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Abstract: Rocky reefs provide complex structures in the otherwise largely sand-dominated coastal
North Sea. Therefore, these reefs are highly important natural habitats for the functioning of coastal
ecosystems, as they provide shelter, refuge and nursery grounds for various mobile and sessile
species. In the North Sea, the spatial distribution of these habitats has been intensively investigated
over recent years. However, these studies generally provide static accounts of the current state of
these reef systems, but limited data exist on the temporal variations in sediment dynamics at and
around natural rocky reefs. In this study, we provide observations from a multiannual time series
of hydroacoustic seafloor surveys conducted at an isolated rocky reef in the North Sea. We use
multibeam bathymetry and side-scan sonar backscatter data in combination with video observations,
sediment sampling, and sub-bottom profiler data to assess the long-term variations of the rocky reef
system. The reef is located in water depths between 11 and 17 m with an areal extent of ~0.5 km2
and is surrounded by mobile sands. The topography of the rocky reef appears to create a distinct
hydrodynamic system that permits mobile sands to settle or move into bathymetrical deeper parts of
the reef. Our results suggest a very dynamic system surrounding the reef with large scale scouring,
sediment reworking and transport, while the shallower central part of the reef remains stable over
time. We demonstrate the importance of hydrodynamics and current scouring around reefs for the
local variability in seafloor properties over time. These small-scale dynamics are likewise reflected
in the spatial distribution of sessile species, which are less abundant in proximity to mobile sands.
The hydroacoustic mapping and monitoring of seafloor dynamics at higher spatial and temporal
resolutions presents an important future direction in the study of valuable coastal habitats.
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1. Introduction

with regard to jurisdictional claims in

Rocky reefs are highly important habitats for the southern North Sea. In contrast to
widespread sand-dominated areas, their complex topography and stable location provide
settling grounds and shelter for a variety of mobile and sessile species [1]. Due to the
high biodiversity and the ecological significance of these structurally complex habitats,
rocky reefs are protected under the European Habitats Directive (HD 92/43/EEC annex
1 1170—reef habitats). They describe geogenic reefs as “ . . . hard compact substrata on
solid and soft bottoms, which arise from the sea floor in the sublittoral and littoral zone”. These
reefs are extensively present in, e.g., the British part of the North Sea, while exposed
rocks or boulder accumulations are rare in the south-eastern and western part of the
North Sea (Figure 1). They predominantly occur on the Sylt Outer Reef, Helgoland,
Borkum Reef Ground, Cleaver Bank or the Texel Rough [2,3]. Apart from Helgoland, rocky
reefs in the North Sea are generally associated with exposed morainal material [2] that is
mostly covered by Holocene marine sand deposits. Often, these rocky reefs form isolated
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mm) [4] in combination with biological assemblages as defined in the ‘Interpretation Manual of European Union Habitats’ [5]. Furthermore, grain-size parameters refer to the international classification (ISO 14688-1:2018) and were determined after Folk and Ward [6].
Recent research mainly focused on hard substrate and boulder detection techniques
2 of 14
[7–10], as well as habitat biodiversity and ecology [1,11–17]. The general distribution
of
rocky reef complexes in the North Sea is, therefore, relatively well known, while data on
their spatial heterogeneity, their complex hydro- and sediment dynamics and their temporal variability
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Figure 1. (A): Bathymetry of the German North Sea (adapted with permission from [25]) with gravelly
and stony areas in black after Figge [3] and the location of the working area (in red). (B): Bathymetric
overview of the study area ~10 km offshore the island of Sylt.

