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ARTICLE INFO ABSTRACT

Keywords: High-resolution surveying techniques of subtidal soft-bottom seafloor habitats show higher small-scale variation
Sandbanks in topography and sediment type than previously thought, but the ecological relevance of this variation remains
Seafloor morphology unclear. In addition, high-resolution surveys of benthic fauna show a large spatial variability in community
Sand waves ies . . . " .
Macrobenthos composition, but this has yet poorly been linked to seafloor morphology and sediment composition. For instance,

on soft-bottom coastal shelves, hydrodynamic forces from winds and tidal currents can cause nested multiscale
morphological features ranging from metre-scale (mega)ripples, to sand waves and kilometre-scale linear
sandbanks. This multiscale habitat heterogeneity is generally disregarded in the ecological assessments of
benthic habitats. We therefore developed and tested a novel multiscale assessment toolbox that combines
standard bathymetry, multibeam backscatter classification, video surveying of epibenthos and box core samples
of sediment and macrobenthos. In a study on the Brown Bank, a sandbank in the southern North Sea, we found
that these methods are greatly complementary and allow for more detail in the interpretation of benthic surveys.
Acoustic and video data characterised the seafloor surface and subsurface, and macrobenthos communities were
found to be structured by both sandbank and sand wave topography. We found indications that acoustic tech-
niques can be used to determine the location of epibenthic reefs. The multiscale assessment toolbox furthermore
allows formulating recommendations for conservation management related to the impact of sea floor distur-
bances through dredging and trawling.

Multibeam sonar
Video transect

1. Introduction occurring within the depth range affected by hydrodynamic activity
from wind and currents (e.g. < 50 m deep on coastal shelves), these

Subtidal soft-sediment beds form the most widespread benthic sediment beds form clear, multiscale nested structures, such as sand-
habitat type on earth and result from the interplay of geological, phys- banks, sand waves, or (mega)ripples (Mazieres et al., 2015; Passchier
ical and biological drivers (Snelgrove, 1994; Zeiler et al., 2008). When and Kleinhans, 2005). Consequently, heterogeneous seafloor landscapes
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are created, in which topographic features shape soft-sediment habitat
diversity with respect to sediment type and hydrodynamic exposure.
This impact of topography on habitat heterogeneity is additionally
complemented by variations in the physico-chemical composition of the
sediment. In a sandbank system, for example, a clear sediment distri-
bution can be distinguished, with generally finer and carbonate-poorer
sediments in the troughs than on the crest (Heathershaw and Codd,
1986; Trentesaux et al., 1994). Habitat variation resulting from this
physico-chemical heterogeneity of the seafloor creates important vari-
ation in habitat conditions for benthic fauna. Spatial heterogeneity
therefore influences important ecosystem features at various scales,
including species diversity, density and biomass, community composi-
tion, and several ecosystem processes (Garcia-Charton et al., 2004;
Lovett et al., 2006). Classic ecology theory states that more heteroge-
neous habitats support more species per unit area (MacArthur and
Wilson, 1967; Tilman, 1982). In marine ecosystems, for example, mac-
robenthic communities tend to be richer, denser, and different in species
composition in troughs than on crests of sandbanks (van Dijk et al.,
2012), but also of sand waves (Damveld et al., 2018) and small-scale
ripples (Ramey et al., 2009).

In terms of biodiversity, underlying gradients in the physical habitat
template can be greatly amplified by biological mechanisms, especially
where organisms modifying their physical habitat (‘ecosystem engi-
neers’ sensu Jones et al., 1994) play a decisive role. Such abrupt biogenic
landscape boundaries are well known from coral reefs, but also from
intertidal habitats where several autogenic ecosystem engineers form
complex three-dimensional structures, e.g. at the boundary of vegetated
and non-vegetated tidal flats or seagrass meadows (Koch et al., 2006;
Temmerman et al., 2005), or in the vicinity of oyster reefs and other
bivalve beds (van der Zee et al., 2012; Walles et al., 2015). Through
density-dependent feedbacks, ecosystem engineers can buffer the
impact of physical forces, although their occurrence is generally limited
where these physical forces exceed critical thresholds. In heavily
trawled subtidal soft-sediment areas with high substrate mobility, such
as sand wave-dominated sediments, their presence seems limited but not
absent (Houziaux et al., 2008). Some reef-forming organisms, such as
tube worms, may occur in sandbank troughs, where food and suspended
sediment needed to build their tubes are sufficiently present (van der
Reijden et al., 2019; Van Lancker et al., 2012). The presence of these
reefs induces high local biodiversity, sustained by increased local
habitat heterogeneity, physical shelter and better food supply (Dubois
et al., 2002; Gravina et al., 2018; Rabaut et al., 2007).

