth) form complex geo-habitats,
serving as a hardground for many benthic species, and are important contributors to coastal
biodiversity and high benthic production. This study focuses on limitations in stone and boulder
detection using high-resolution sidescan sonar images in shallow water environments of the
southwestern Baltic Sea. Observations were carried out using sidescan sonars operating with
frequencies from 450 kHz up to 1 MHz to identify individual stones and boulders within different levels
of resolution. In addition, sidescan sonar images were generated using varying survey directions for
an assessment of range effects. The comparison of images of different resolutions reveals considerable
discrepancies in the numbers of detectable stones and boulders, and in their distribution patterns.
Results on the detection of individual stones and boulders at approximately 0.04 m/pixel resolution
were compared to common discretizations: it was shown that image resolutions of 0.2 m/pixel may
underestimate available hard-ground settlement space by up to 42%. If methodological constraints
are known and considered, detailed information about individual stones and boulders, and potential
settlement space for marine organisms, can be derived.
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1. Introduction

Stones and boulders in shallow waters form important geo-habitats in which many species coexist.
Consequently, they are important contributors to coastal biodiversity and high benthic production.
These habitats provide valuable feeding areas, and spawning and nursing grounds for fish [1–3].
Human impact on coastal habitats is increasing and benthic communities living in these environments
are particularly affected [4–7]. Hard-bottom substrates occurring in the Baltic Sea are generally stones
(θ 6.3–20 cm) and boulders (θ 20–630 cm) [8]. The need for mapping and understanding small-scale
seabed features like stone and boulder assemblages, combined with habitat assessment, is growing
significantly, as European legislations and directives are demanding the documentation and monitoring
of environmental states [9]. Due to their valuable characteristics, hard-bottom substrates (e.g., stones
and boulders) are protected in the Baltic Sea by the European Habitats Directive (HD 92/43/EEC annex
1 1170–reefs) [10].

From about, 1800–1976, stones and boulders were commercially extracted from shallow
submarine areas of the southwestern Baltic Sea [11]. These “stone fishing” activities have changed
the sedimentological structure and ecological conditions of the coastal waters, as stones and boulders
form an important environment for marine organisms [12]. Approximately 3.5 × 106 tons of boulders
ranging from 60 to 150 cm in diameter have been extracted, equivalent to a surface area of hard bottom
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substrate of about 5.6 km2 [11]. However, there are still boulders present despite the previous removal,
and their number is increasing over the course of decades due to abrasion processes exposing new
stones and boulders from glacial till forming the seafloor [13].

The difference in spatial scale between individual stones and the large extents of boulder
assemblages, their spatial heterogeneity and their temporal development require remote sensing
observation techniques. Whereas airborne techniques and satellite remote sensing may be limited by
resolution, vegetation and water turbidity, ship based hydro-acoustic techniques, such as sidescan
sonar (SSS hereafter) or multibeam echosounder (MBES), allow the investigation of the seafloor in
high-resolution and at turbid water conditions [14–18]. In coastal waters of the Baltic Sea, a great
variety of sediment types and geomorphological features characterize the seafloor. Many shallow
water seafloor features are only visible at high-resolution, thus require the use of higher acoustic
frequencies [14]. SSSs with high frequencies allow the generation of high-resolution images but also
inherit acoustic challenges. Due to absorption loss, higher frequencies are not able to propagate very
far and the operating range decreases, resulting in more time consuming surveys [14,15,19].