We present data from one of the longest rocky reef monitoring programmes in the
North Sea. The given time series of hydroacoustic data covers an area ~10 km offshore the
island of Sylt, where a subtidal rocky reef is exposed and surrounded by vast areas of fine
to coarse-grained sands (Figure 1). The aim of this study is to: (1) determine the stability
and the long-term variation of an isolated rocky reef complex in the North Sea; (2) identify
sediment processes that affect sediment dynamics and biological communities around the
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reef system; (3) provide a geomorphological characterisation; and (4) investigate the spatial
distribution and variation of epibenthic communities within the rocky reef complex.
2. Research Area
The North Sea is a shallow shelf sea between the British Isles, the European mainland
and Scandinavia. The general geomorphology and substrates that dominate the modern
seafloor of the German Bight, as part of the southern North Sea, are the product of a series
of repeated glaciations, sea-level low stands and marine stages over the Pleistocene period.
The Elsterian and Saalian glaciations built up large morainal complexes, with the latter
forming the large-scale geomorphology of areas such as the Sylt Outer Reef, Borkum Reef
Ground or the Texel Rough [26]. The ice coverage of the Weichselian glaciation did not reach
the southern North Sea [27]. The corresponding global sea-level drop of approximately
120 m subaerially exposed large areas of the North Sea and shifted the coastline about
600 km to the West [28]. During this time, large-scale structures such as the Paleo Elbe
Valley formed on the exposed seafloor [29]. The present-day seafloor sediments of the
German Bight mainly consist of reworked sands of the Early Holocene, Pleistocene and
Tertiary age overlying the morainal deposits [30,31]. These sands are periodically moved
by semidiurnal near-bed tidal currents reaching velocities of 75 to 125 cm s−1 [32] and are
regularly remobilized by storm-induced waves [33].
The island of Sylt is the westernmost and thus most exposed of the North Frisian
Islands. Westerly winds and waves are dominant in the region [34]. The island consists of a
Saalian geest core and experienced an estimated postglacial retreat of ~1.25 m y− 1 . This
coastal erosion supplied much of the present-day seafloor sediment west of Sylt [31,35].
Morainal material in the west of Sylt is still present (e.g., Amrum Bank), but is mostly
covered by marine sands. The typically east to west oriented sorted bedform pattern
offshore Sylt [36] reflects the large-scale shore parallel tidal current regime. Storm surges
with high wave impact mobilise the sediments and can temporally modify the characteristic
of the bedforms west of Sylt [37].
The focus area of this study is located about ~10 km offshore from Sylt, where morainal
material, including cobbles to large boulders, is exposed in water depths of 11–17 m, that
according to Köster [35], was subaerially exposed until about 7000 year ago when it was
flooded. Parts of this rocky reef complex were detected in a regional side-scan survey in
2008 and intensively monitored from 2016 onwards. According to Zeiler et al. [33], the
general sediment transport in this region is towards the north and the reef is situated in an
area of sediment depletion.
3. Methods
We used an interdisciplinary methodological approach that included a range of hydroacoustic devices with various frequencies in combination with camera investigations
and seafloor sampling to achieve good regional coverage at the highest possible resolutions
(Table 1). The studied subtidal rocky reef complex was surveyed at yearly intervals between
2016 and 2021, while a baseline was provided by data from an earlier regional SSS survey
conducted in 2008 (Table 1). Due to weather constraints, some datasets were less noise
affected than others, and sometimes data acquisition had to be postponed if needed.
Table 1. Overview of the different datasets acquired over the last 13 years. MBES—Multibeam Echo
Sounder, YF—YellowFin.
Year (Month)

MBES

2008/2009
2016 (September)
2017 (May)
2018 (January)
2019 (November)
2020 (April)
2021 (June)