Anthropogenic physical disturbance, e.g. bottom trawl fisheries,
tends to homogenise soft-bottom sediments by removing smaller-scale
habitat heterogeneity in subtidal soft sediments, jeopardising their
structure, function and biodiversity (McConnaughey et al., 2000; Thrush
and Dayton, 2002). Epibenthos is particularly vulnerable to this influ-
ence (Jenkins et al., 2015; van der Reijden et al., 2019), but infaunal
organisms are also affected, resulting in a shift of benthic communities
towards a dominance of shorter-lived species (Rijnsdorp et al., 2018;
Sciberras et al., 2018). Given the high prevalence and intensity of
demersal fisheries in shallow coastal seas such as the North Sea
(Amoroso et al., 2018; Eigaard et al., 2017; van der Reijden et al., 2018),
benthic surveys may not be sufficiently able to reveal the biodiversity
potential of many benthic (sub)habitats created by the interplay be-
tween hydrodynamic and biological forces. An approach that resolves
the underlying physical gradients and evaluates both the potential of
this template for biogenic self-reinforcing biodiversity development, and
vulnerability/sensitivity to disturbance, is therefore needed.

The most important constraint for biodiversity-oriented benthic
surveys is the trade-off between extent and ‘grain’ (resolution in space
and time, and in terms of variables estimated) of the different obser-
vational methods. As sampling is often costly and time-consuming, and
areas needing coverage are large, a balance between extent and reso-
lution needs to be found (Bates et al., 2007; Bennett et al., 2014). With
respect to the identification of the physical habitat template, a very
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promising approach is the use of multibeam echo-sounding (MBES).
Especially when the full information in the returning acoustic signals
(including backscatter intensity) is used, this acoustic technique allows
for a detailed characterisation of the seafloor bathymetry, but can also
give information about the sediment type variation of the seafloor (De
Moustier and Matsumoto, 1993; Hellequin et al., 2003). However, the
method does not give direct information on the species composition of
benthic assemblages (Brown et al., 2011). In situ sampling remains
necessary to link topography to seafloor ecology. To map seafloor
communities, multibeam data can be combined with camera surveying,
such as video transects, photos of the seafloor by landing frames or
sediment profile imaging (SPI camera; Rhoads and Cande, 1971), or by
box core samples. Between these techniques, there is also a trade-off
between the area covered per unit effort, and taxonomic resolution of
the biodiversity surveys. An optimal combination of several techniques
is likely the best compromise between these approaches.

In this study, we combined MBES, video, photographic (SPI) and box
core sampling of the seafloor macrobenthos communities in a dynamic
area in the southern North Sea. We tested how the combination of these
techniques can be used to accurately link biodiversity to seafloor
morphology and explored if it enables us to upscale locally sampled
biodiversity patterns to the wider seafloor landscape. Since different
seafloor morphologies can offer different substrate characteristics and
varying food availability to the benthic fauna, we also explored the re-
lationships between benthic macrofauna abundance and biodiversity,
and sediment grain size and organic matter quantity and biochemical
composition. The aim of this study is to quantify the correlation between
the outcomes of the different approaches and to generalise this infor-
mation in the design of optimal survey approaches for larger areas of the
North Sea.

2. Material and methods
2.1. Study area

This study focused on the Brown Bank, a large sandbank with a
height difference of about 26 m between crest and trough, belonging to
the north-south oriented Dutch Banks in the southern North Sea (Fig. 1).
The sandbank is located nearly halfway between the Netherlands and
the United Kingdom, at about 85 km from the Dutch coast. The seafloor
in this region additionally forms smaller-scale sand waves that are
roughly east-west oriented, with wavelengths of about 200 m and
heights of 5 m, and smaller megaripples, with wavelengths and heights
of about 10 m and 0.1 m, respectively. Both sand waves and megaripples
migrate over the seafloor, at rates in the order of several metres per year
for sand waves and within weeks or even hours for megaripples
(Knaapen, 2009, 2005; Koop et al., 2019). The area is heavily fished by
bottom trawlers, especially the troughs between the large sandbanks
(van der Reijden et al., 2018). The sampling took place from 26 October
till 5 November 2017, during a campaign on board RV Pelagia.