Many surveys have been carried out to localize ecologically important marine habitats (>10 m
water depth) using SSS [13,16,18,20] and have successfully demonstrated the suitability of SSS to
map and identify areas with stone and boulder occurrence. Various authors used a wide range of
instruments, with different characteristics and survey settings, resulting in quantitative assessments
of habitats [16,21–25]. The identification of objects using multibeam echo sounders (MBES) has been
shown for, e.g., mine detection [20,26]. Area-wide habitat mapping is often performed by using acoustic
frequencies ranging from 300 to 500 kHz, survey speeds vary between 2–4 m/s and across-track ranges
between 50 m and 180 m [13,16,18,27]. Those survey setups generate SSS image resolutions ranging
from 0.25 m/pixel to 1 m/pixel, thus are insufficient to identify individual stones or boulders, especially
in areas with coarse, mixed sediments [16]. Despite recent advances in methods for the automated
detection of individual stones and boulders [27,28] methodological constraints of survey settings
(acoustic frequencies, horizontal resolution and range, survey speeds, etc.) remain undiscussed.

In this study, we show the limitations using high-resolution SSS data to identify individual stones
and boulders in shallow water, in order to contribute to the discussion on:

(a) What SSS image resolution is required to quantify stones and boulders in shallow water areas?
(b) How do range settings influence the detection quality of individual stones and boulders in

high-resolution SSS images?

Regional Setting

The seabed of Hohwacht Bay, located in the southwestern Baltic Sea (Figure 1), is mainly built
of glacial till deposits with grain sizes ranging from clay to boulders [29]. Stones and boulders are
distributed randomly within these deposits [13]. The evolution of the Baltic Sea is characterized by
postglacial sea level fluctuations. The Littorina transgression started at about 8000 years BP and
ceased at about 5000 years BP [30,31]. That sea level rise flooded the postglacial landscape. During
phases of slower rising or even stagnation of water levels, erosion supported the evolution of abrasion
platforms [32]. Those are common features in the southwestern Baltic Sea, especially in front of
active cliffs [32–34]. As these shallow water environments (0–10 m depth) are strongly influenced
by waves and currents, the platforms are abrading, with fine material being eroded and transported
offshore and alongshore, while coarser material like stones and boulders are left behind on the platform.
Thus, the sedimentological composition of the shallow water Baltic seafloor is of high spatial and
temporal heterogeneity.
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Figure 1. Bathymetric map of the southwestern Baltic Sea including the study area [35]. The black 
dotted line between Germany and Denmark marks the border. 

2. Methods 

High-resolution seafloor mapping techniques with SSS are frequently used to investigate the 
seafloor in coastal waters. However, most of these surveys are carried out in areas of >10 m water 
depth. To assess the applicability of SSS for the investigation of individual stones and boulders in 
very shallow waters, we deployed different small-scale SSSs (StarFish 452F and StarFish 990F 
(Tritech)) to a small rubber boat. They were deployed to detect, measure and compare individual 
stones and boulders and their spatial distribution. To exclude distortions by boat movement or noise 
due to bad weather conditions, which may affect the quality of SSS images, a day with ideal survey 
conditions was selected for measurements, containing very low wind speeds of 2 m/s from the 
southeastern direction, and no waves. Therefore, influences of pitch, roll, yaw and heave do not need 
to be considered for this dataset. 

The StarFish SSS uses a compressed high-intensity radiated pulse (chirp) transmission as the 
frequency changes through the duration of the transmission (e.g., StarFish 452 F operates between 
430 kHz and 470 kHz). Two transducers operate in separate channels for port and starboard sidescan 
intensities (Table 1). The two SSS devices were applied to generate images with resolutions ranging 
from 0.2 m/pixel to 0.04 m/pixel. In addition, measurements were executed from the four borders of 
the study area. The surveys were executed with varying headings and survey speeds to compare 
resolution and range impacts from the four different sides of the study area (Table 1, Figure 2). 