x
x
x
x
x
x

YF

EdgeTech

x
x
x
x

Video

Grab Samples

SES-2000

x
x
x

x

x
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3.1. Multibeam Echo Sounding (MBES)
Repeated multibeam bathymetry surveys were acquired using a hull-mounted dualhead shallow water multibeam system (ELAC Sonar (Kiel, Germany) Sea Beam 1000,
180 kHz) with a total of 126 beams per ping. The system was combined with a Coda
Octopus F180 motion sensor and 2 DGPS antennas for accurate positioning. With a maximum swath width of 153◦ and a line spacing of 50 m, good coverage and overlap were
achieved for the given water depth of the research area. The raw data were imported and
post-processed using QPS Qimera 2.1.1 (Zeist, The Netherlands) multibeam data processing software. We manually cleaned the data for erroneous soundings. Sound velocity
profiles were regularly collected using a Sea and Sun Technology 48M CTD (Trappenkamp,
Germany). The sound velocity profiles were assigned to the multibeam files according
to their time of acquisition. A final grid resolution of 1.5 m was achieved. All bathymetric datasets (2016–2021) were tide corrected using backwards modelled sea surface
height data as described in Brüning et al. [38], which were provided by the Federal Maritime and Hydrographic Agency (Bundesamt für Seeschifffahrt und Hydrographie (BSH),
Hamburg, Germany).
3.2. Side-Scan Sonar
In order to identify smaller structures (e.g., boulders, ripples) and to support the
interpretation of sediment distribution around the rocky reef, we used 2 different side-scan
sonar systems with different ranges and frequencies (Table 1). All data were acquired with
a constant ship speed of 5 kn (2.6 m s−1 ) over ground to ensure a sufficient and regular ping
spacing and along-track resolution. The survey data were recorded in the corresponding
EdgeTech and YellowFin software packages and post-processed using SonarWiz 7 (Chesapeake Technology, Mountain View, CA, USA). We manually corrected the position of the
towfish using the tow cable length as well as bathymetrical structures from the MBES data
as references. Occasional misalignment between the heading of the towfish and the ship
track (due to sideward currents) was similarly corrected for using bathymetrical structures.
3.2.1. Imagenex ‘YellowFin’
We operated the Imagenex YellowFin side-scan sonar at a centre frequency of 330 kHz
with a range between 50 and 80 m. The 2 transducers had a beamwidth of 1.8◦ with an
opening angle of 60◦ and were tilted downwards by 20◦ . The acquired data were of good
quality and were stored in an .xtf file format. The across track resolution of the data was
about 0.1 m. All mosaics were exported at this resolution while the data were interpolated
between individual pings (along-track).
3.2.2. EdgeTech 4200 MP
Due to side-scan sonar availability, we had to swap the side-scan sonars for 1 year
(2020) and used an Edgetech 4200 MP system. The chirp signal bandwidth was set
to 234–247 kHz and the received signals were stored in a .jsf file format. The vertical
beamwidth of the system was 50◦ with a horizontal beamwidth of 0.28◦ . At 300 kHz, the
across track resolution was up to 3 cm. The EdgeTech was towed with a constant cable
length similar to the other SSS at around 7 m above the seafloor. The range of the EdgeTech
4200MP was set to 60 m on each side.
3.3. Sub-Bottom Profiler
Information on subsurface sedimentary structures was acquired using an Innomar SES2000 “light”. This parametric sub-bottom profiler operates with a primary frequency band
of 85–115 kHz to create secondary low frequencies between 6–10 kHz. All data were depth
converted using a constant sound velocity of 1500 m s−1 . We used this device to obtain
information about the sediment thickness covering the Pleistocene morainal material.
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3.4. Camera
We used an underwater camera system (drop-cam) to obtain ground truth hydroacoustic information on the reef and the surrounding sediments. The video footage was
additionally used to analyse sessile taxa living on the rocky reef. The system consists
of 2 ahead-oriented cameras, a tail fin to passively rotate the system into the prevailing
currents, four artificial light sources and a laser scaler for size reference. Survey speeds