2.2. Multibeam echo sounding

A hull-mounted Kongsberg EM302 MBES (Kongsberg Maritime,
Kongsberg, Norway) with a central frequency of 30 kHz was deployed
during the sampling campaign. The MBES operated with 432 beams, a
swath opening angle of 130°, and across and along track beam opening
angles of two and one degrees, respectively. Bathymetry and backscatter
were logged using the Kongsberg Seafloor Information System software.

The data were cleaned in Qimera, exported using Qinsy (Quality
Positioning Services, Zeist, the Netherlands), and further processed in
MatLab 2018b. Steep seafloor slopes were corrected and a Bayesian
classification method was performed on the backscatter data, yielding
four acoustic classes for the survey area (Alevizos et al., 2015; Amir-
i-Simkooei et al., 2009; Koop et al., 2019; Simons and Snellen, 2009).
From the backscatter data, sediment median grain size M,, surface
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Fig. 1. Location of the 22 sampling stations on and around the Brown Bank,
with background colour indicating (a) bathymetry, (b) backscatter-based
acoustic classes, (c) volume scattering (62) and (d) surface roughness (wy).
The inset (e) shows the location of the Brown Bank in the southern North Sea.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

roughness wz and volume scattering o, were calculated, whereby the
latter two variables describe the backscatter signal caused by seafloor
surface roughness and by heterogeneities underneath the sediment
surface, respectively (Amiri-Simkooei et al., 2019; Collier and Brown,
2005; Jackson and Briggs, 1992). Bathymetry was used to calculate
slope and the Bathymetric Position Index (BPI) for each pixel, which
represents the average height difference between that pixel and its
surroundings within a pre-defined radius. We used BPI2000 (with a
2000 m radius) as a measure for sandbank topography, BPI200 for sand
waves and BPI10 for megaripples.

2.3. Box core samples

After inspection of the seafloor bathymetry based on the MBES, 22
stations on and around the Brown Bank were selected for sampling.
Along three transects (north, middle, south), stations were chosen on the
sandbank crest and flanks, in the troughs and beyond the troughs in sand
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wave-dominated areas that form gentle slopes of the next sandbanks.
Based on a real-time observed deviating pattern in the acoustic data, an
additional transitional station (station 22) was sampled, at the western
edge of the western trough (Fig. 1). The sampled stations were classified
according to their topographic position: ‘Crest’, ‘Flank’, ‘Trough’,
‘Transitional” and ‘Beyond’, the last of which refers to the sand wave-
dominated area beyond the troughs of the Brown Bank. At each sta-
tion, three replicate box core samples were taken with a box corer (30
cm internal diameter). Beyond the eastern trough of the Brown Bank,
two stations were located in a sand wave trough (stations 10 and 15) and
one (station 5) on a crest, whereas two stations were located on a stoss-
side flank (stations 6 and 11) and one (station 1) in a trough of a sand
wave beyond the western trough of the sandbank.

From each box core sample, sediment subsamples were taken with a
50 ml syringe and immediately stored at —20 °C before processing. After
at least four days of freeze drying, these subsamples were analysed for
granulometry, chlorophyll a concentration, total organic carbon (TOC)
and total nitrogen (TN). Granulometry was determined by sieving the
samples over a 4 mm, 2 mm and 1 mm mesh and analysing the smallest
fraction by laser diffraction with a Malvern Mastersizer 2000 (Malvern
Instruments, Worcestershire, UK). The larger sediment fractions were
weighed, and mass percentages were calculated for each separate frac-
tion. However, since these mass percentages were negligible (less than
2% of the total mass in most samples), the coarser fractions were dis-
carded for further analysis. After extraction in a bullet blender with 90%
acetone, chlorophyll a was analysed using a Specord 210 spectropho-
tometer (Analytik Jena, Jena, Germany). TOC and TN were analysed
according to the Dumas method (Nieuwenhuize et al., 1994), using a
Thermo Flash 2000 Element Analyser (Thermo Fisher Scientific, Wal-
tham, Massachusetts, USA).