We classified the SSS images into three levels: low, medium and high resolution (Table 1). The 
low-resolution SSS image was generated with a range of 50 m, a survey speed of 2.3 m/s and a 
frequency of 450 kHz to achieve a resolution of 0.2 m/pixel (Table 1). One low-resolution SSS image 
measured along the southeastern border was used for resolution and range analysis. The medium-
resolution was generated with a range of 35 m, 1.0 m/s survey speed and a frequency of 1 MHz, to 
create SSS images with a resolution of 0.1 m/pixel (Table 1). Four SSS images were generated from 
the outer edges of the study area (Figure 2, red lines) for resolution and range analysis. The high-
resolution SSS images were generated with a range of 10 m, a survey speed of 1.0 m/s and a frequency 
of 1 MHz, achieving a resolution of 0.04 m/pixel (Table 1). Ship tracks crossing the study area are 
spaced at 2.5 m increments to generate SSS images with the highest resolution. To obtain the highest 

Figure 1. Bathymetric map of the southwestern Baltic Sea including the study area [35]. The black
dotted line between Germany and Denmark marks the border.

This study is based on hydro-acoustic data of a small observation area with a size of approximately
25 × 25 m, within the inner Hohwacht Bay. It is located 300 m offshore of the Friederikenhofer Cliff
(Figure 1). Water depths range from 5.50 to 6.30 m and the investigation site is exposed to wind and
waves from the northwest via north to northeast.

2. Methods

High-resolution seafloor mapping techniques with SSS are frequently used to investigate the
seafloor in coastal waters. However, most of these surveys are carried out in areas of >10 m water
depth. To assess the applicability of SSS for the investigation of individual stones and boulders in very
shallow waters, we deployed different small-scale SSSs (StarFish 452F and StarFish 990F (Tritech))
to a small rubber boat. They were deployed to detect, measure and compare individual stones and
boulders and their spatial distribution. To exclude distortions by boat movement or noise due to bad
weather conditions, which may affect the quality of SSS images, a day with ideal survey conditions was
selected for measurements, containing very low wind speeds of 2 m/s from the southeastern direction,
and no waves. Therefore, influences of pitch, roll, yaw and heave do not need to be considered for
this dataset.

The StarFish SSS uses a compressed high-intensity radiated pulse (chirp) transmission as the
frequency changes through the duration of the transmission (e.g., StarFish 452 F operates between
430 kHz and 470 kHz). Two transducers operate in separate channels for port and starboard sidescan
intensities (Table 1). The two SSS devices were applied to generate images with resolutions ranging
from 0.2 m/pixel to 0.04 m/pixel. In addition, measurements were executed from the four borders
of the study area. The surveys were executed with varying headings and survey speeds to compare
resolution and range impacts from the four different sides of the study area (Table 1, Figure 2).
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Table 1. Three sidescan sonar (SSS) resolution classes; acoustic parameters of the sidescan transducer
and selected survey parameters.

Parameters/Classes Low-Resolution Medium-Resolution High-Resolution

transmit power 210 dB re 1µPa @ 1m 210 dB re 1µPa @ 1m 210 dB re 1µPa @ 1m
frequency 450 kHz chirp 1 MHz chirp 1 MHz chirp

pulse length 400 µs 100 µs 100 µs
ping rate 14 Hz 23 Hz 43 Hz

horizontal beam width 0.8◦ 0.3◦ 0.3◦

vertical beam width 60◦ 60◦ 60◦

selected range 50 m 35 m 10 m
average survey speed 2.3 m/s 1.0 m/s 1.0 m/s

heading 294◦ 058◦ 060◦

average resolution 0.2 m/pixel 0.1 m/pixel 0.04 m/pixel
merged images - - 5 images merged
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Figure 2. (A): Grid of the executed ship tracks along the study area. Red lines enclose the study area. 
Along the red lines, SSS images were generated with a range of 35 m. The black lines display the ship 
tracks, along which the surveying was done with a range of 10 m and spacing between the track lines 
of 2.5 m. (B): Individual boulders can be clearly identified by their high backscatter intensities 
combined with their characteristic shadows. 
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distribution were gained using the software GRADISTAT [40]. Grainsize classification was executed 
using the Kolp classification scheme (e.g., fine sand (0.1–0.2 mm), medium sand (0.2–0.63 mm), stones 
(6.3–20 cm) and boulders (20–630 cm)) [8]. Stones and boulders will not explicitly be differentiated 
by their size; hereafter both will be named “boulders.” 