of ~1 kn (~0.5 m s−1 ) against the prevailing current ensured good manoeuvrability of the
vessel. The online video feed enabled us to tow the underwater video system at a constant
height of about 1 m above the seafloor, while the robust caging also allowed occasional
drops onto the seafloor to obtain stationary footage. The ship’s DGPS system assured an
accurate positioning of the camera on the seafloor.
To assess the effect of sediment transport on the sessile taxa richness, underwater
video transects acquired in 2016 were investigated. Underwater videos were first transformed into still images and subsequently analysed for the presence of sessile taxa according to the method described in Michaelis et al. [16]. To calculate the distance of each
investigated still image to the nearest sandy area within or around the reef, polygons
of sandy areas were manually created on the side-scan sonar mosaic (acquired in 2016)
using QGIS (version 3.16). The distance was then calculated using the plugin package
“NNJoin” (version 3.1.3) and we subsequently calculated a linear regression model using
the “lm”-function in R (version 4.1.2).
3.5. Grab Sampling
Seafloor sediment samples were taken to verify the acoustic response of the seafloor.
In total, we collected 13 sediment samples using a HELCOM Van Veen grab sampler. The
samples were scraped off the upper 2 cm of the sediment surface in the grab.
Prior to analysis, shell fragments (carbonates) and organic matter were removed from
the samples with acetic acid and hydrogen peroxide. The grain size distribution of each
sample was subsequently analysed using a CILAS 1180 laser-diffraction particle analyser
(Cilas, Orleans, France). This instrument had a range resolution of 0.1 Phi with a bandwidth
of 14.6–1.4 Phi (0.04–2500 µm). Grain size statistics were calculated in ‘Gradistat’ after Blott
and Pye [39].
4. Results
4.1. General Characteristics and Habitat Properties
In the modern high-resolution side-scan sonar data, the exposed boulders can be
clearly distinguished from the surrounding mobile fine- to coarse-grained sands (Figure 2).
The general area of exposed rocks roughly aligns in a south-west to north-east orientation.
In total, an area of nearly 0.5 km2 consisted of exposed cobbles and boulders. Within the
general reef structure, small (up to 3000 m2 ) sandy patches occurred where mollusc shells,
especially razor clams (Ensis spec.), accumulated. The grain size analysis showed a good
correlation to the sediment properties inferred from the grayscale intensity of the side-scan
mosaic. Fine sands correlated to a weak backscattering seafloor and lighter grey values
in the mosaic, while a rougher and coarser-grained seafloor showed a strong backscatter
characteristic and is shown in darker grey values. Two sediment samples were taken from
the sandy patches within the rocky reef area in the north and south. We found the smallest
grain-size distribution of the study area within the rocky reef, where small particles could
settle and were protected in between the boulders. Very fine sands with silt and clay
contents of over 25% accumulated between the cobbles and boulders in the centre of the
rocky reef. Coarse- to very coarse-grained sands with up to 6% of very fine gravels were
sampled in the south-east of the reef where they correlated with deeper bathymetrical
depth. Fine and medium sands were present in between the coarse areas in the south-east
and cover all of the seafloor north and west of the rocky reef.
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was comparatively flat without any morphology in the north-west of the rocky reef, in
contrast to morphological highs and lows in the south-east (Figure 1). The coarser-grained
sands correspond to bathymetrical lows, which are situated about 60 cm below the surrounding fine sands. The reef area spans over water depth between 11 and 17 m. The
general water depth increases from the sides of the study area towards the rocky reef. The
reef structure itself shows central highs, where boulders reach water depth6 of
less than 12
of 14
m. These elevated parts are generally surrounded by the deepest parts of the study area,
which extend down to ~17 m (Figure 1).