The remaining sediment was sieved over a 0.5 mm mesh to extract
the macrobenthos. Animals were fixed in 4-6% formalin and trans-
ported to the laboratory, where they were counted and identified to the
lowest possible taxonomic level. For each sample, densities, species
richness (S) and Pielou’s evenness (J') were calculated. Furthermore,
functional groups were defined based on combinations of sediment
reworking mode (E: epifauna, S: surficial modifiers, C: conveyor-belt
feeders, B: biodiffusors, R: regenerators), and motility in the sediment
(A: in a fixed tube; B: sessile, but not in a tube; C: slow movement
through the sediment; D: free movement through a burrow system;
Queirds et al., 2013; Solan et al., 2004).

2.4. Sediment profile imaging

A Sediment Image Profiler (SPI) was used to determine the subsur-
face seabed structure. The SPI consists of a galvanized frame with a
camera-comprising prism, which protrudes the seafloor when lowered
onto the seabed (Rhoads and Cande, 1971). The SPI was lowered three
times at each, except the transitional, station. At each drop, two pictures
were taken, resulting in 6 pictures per station. The penetration depth
was measured, the presence of shell fragments was classified (0: no shell
fragments; 1: few shell fragments; 2: medium shell fragments; 3: many
shell fragments), and the dominant sediment type was identified (Sand
or Mud).

2.5. Video transects

Videos of the seabed were collected using a towed video camera
frame, as described in Koop et al. (2019). This aluminium frame was
equipped with a remotely operated video camera (Kongsberg
OE14-522A-0009 Colour HD Pan), lights (Fisheye FIX NEO 1000DX SW
II LED), and lasers (Z-Bolt, SCUBA-II green) for scaling. Its approximate
height above the seabed was constantly checked using live view from the
camera. The length of the towing cable was adjusted to maintain the
desired height if needed. During video operations, the vessel had a speed
of £0.1 m/s, with the camera towed at approximately 0.5 m above the
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seafloor.

Video transects were performed at 10 stations, in the crest and both
troughs, and the transitional station (see Supplement Fig. 1). Two
transects were performed for each except the transitional station. Val-
idity and superficial landscape type were deduced from the video
footage, as well as shifts between landscape types and the number of
observed organisms. The observed species were identified to the lowest
taxonomic level possible. The horizontal geographic position of the
camera was deduced from a time match with interpolated GPS positions
of the vessel, which were recorded every 30 s. For each transect, the
surveyed area was determined as the summed surface of grid cells with
camera presence in a 0.50 x 0.50 m grid. The number of individuals of
each species could hence be converted to densities ) per transect.
The number of switches in landscape type was determined as an indi-
cator of small-scale habitat heterogeneity. For this, the number of
landscape switches was divided by the length of the transect, which was
determined as the sum of distances between valid recordings.

2.6. Statistical analysis

All variables concerning macrobenthos density and diversity, and
sediment properties were analysed through a Kruskal-Wallis test, using
the topographic position (TP) on or around the sandbank as the pre-
dictor with five levels (‘Crest’, ‘Flank’, ‘Trough’, ‘Transitional’,
‘Beyond’), followed by a Dunn test for pairwise contrasts. In the
‘Beyond” TP, a Mann Whitney U Test was conducted with the same
properties, to discern between sand wave flanks/crests and troughs. The
composition of macrobenthos communities in the different TPs was
analysed with a one-factor PERMANOVA on species densities and
functional group densities, using the function adonis() in the R package
vegan (Oksanen et al., 2017). Homogeneity of dispersions was tested
with function betadisper() in the same package. For ‘Trough’, ‘Flank’ and
‘Beyond’, one-factor PERMANOVA analyses were conducted to reveal
differences between the eastern and western side of the Brown Bank. The
data were further explored through Non-metric MultiDimensional
Scaling (NMDS), on which the topographic position, orientation and
location of sand waves were indicated. SIMPER analyses were per-
formed to reveal the most discriminating species or functional groups
between the TPs.

The penetration depth for the SPI pictures was tested using a linear
mixed model (LMM), with topographic position as explanatory and
station as random variable. Log likelihood ratio was determined be-
tween this model and a null model with only the random effect of station
included. For both the organism density and the small-scale heteroge-
neity based on video data, a similar approach was taken.