High, medium and low-resolution SSS images measured from the southeastern border of the 
study area were used to analyze how the SSS image resolution affects the detection quality of 
individual stones and boulders. Detected numbers of boulders are compared from each SSS image. 
Boulder counts derived from medium and high-resolution SSS images (from the four borders) are 
each subdivided in one-meter steps along the range. These subdivided boulder counts are displayed 
in dependency to their occurring distance to the transducer to identify the range settings influence 
on the detection quality of individual stones and boulders.  

Boulder surface calculations are used to assess the approximate amount of settlement space 
within the study area. For simplicity, a calculation of hemisphere surfaces for the detected boulders 
in each level of SSS image resolution was done. The number of detected boulders was derived from 
manual counting of features within the SSS images. The approximate diameter of the identified 
boulders was estimated using the minimum detection size for each level of resolution. For the low 
resolution (0.2 m/pixel), that is a value of 0.4 m. The minimum detection diameter for the medium 
resolution (0.1 m/pixel) is 0.2 m and for the high resolution (0.04 m/pixel) 0.08 m. The boulder counts 
of each SSS image were subdivided using the minimum detection size as a proxy for the diameter. 
For example, the boulder count derived from the high-resolution SSS image is divided into the three 
minimum detection sizes. The calculated surface area indicates an estimation of the “potential 
settlement space” for marine organisms to settle on. 

3. Results 

Figure 2. (A): Grid of the executed ship tracks along the study area. Red lines enclose the study area.
Along the red lines, SSS images were generated with a range of 35 m. The black lines display the ship
tracks, along which the surveying was done with a range of 10 m and spacing between the track lines of
2.5 m. (B): Individual boulders can be clearly identified by their high backscatter intensities combined
with their characteristic shadows.

We classified the SSS images into three levels: low, medium and high resolution (Table 1).
The low-resolution SSS image was generated with a range of 50 m, a survey speed of 2.3 m/s
and a frequency of 450 kHz to achieve a resolution of 0.2 m/pixel (Table 1). One low-resolution
SSS image measured along the southeastern border was used for resolution and range analysis.
The medium-resolution was generated with a range of 35 m, 1.0 m/s survey speed and a frequency
of 1 MHz, to create SSS images with a resolution of 0.1 m/pixel (Table 1). Four SSS images were
generated from the outer edges of the study area (Figure 2, red lines) for resolution and range analysis.
The high-resolution SSS images were generated with a range of 10 m, a survey speed of 1.0 m/s and a
frequency of 1 MHz, achieving a resolution of 0.04 m/pixel (Table 1). Ship tracks crossing the study
area are spaced at 2.5 m increments to generate SSS images with the highest resolution. To obtain
the highest resolution of 0.04 m/pixel, and therefore the best image data quality, we selected high
quality mid-range sections of five SSS images. These sections were merged to cover the study area
(Table 1). It is noted that, compared to SSS image resolutions commonly used to detect stone and
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boulder assemblages; the resolution of 0.2 m/pixel (low resolution), is still relatively high. For accurate
positioning, we used a DGPS (GNSS 1200+; Leica) with RTK accuracy, combined with a heading sensor
(Garmin Airmar). A single-beam echo sounder with an integrated DGPS was utilized to map the water
depth within the study area.

Post-processing of the SSS images involved standard geometric and radiometric corrections [14,15]
done with the software SonarWiz 7.03 (Chesapeake Technology Inc.) [36]. In order to correct for
transmission losses, a time varying gain (TVG) was applied after slant-range correction to all datasets.
Areas with high backscatter intensities are displayed in darker grey-levels than low backscatter areas.
Detailed explanation about the SSS technique is given in the literature [14,15,37–39]. Stones and
boulders, like any three-dimensional objects, can be detected by local high backscatter intensities (dark
areas) combined with their characteristic (bright) shadow [14,15,37] (Figure 2). All stones and boulders
were counted manually in the waterfall mode of SonarWiz. ArcMap 10.6 (Esri) was used for gridding
and map creation.