Figure 2. Side-scan sonar image of the working area (2016) with sediment grain size analysis of Van

Figure 2. Side-scan sonar image of the working area (2016) with sediment grain size analysis of Van
Veen grab sampler. The area of boulder accumulations is delineated in orange.
Veen grab sampler. The area of boulder accumulations is delineated in orange.

4.2. Temporal Variability

While the area north-west of the rocky reef consisted of homogeneously distributed
Despite differences in the quality of the survey data, the general distribution of sedifine sands that covered the morainal material, the seafloor south-east of the reef was
ment classes and structures remained visible in both the SSS and MBES data over the time
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grain2016
sizes
and
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material
(Figure 2).characteristics
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field
thesandy and
part of the reef were generally stable over the observed time towards
period. The
south-east. This trend was similarly visible in the bathymetric data, where the seafloor was
comparatively flat without any morphology in the north-west of the rocky reef, in contrast
to morphological highs and lows in the south-east (Figure 1). The coarser-grained sands
correspond to bathymetrical lows, which are situated about 60 cm below the surrounding
fine sands. The reef area spans over water depth between 11 and 17 m. The general water
depth increases from the sides of the study area towards the rocky reef. The reef structure
itself shows central highs, where boulders reach water depth of less than 12 m. These
elevated parts are generally surrounded by the deepest parts of the study area, which
extend down to ~17 m (Figure 1).
4.2. Temporal Variability
Despite differences in the quality of the survey data, the general distribution of
sediment classes and structures remained visible in both the SSS and MBES data over
the time period between 2016 and 2021. The morphology and backscatter characteristics
of the central part of the reef were generally stable over the observed time period. The
sandy and shelly patches within the reef showed only small variations in shape and size.
While the central part of the reef appeared to be relatively stable over time, the edges and
sides experienced temporal variations in sediment coverage. Especially the interaction
between coarse- and fine-grained sands and the resulting morphology in the south-eastern
part of the research area appeared particularly dynamic (Figures 3 and 4). The upper
part of Figures 3 and 4 shows side-scan backscatter data, where darker grey values are
indicative of coarse-grained sands and boulder accumulations. Individual boulders as well
as accumulations of cobbles and boulders, can be clearly identified. The lower part of the
figures displays the corresponding bathymetry. Figure 3 is located in the eastern part of
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shelly patches within the reef showed only small variations in shape and size. While the
central part of the reef appeared to be relatively stable over time, the edges and sides experienced temporal variations in sediment coverage. Especially the interaction between
coarse- and fine-grained sands and the resulting morphology in the south-eastern part of
the research area appeared particularly dynamic (Figures 3 and 4). The upper part of Fig7 of 14
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2016 (Figure 4). This elongated patch of high backscatter intensities and deeper bathymetry shows a connection to the main reef structure at its northern end in 2016. In 2017, the
elongated patch was already separated from the main reef and became smaller and
smaller over time. The largest changes in sediment coverage occurred between the years
2018 and 2019, where large areas of the north to south-oriented coarse-grained patch
8 ofdis14
appeared. Additionally, the area covered by fine sand in between the main reef in the east
and the isolated patch increases with time (as indicated by red scale line in Figure 4).