Acoustic data derived from the MBES and other environmental data
were linked to macrobenthos community data via redundancy analysis
(RDA). Both species densities and functional group densities were tested.
A backward stepwise selection was performed to select significant var-
iables from the full set of MBES data (M,, wa, o2, slope, backscatter,
bathymetry, BP12000, BPI200, BPI10), as well as TOC, TN and chloro-
phyll a content for the RDA model.

All analyses were performed in the open source statistical software R
(R Core Team, 2018). Values are represented as mean + standard
deviation.

3. Results
3.1. Acoustic characterisation of the seafloor

Bathymetric mapping clearly indicated the presence of the sandbank,
flanked east and west by troughs, and a sand wave-dominated region
beyond the troughs. The bathymetric features can also be distinguished
when using backscatter classes or either surface roughness w; or volume
scattering o, for mapping, with generally higher backscatter values in
the troughs and lower on the crests. Backscatter shows similar patterns
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as o2, while wy gives an inverse pattern, with lower values in the troughs
and higher on the crest (Fig. 1).

3.2. Abiotic properties of the sandbank sediments

The median grain size and mud content of the sediment were found
to differ significantly between different TPs, with the ‘Transitional’
differing most from the other TPs (Table 1). While grain sizes and mud
content in the ‘Transitional’ reached values of 43.33 &+ 25.93 pm and
60.13 + 15.48%, respectively, median grain size in the other TPs ranged
from 294.65 + 12.97 pm (‘Flank’) to 314.65 + 16.24 pm (‘Crest’), and
mud content from 0 + 0% (‘Crest’ and ‘Flank’) to 1.63 + 3.31 (‘Trough’).

TOC differed significantly between nearly all TPs. Only the ‘Flank’
and ‘Beyond’, and the ‘Trough’ and ‘Transitional” were similar. TOC was
highest in the ‘Transitional’ (0.59 + 0.19%) and lowest on the ‘Crest’
(1.17 + 0.32 x 1072%). TN values were significantly different between
the ‘Transitional’ and other TPs, and between the ‘Trough’ and other
TPs, but not between ‘Transitional’ and ‘Trough’. Values were lowest on
the ‘Crest’ (4.67 & 3.16 x 1073%) and highest in the ‘Transitional’ (6.12
+1.36 x 1072%). Chlorophyll a content showed significant and similar
patterns, with highest values in the ‘Trough’ (0.51 + 0.27 pg g™ 1) and
lowest on the ‘Crest’ (0.08 = 0.02 pg g~ 1). Of the sediment properties,
only chlorophyll a content was found significantly different between the
flanks and troughs of sand waves within the ‘Beyond’, with higher
values in the troughs than on the flanks (Table 1).

3.3. Subsurface seabed structure

At two stations, only four usable pictures were obtained due to
malfunctioning of the SPI. The average penetration depth was 6.3 + 2.9
cm, with 39 pictures having a penetration depth of <5 cm. Penetration
depth was much larger on the crest (11.5 &+ 2.9 cm) than at the other
locations (5.6 + 2.1 cm) (log likelihood ratio of LMM: -6.8). The amount
of shell fragments was higher in the troughs compared to the crest lo-
cations, as crest pictures were all classified as no shell fragments (class
0), while the trough pictures showed the highest percentages of class 1
and 2 (medium and many shell fragments, respectively).

Table 1

Kruskal-Wallis and Dunn tests for significant differences of abiotic (median grain
size, mud content, TOC: Total Organic Carbon, TN: Total Nitrogen, chlorophyll a
content) and biotic variables (S: Species richness, J': Pielou’s evenness) between
the various Brown Bank topographic positions, and p-values of the Mann-
Whitney U test (MWU) to discern between sand wave flanks and troughs. Bey:
Beyond; Cre: Crest; Fla: Flank; Tra: Transitional; Tro: Trough.