The scientific diving group of Kiel University did a ground-truthing within the study area.
This included underwater video observations and sediment sampling to generate a sediment
distribution map. Grain size distributions of sediment samples were obtained by mechanical sieving,
using 1

4 PHI intervals according to the ASTM mesh standard. Statistical parameters from the grain size
distribution were gained using the software GRADISTAT [40]. Grainsize classification was executed
using the Kolp classification scheme (e.g., fine sand (0.1–0.2 mm), medium sand (0.2–0.63 mm), stones
(6.3–20 cm) and boulders (20–630 cm)) [8]. Stones and boulders will not explicitly be differentiated by
their size; hereafter both will be named “boulders.”

High, medium and low-resolution SSS images measured from the southeastern border of the study
area were used to analyze how the SSS image resolution affects the detection quality of individual
stones and boulders. Detected numbers of boulders are compared from each SSS image. Boulder counts
derived from medium and high-resolution SSS images (from the four borders) are each subdivided
in one-meter steps along the range. These subdivided boulder counts are displayed in dependency
to their occurring distance to the transducer to identify the range settings influence on the detection
quality of individual stones and boulders.

Boulder surface calculations are used to assess the approximate amount of settlement space within
the study area. For simplicity, a calculation of hemisphere surfaces for the detected boulders in each
level of SSS image resolution was done. The number of detected boulders was derived from manual
counting of features within the SSS images. The approximate diameter of the identified boulders
was estimated using the minimum detection size for each level of resolution. For the low resolution
(0.2 m/pixel), that is a value of 0.4 m. The minimum detection diameter for the medium resolution
(0.1 m/pixel) is 0.2 m and for the high resolution (0.04 m/pixel) 0.08 m. The boulder counts of each SSS
image were subdivided using the minimum detection size as a proxy for the diameter. For example,
the boulder count derived from the high-resolution SSS image is divided into the three minimum
detection sizes. The calculated surface area indicates an estimation of the “potential settlement space”
for marine organisms to settle on.

3. Results

3.1. Study Area

The observed area covers approximately 625 m2. The backscatter mosaic of the study area combined
with the ground truthing and sediment analysis indicates two sedimentological zones. The southern
zone is dominated by sandy sediment (fine to medium sands (Ø 0.1–0.63 mm)) (Figure 3). Wave ripples
are frequently observed within these areas, particularly in its southwestern part (Figure 3A–C).
Gravel and shells appear within the ripple valleys (Figure 3A). Isolated boulders or small boulder
assemblages are observed within the sandy sediment (Figure 3A–C). In contrast, mixed sediment
characterizes the northern zone, where grainsizes range from sand to gravel (Figure 3D,E). Stones and
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boulders occur throughout the complete northern zone in higher numbers than in the southern zone
(Figure 3D–F). Stones and boulders within the whole study area are typically vegetated (e.g., algae,
sponges). The study area shows a seaward sloping relief. Water depth in the study area ranges from
5.50 m in the southern part to 6.30 m in the northern part (Figure 3).
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Figure 3. Sediment types in the study area classified after Kolp (1966) [8]; (A–F) Stones and boulders.
(A–C) Sandy sediment with wave ripples and boulders. (D–F) Northern zone with higher numbers of
boulders within coarser sediment.

3.2. Effect of Resolution

All SSS images of different resolution can be used to distinguish between single boulders and the
surrounding sediment matrix. However, comparing SSS images with different resolutions revealed
considerable discrepancies in individual boulder detection and distribution patterns (Figure 4A–C).