Figure 4. Closeup of side-scan backscatter (top) and multibeam bathymetry (bottom) on the west
Figure 4. Closeup of side-scan backscatter (top) and multibeam bathymetry (bottom) on the west
side of the working area show how previously exposed reef becomes increasingly covered with
side of the working area show how previously exposed reef becomes increasingly covered with sand.
sand.
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5. Discussion
5.1. Temporal Variation
We find that the central parts of the rocky reef show no geomorphological variations
over the observed time period. While this was to be expected in areas of cobble- and
boulder-sized rock accumulations, the sediment dynamics of the Holocene sand cover on
top of the outer sides of the morainal material were surprisingly energetic but unidirectional.
Although fine sands are distributed homogeneously and flat on top of the moraine in the
north-west of the reef, the south-eastern part of the reef appears highly dynamic with
changing sediment patterns, sediment types and topography. We observe a slow advance
of sand accumulating on top of the reef in the north-western part while new boulders and
coarse materials are scoured free in the south-east (Figures 3 and 4). In the north-western
part, scour holes that exposed the morainal material in 2016 seem to be progressively
covered and infilled by mobile sands (Figure 4). The opposite seems to occur on the eastern
side, where current scouring seems to form an east to west oriented elongated depression,
where morainal material becomes increasingly exposed. It seems likely that the exposure
of previously sand-covered boulders initiates additional bottom current scouring, which
exposes additional coarse-grained material. This process appears attenuated by the low
morphological changes observed in the presently sand-covered areas of the moraine as
observed in the sub-bottom profiler data. In contrast to less morphologically pronounced
rocky reef habitats, where large parts of the reef are buried under sand and subsequently
exposed on seasonal scales [40], we do not observe a seasonal but rather a long-term trend
in sediment coverage.
Coarse-grained sands are solely observed in the south-eastern part of the reef. The
sedimentary patterns in this region suggest that the reef induces a turbulent hydrodynamic
system. Modelled tidal currents for this region show a constant laevorotary/anti-clockwise
rotating current regime with persistent velocities between 25 and 30 cm s−1 [41]. However,
the smaller-scaled current pattern will locally be altered and accelerated due to the reef’s
morphology, which has been shown at a rocky reef near Helgoland [18]. However, the
locally complex current pattern cannot explain the unidirectional sediment transport and
scouring we observe. We, therefore, assume that similar to the storm-induced roughly
north to south oriented ripples described by Mielck et al. [37] offshore Sylt, sediment
redistribution around the reef occurs mainly due to waves and storm events. With the
prevailing westerly winds and waves and with increasing turbulence, sediment transport
directed towards the west seems likely. This is also indicated by the highly variable grain
size distribution and strong morphology on the south-eastern side of the reef. In the case of
a westward-oriented flow regime, a more turbulent and chaotic flow would be predicted
on the lee side of the reef.
The coarse sands that extend from the reef towards the south-west seem to be reworked
materials from the main outcropping moraine that is scoured out and transported towards
the south-east of the study area. Because the tidal current around Sylt is generally rather
shore-parallel orientated, only the wave direction perpendicular to the shore can explain
the sediment transport towards the coast. A larger bedform pattern should reflect this after
storm surges. Although the rocky reef complex investigated here is situated in an area of
sediment depletion, where the mobile sand is thought to move north-westward [33], we
find that sands are moving rather eastward in a turbulent hydrodynamic environment.
5.2. Morphology of the Reef
Scouring around artificial and natural reef structures plays an important role in local
habitats and biological communities [22]. Scour marks are often used to infer the peak tidal
flow direction of an area and can give indications about sediment transport [20]. The rocky
reef studied here extends over an area of 0.5 km2 , and generally, the sands surrounding
the reef are situated at a shallower bathymetrical depth the further away from the rocky
reef they occur. We analysed the bathymetry towards the topographic position of the reef
compared to the surrounding sand-covered area. Therefore, the rocky reef areas, including
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or still is exposed due to bottom current scouring and removal of the covering mobile
sand layer. In some areas, the rocky reef is exposed up to 2.5 m below the surrounding
sediments, indicating removal or non-deposition of mobile sands in these troughs. It also
suggests that the extent of the uncovered part of the rocky reef is mainly dependent on
the hydrodynamics surrounding it. Patches of fine sands that have accumulated within
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to be roughly NNE-SSW oriented (Figure 7). While scouring in the northern part seems
to occur towards the east of the highest parts of the reef, the southern part appears to be
scoured free from mobile sands more towards the west. This could partly be the result of
smaller peaks of elevated cobble and boulder accumulations located in the south-west of
the main reef structure.
We tracked the surface of outcropping moraine further beneath the surrounding sand
using a sub-bottom profiler. The thin sediment coverage of often less than 1 m in the
vicinity of the reef highlights the potential for additional exposure of the morainal material
through the bottom current scouring of the mobile sands. The sediment cover slightly
increases towards the northern part, while the southern part of the study area has a thinner
sediment cover.
The morphology of the buried parts of the moraine is less pronounced compared to the
exposed reef. It seems likely that the more even surface of the moraine with less morphology
is subject to less sediment scouring and is, therefore, covered by Holocene sands. The
sub-bottom profiling data shows that sand covering the moraine in this area generally does
not exceed 2 m. This agrees with previous measurements from Zeiler et al. [33] as well as
with sediment cores drilled a few kilometres offshore Sylt by Hoffmann [42].
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5.3. Ecology
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the surrounding mobile sands, bottom current scouring inhibits the sand from covering
low-lying parts of the reef. The reefs’ geomorphology is most pronounced in the areas
where it is exposed on the seafloor, while the currently buried parts show only minor
vertical variations in the depth of the underlying moraine surface.
In this study, we demonstrate the importance and value of morphological investigations and long-term hydroacoustic monitoring programs for isolated reef systems to better
understand their development over time. The presented sediment dynamics around rocky
reef habitats should be considered in the designation of protected areas and implemented
in future monitoring concepts.
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