Variable Kruskal-Wallis Significant pairwise contrasts (« MWU
Test = 0.05)
s P
Median grain 16.60  <0.001  Bey-Fla, Bey-Tra, Cre-Fla, Cre- 0.387
size Tra, Fla-Tra, Tra-Tro
Mud content 31.10 <0.001 Bey-Tra, Cre-Tra, Fla-Tra, Fla- 0.374
Tro, Tra-Tro
TOC 4590 <0.001 Bey-Cre, Bey-Tra, Bey-Tro, Cre- 0.058
Fla, Cre-Tra, Cre-Tro, Fla-Tra, Fla-
Tro
TN 27.38 <0.001 Bey-Tra, Bey-Tro, Cre-Tra, Cre- 0.627
Tro, Fla-Tra, Fla-Tro
Chlorophyll a 42.22 <0.001 Bey-Cre, Bey-Tro, Cre-Fla, Cre- <0.001
Tra, Cre-Tro, Fla-Tra, Fla-Tro
S 25.78 <0.001 Bey-Cre, Bey-Tra, Bey-Tro, Cre- 0.033
Fla, Cre-Tra, Cre-Tro, Fla-Tra, Fla-
Tro
J 2.86 0.580 0.114
Total density 23.31 <0.001 Bey-Cre, Bey-Tro, Cre-Fla, Cre- 0.667

Tra, Cre-Tro, Fla-Tra, Fla-Tro
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3.4. Video transects

A total of 1813 individuals of 16 species were observed, over a total
observed area of 1358 m?. The most recorded species was the starfish
Asterias rubens (1378 individuals), followed by Ophiuroidea brittle stars
(256 ind.) and the hermit crab Pagurus bernhardus (65 ind.). Compared
to the crest (0.128 + 0.057), the troughs (East: 3.079 + 4.502; West:
0.770 + 0.298) had higher densities of organisms (log likelihood ratio
LMM: -4.9). Moreover, the troughs (East: 3.463 + 2.876; West: 5.315 +
3.183) showed 3 to 5 habitat type changes per 100 m transect, while the
crest showed none (log likelihood ratio LMM: -4.9). Crest transects only
showed sandy sediment with hardly any shell fragments, while all other
stations alternated between sandy sediments with shell fragments and
sandy sediments with shell fragments and incidental large stones (see
Supplement Fig. 1). Sandy sediments with shell fragments, incidental
stones and Sabellaria reef fragments (Sabellaria landscape) were
observed in the northern station in the eastern trough (station 4) and the
middle station in the western trough (station 7). Moreover, the transi-
tional station (station 22) showed some Sabellaria habitat, but also the
unique “sand with clay” and “sand with clay and incidental stones”
habitats.

3.5. Macrobenthos communities in the different topographic positions

A total of 129 different taxa, divided over 9 phyla, was observed (see
Supplement Table 1). Overall, communities were mostly dominated by
mobile hooded shrimp (cumaceans) and amphipods, whereas less mo-
bile species, among which phoronids, sessile polychaetes and bivalves,
reached higher densities in the ‘Trough’ and the ‘Transitional’ (see
Supplement Table 2). Here, individuals of the reef-building Ross worm
(Sabellaria spinulosa) were also found. Community composition was
determined by the TPs within the Brown Bank environment, as indicated
by the PERMANOVA test (Table 2). Significant differences between
habitats were found for all pairwise contrasts, except between the
‘Flank’ and the ‘Beyond’ and between the ‘Trough’ and the ‘Transi-
tional’. Significant differences between the eastern and western side
were found within the ‘Beyond’ and between the two flanks of the
Brown Bank. Fourteen different functional groups of macrobenthos,
based on sediment reworking mode and motility, were identified in our
dataset (see Supplement Table 1). Functional group composition also
differed significantly among TPs (Table 2). While surficial modifiers that
slowly move through the sediment (SC) were the dominant functional
group in all TPs, biodiffusors (BC) reached similar densities in the
sandbank troughs and on the flanks. Functional community composi-
tions in the ‘Trough’ and ‘Flank’ were found significantly different from
the other TPs, except from the ‘Beyond’. However, the northernmost
station of the eastern trough (station 4) was located far outside the point
cloud on the NMDS plot, and after removal of this point, no significant
effect of sandbank region was found in the PERMANOVA test (Table 2).
The NMDS plot with the taxonomical community compositions show

Table 2

PERMANOVA results, testing taxonomical and functional macrofauna commu-
nity composition for significant differences between topographic positions (TP),
and testing between eastern and western troughs, flanks and beyond troughs. P:
p-value for the PERMANOVA test; P (disp): p-value for the multivariate
dispersion of variances. The asterisk (*) represents the results of the test after
removal of the outlying station 4.