In the low-resolution SSS image, 109 individual boulders were identified (Figure 4A). The southern
zone is characterized by medium backscatter intensities and contains the highest amount of boulders.
The northern part of the study area displays the highest backscatter. Disturbances are observed in
the northeastern part of the SSS image and make boulder detection almost impossible in this region
(Figure 4A, Table 2).

Table 2. Minimum sizes for detection and counts of boulders for the different levels of SSS resolutions.

SSS Class Frequency Resolution Minimum
Detection Size

Detection
Numbers

Low resolution 450 kHz 0.2 m/pixel 0.4 m 109
Medium resolution 1 MHz 0.1 m/pixel 0.2 m 384

High resolution 1 MHz 0.04 m/pixel 0.08 m 649

Figure 4B shows the medium resolution SSS image, where in total 384 boulders were identified.
Again, the southern zone displays medium backscatter intensities and the highest boulder count is
found in the east of this zone. A homogeneous and blurry area, indicating a lack of data points or image
distortion, dominates the northern zone of this medium-resolution SSS image. Therefore, identification
of boulders or other seafloor features is difficult (Figure 4B, Table 2).
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Figure 4. (A–C) SSS images and detected boulders marked with a yellow dot. The black arrow
line displays the orientation of the ship tracks. (A) Low-resolution SSS image (0.2 m/pixel).
(B) Medium-resolution (0.1 m/pixel). (C) High-resolution (0.04 m/pixel). (D) Number of detected
boulders depending on range.

The highest resolution SSS image results from a merged dataset and is considered closest to the
true state (Figure 4C). Again, homogeneous medium backscatter intensities dominate the southern area.
The highest number of boulders is also found on the eastern side of this zone. In contrast to the low
and medium-resolution image, here the northern zone displays high backscatter intensities with wave



Geosciences 2019, 9, 390 8 of 16

ripples in the northwest, and the highest boulder accumulations in the northeastern area (Figure 4C,
Table 2). The different settings result in different boulder counts. At a resolution of 0.2 m/pixel, which
compares well to common habitat mapping resolutions, 83% less boulders are identified compared to
the highest resolution image (Table 1).

Figure 4D displays the number of boulders detected in dependency of the SSS range. Compared
to the high resolution, the medium resolution image displays similar minima and maxima of boulder
counts up to a range of 12 to 15 m. Between 12 and 20 m, the medium resolution also depicts
peaks, but the number of boulders decreases by 60%. From a distance of 20 m from the southeastern
border, boulder counts decrease to zero, whereas the data of the high-resolution still depicts boulders.
When considering the low-resolution image, a peak at around 10 m from the southeastern border can
still be identified; however, the total count of boulders is far less (Figure 4D).

Surface estimations were done for the boulders identified at each resolution level. The approximate
diameters of the boulders were estimated using the minimum detection sizes (Table 2). To simplify
the boulder surface calculations, all boulders are assumed hemispheres. Comparing these potential
settlement spaces, differences are observable between the images with different resolutions (Table 3).
The image with the low resolution reveals 109 boulders with a minimum diameter of 0.4 m, resulting
in a potential settlement space of 41 m2. The image with the medium resolution includes 384 boulders,
109 with a diameter of 0.4 m and 275 boulders with a diameter of 0.2 m. Thus, a potential settlement
space of 67 m2 is calculated. 649 boulders are identified within the high-resolution SSS image, of which
the surface is calculated: 109 boulders were present with diameters of 0.4 m, 275 boulders had a
diameter of 0.2 m and 265 boulders had a diameter of 0.08 m. A total potential settlement space of
71 m2 was calculated. Compared to the high-resolution image, the low-resolution image indicates only
58% of settlement space provided by all identified boulders.

Table 3. Surface areas were calculated assuming hemispheres and average diameters are estimated
using minimum detection sizes.