Sandbank TP Pseudo-F P P (disp)
Taxonomical 4.54 <0.001 0.096
Functional 3.76 <0.001 0.287
Functional* 1.77 0.055 0.363

East-West
Trough 1.68 0.095 0.099
Flank 3.76 <0.001 0.720
Beyond 2.96 0.002 0.913
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that within the ‘Beyond’, both functional and taxonomical community
composition from the troughs and crests of sand waves share relative
similarities with the sandbank trough and crest communities, respec-
tively (Fig. 2).

The species richness was lowest with 9.44 + 3.50 species per sample
on the ‘Crest” and highest with 28 + 9.54 species in the ‘Transitional’,
and showed significant differences between all TPs, except between the
‘Flank’ and ‘Beyond’ and between the ‘Trough’ and the ‘Transitional’.
Pielou’s evenness ranged from 0.79 + 0.08 in the ‘Trough’ to 0.84 +
0.09 on the ‘Crest’ and did not differ significantly among TPs (Table 1).
In the ‘Beyond’, species richness, but not Pielou’s evenness, was found
significantly different between sand wave crests and troughs. Total
densities were lowest on the ‘Crest’ (380.40 + 224.52 individuals/m?)
and highest in the ‘Trough’ and ‘Transitional’ (2092.99 + 2834.49 and
1872.13 + 1092.39 individuals/m? respectively). Densities on the
‘Crest’ were significantly lower than all other TPs and densities in the
‘Trough’ significantly higher than all others except the ‘Transitional’.

The SIMPER analysis revealed that the most discriminating species
between TPs were hooded shrimp (Monopseudocuma gilsoni), horseshoe
worms (Phoronis sp.) and Ross worms (Sabellaria spinulosa) (see Sup-
plement Table 3). M. gilsoni was the most discriminating species when
comparing most TPs with each other. Phoronis sp. was the most impor-
tant discriminator between ‘Beyond’ and ‘Transitional’, ‘Crest’ and
‘Transitional’ and ‘Flank’ and ‘Transitional’, while S. spinulosa was the
most discriminating species between the ‘Trough’ and ‘Transitional’.
The most discriminating functional group for most pairs of TPs was the
group of the surficial modifiers that slowly move through the sediment
(SC), a group that encompasses the abundant M. gilsoni. Of the signifi-
cantly different TPs, we found that this group was also the most
important discriminator between the ‘Trough’ and ‘Flank’, but sessile
surficial modifiers (CB) between the ‘Crest’ and ‘Flank’ and surficial
modifiers in a fixed tube (SA) between the ‘Flank’ and ‘Transitional’.

3.6. Integration of the different methods

The video, SPI footage and MBES data show similar features, with the
more topographically diverse seafloor habitats outside the sandbank
crest corresponding with a higher backscatter signal. For the RDA model
linking acoustic and macrobenthos data, the stepwise selection pro-
cedure selected TOC, 62 and bathymetry as contributing significantly to
the variation in macrobenthos (taxonomic) community structure based
on densities. The model explained 46.7% of the total variation in the
data, with the first two ordination axes explaining 28.6% and 11.9%,
respectively. Bathymetry mostly separated the macrobenthos commu-
nities in the different topographic positions from each other, as well as
sand wave flanks/crests from the sand wave troughs in the ‘Beyond’ TP.
TOC and o2 mostly separated the majority of the stations from the
‘Transitional’ station and the ‘Trough’ station where video footage
showed a high Sabellaria presence (Fig. 3a). For the RDA model based on
functional groups, o2 and backscatter were selected as significant con-
tributors to the variation in community structure, mostly separating the
‘Trough’ and ‘Transitional’ stations, as well as ‘Beyond’ stations in sand
wave troughs, from the others (Fig. 3b). This model explained 31.1% of
the total variation in the data, with the first two ordination axes
explaining 23.7% and 7.3%, respectively.