Numbers of Boulders for Each
Minimum Detection Size

0.4 m 0.2 m 0.08 m Boulder Counts Calculated Surface Area

low resolution 109 - - 109 41 m2

medium
resolution 109 275 - 384 67 m2

high resolution 109 275 265 649 71 m2

3.3. Effect of the Range

The dependency of the detection quality on range settings was further explored by SSS images
generated from different sides of the survey area (Figures 5 and 6). Counting individual boulders from
different images resulted in differences in counts and distribution patterns (Figure 5). At appropriate
angles, wave ripples are detected (Figures 5 and 6). SSS images of the study site reveal a range effect,
as dissimilar numbers of boulders within the same level of resolution are detected.

Comparing medium resolution SSS images generated from the four different sides of the study
area, numbers of detected boulders range from 339 to 540 for the study area—a difference of 37%.
The outer areas of the SSS images display a diffuse backscatter where the detection of boulders is
difficult or impossible (Figure 5). A range dependency is observable in all images, regardless of the
approach position. In order to determine whether the discrepancies in boulder counting decrease with
higher resolution, we compared SSS images from the four outer edges on high-resolution data sets
(Figure 6). A minimum boulder count of 613 and a maximum of 681 was found—a divergence of 10%.
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We plotted the abundance of boulders of both resolutions in relation to distance to the transducer
(Figure 7A–D). The boulder distribution extracted from the high-resolution SSS images reveal a
number of peaks along the whole range. Comparing numbers of boulders collected from the
medium-resolution SSS images, a similar distribution pattern was observed up to mid-range distances
of 10–15 m (Figure 7A–D). Then, a strong reduction in the medium-resolution boulder count with
increasing range occurs, regardless of the approach position. Peaks in high-resolution numbers of
boulders are significantly smaller or non-existent in medium-resolution boulder counts, with differences
between 48% and 100% (Figure 7A–D).Geosciences 2019, 9, 390 12 of 16 
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4. Discussion

Stone and boulder assemblages enhance small-scale spatial habitat variability. Their distribution
and the potential settlement space they create is not quantitatively known [27]. The resolution of
SSS images strongly affects the quantitative identification of stones and boulders. In this study,
the comparison of three SSS images of different resolutions reveals differences in the identification of
stones and boulders. In the study area, their general abundance is observed at all levels of resolution,
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but the number of detected boulders depends on SSS image resolution. We find a maximum difference
of 83% between detection numbers for the low SSS images (0.2 m/pixel) and the highest resolution
images (0.04 m/pixel), which is assumed to be close to the true state. For this example, it was estimated
that SSS surveys collecting low-resolution data would underestimate hard ground settlement space for
marine organisms by up to 42%. This is in accordance to similar investigations on man-made objects
(e.g., mines) which have revealed that correct target identification of 95% may only be reached at an
image pixel size of 5 cm [41]. For a complete picture SSS images with high resolutions are required
so that smaller stones can be identified [14,15]. Additionally, there are commonly more cobbles and
stones than bigger stones and boulders within abrasion platforms—another factor that supports the
value of small-scale, high-resolution habitat mapping. In the North Sea, Michaelis et al. [42] found 25
times more small stones (θ 6.3–20 cm) than bigger stones and boulders (θ 20–63 cm) in their study
based on camera observations. This study shows that the resolution is even more important for the
assessment of geo-habitats consisting of stones and boulders than had been shown by other habitat
mapping studies before [23,43]. We find that the use of different resolutions leads to a variation in the
amount of settlement space ranging from 41 m2 to 71 m2 for the same area. This should be taken into
account in the interpretation of hydroacoustic habitat mapping surveys of low SSS image resolutions
(e.g., 0.25 m/pixel, 1 m/pixel) [16].

This study highlights the limitations of stone and boulder detection at an increasing range, starting
at a range of 15 m. That range dependency was observed for all low and medium-resolution images.
That leads to a significant variation within the medium-resolution SSS images, with amounts of stones
and boulders varying by up to 38%. Individual stones and boulders close to the transducer are more
likely to be correctly identified compared to stones and boulders that are further away. It is reduced
only for the highest resolution images due to a smaller range and the exclusion of the last 5 m of range.
Acoustic distortion is greatest and illumination lowest at the edges of images [14,15,39], which can
have an impact, despite the post-processing corrections applied (e.g., automatic gain correction and
time-variable gain correction). For the used instruments, findings determine an adequate operating
range of less than 15 m for each transducer, when used for the detection of individual boulders in
shallow waters. Comparing the range dependency to findings reported by Greene et al. [23], similar
distortions at long horizontal ranges (>19m) were determined, whereas reduced distortions were
observed at mid-range distances of 10–15 m [44].

The accuracy of stone and boulder detection depends on the SSS image quality. Distortions
due to boat movement, high survey speeds or noise created by bad weather conditions can lead to
misinterpretation and underestimation of boulder assemblages [24,44]. The survey speed used for the
high-resolution SSS images of this study is at 1.0 m/s, avoiding gaps in SSS coverage. Similar velocity
values at approximately 1.0 m/s have been reported for gap-free SSS image acquisition in shallow
waters before [23,24]. Since ideal survey conditions are low wind speeds, small to no waves and
constant, slow survey speeds in a straight line [24], SSS images of this study have been collected during
equivalent conditions. However, surveys with low survey speeds and small ranges are significantly
more time consuming and not adequate to cover large areas. Cost-effective ratios implicated for
rapid, wide-area SSS mappings [16] do not apply for small-scale habitat mapping. Depending on
the specific task and aim, time-consuming surveys are necessary to generate the required SSS image
resolutions, as described, to provide detailed information about individual boulders and potential
settlement spaces.

Identification and characterization of individual stones and boulders is critical in order to assess
hard ground settlement space for marine organisms. This study demonstrates the practical application
of SSS in identifying vegetated stones and boulders in very shallow waters. The suitability of
high-resolution acoustic imaging techniques has previously been reported in areas with water depths
>10 m [13,16,18,27]. Satellite remote sensing and aerial photographs offer another possibility for
characterizing shallow water habitats, but high costs and limited resolutions are disadvantages for
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these methods [23]. Especially in very shallow waters, these optical techniques are limited by water
column turbidity, surface reflectance and cloud cover or in highly vegetated areas [23].

Providing high-resolution information on the distribution of stones and boulders is one of the
most pressing tasks in marine habitat mapping requirements by German and European directives [45].
In Germany, the federal and state working group for the North and Baltic Sea (BLANO: www.
meeresschutz.info) coordinates the marine habitat monitoring. Based on the “Interpretation Manual
of the Habitat Directive” [10], detailed mapping instructions had been developed (e.g., mapping
guideline for “reefs” within the EEZ) [46]. Different needs of hydroacoustic surveys settings (e.g.,
different resolutions and ranges) for the several mapping zones of the North and Baltic Sea have been
taken into account. Based on the findings gained in this study, the general procedure is currently being
discussed again and the corresponding mapping instructions are under revision. Thus, coastal areas
with stones and boulders need to be analyzed in a smaller scale. Results from previous area-wide
habitat mappings can be used to locate boulder occurrences for further high-resolution mapping [47].
Corresponding to the spatial levels, the use of different devices, acoustic frequencies, selected ranges
and processing resolutions need to be adapted to the required needs.

5. Conclusions

Surveys of a shallow coastal study site in the southwestern Baltic Sea with different acquisition
parameters demonstrate the limits of the practical application of SSS for the assessment of individual
stones and boulders. It is shown, how the detection of stones and boulders depends on the resolution
and range of the devices. When methodological constraints are known and considered, detailed
information about individual stones and boulders, and potential settlement space for marine organisms,
can be derived. The data acquisition, processing and evaluation of efficient high-resolution SSS data is
time consuming but crucial in order to properly assess submarine stone and boulder assemblages as
a habitat.
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