4. Discussion
4.1. Linking data from multiscale sampling methods

The observation of stones and shell fragments in the troughs from
both video and SPI footage and the MBES data, corresponds to earlier
findings at the Brown Bank and other sandbanks in the southern North
Sea (Bellec et al., 2010; Koop et al., 2019). Houziaux et al. (2011) argued
that intensive bottom trawling in the twentieth century probably
covered these coarse materials by and mixed them with sand. The
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Fig. 2. NMDS plots based on (a) taxonomical
composition of the macrobenthic commu-
nities, with indication of the species that
contributed more than 5% to the dissimilarity
between topographic positions (TP) in the
SIMPER analysis (Bel: Bathyporeia elegans;
Csu: Callianassa subterranea; Kbi: Kurtiella
bidentata; Mag: Megaluropus agilis; Mgi:
Monopseudocuma gilsoni; Mjo: Magelona john-
stoni; N: Nemertea; Nri: Nephasoma rimicola;
P: Phoronis sp.; Plo: Pseudocuma longicorne;
Ssp: Sabellaria spinulosa; Ssq: Scolelepis squa-
mata; Ubr: Urothoe brevicornis) and (b) func-
tional composition of the macrobenthos
communities, with functional groups based
on sediment reworking mode (E: epifauna, S:
surficial modifiers, C: conveyor-belt feeders,
B: biodiffusors, R: regenerators), and motility
in the sediment (A: in a fixed tube; B: sessile,
but not in a tube; C: slow movement through
the sediment; D: free movement through a
burrow system).
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resulting mixed sediment beds explain the higher volume scattering
observed in the sandbank troughs. The relatively low surface roughness
on the other hand, suggests a smoother sediment surface in the troughs
than elsewhere, possibly due to a relative lack of sand ripples caused by
lower hydrodynamic conditions (Amiri-Simkooei et al., 2019).
Macrobenthic community compositions appear to be largely deter-
mined by topographic position (as determined by hydrodynamics), with
higher biodiversity in the sandbank troughs than on the crest, con-
firming earlier research (Fllis et al., 2011; van Dijk et al., 2012).
Although our communities beyond the Brown Bank troughs were also
separated according to their location within sand waves, this
smaller-scale separation between communities was not significant. On
the other hand, differences between the eastern and western ‘Beyond’
TP may have been caused by different locations on the sand waves. Note,
however, that sand waves were mainly abundant beyond the Brown
Bank and its troughs and were therefore only sampled in a small subset
of all stations. Moreover, sand wave samples outside troughs were not
always taken exactly on a crest, but often on stoss-side flanks, which are
affected by the currents, just like crests. Yet, the separation of commu-
nities according to their occurrence in either the trough of a sand wave
or on its flank, and their relative similarities to those of the corre-
sponding sandbank TPs, indicates that the processes shaping benthic
communities operate similarly on different spatial scales. The higher
biodiversity in troughs of different scales has been associated with a
higher organic matter or mud content (Damveld et al., 2018; Ramey
et al., 2009; van Dijk et al., 2012). However, our communities from the
sand wave-dominated areas were hardly separated based on their
organic matter content (TOC), and we could only find this distinction in
sediment properties for the large-scale sandbank. We therefore suggest
that — next to sediment properties — physical stress caused by the dy-
namics of water and sediment is an important factor in determining
which species will dominate communities in sand wave environments.

4.2. Sabellaria reefs and the impact of bottom trawling

Our findings supported earlier observations of Sabellaria spinulosa
reef fragments in the troughs around the Brown Bank (van der Reijden
et al., 2019). However, analysis of the video and box core data did not
always lead to the same conclusions. At the transitional station, high
abundances of individual Sabellaria worms were found in the box cores,
whereas the video showed only few reef fragments. Likewise, in the
northernmost station in the western trough one box core sample con-
tained Sabellaria worms, but no reef fragments were observed in the
video transects. For the northernmost station in the eastern trough and
the central station in the western trough, video observations of Sabellaria
reef fragments did not automatically coincide with frequent presence of
Sabellaria worms in the box core samples. This indicates that this species
has a larger distribution area, but forms reefs solely in specific locations,
and its patchy distribution demands a sampling approach covering
multiple scales. Our samples suggest that the presence of both Sabellaria
reefs and individuals stimulates the establishment of diverse and — both
taxonomically and functionally — distinct macrobenthos communities.
Earlier studies have emphasised the ecological importance of
reef-forming benthic species, especially through promoting habitat
heterogeneity and organic matter entrapment (Dubois et al., 2002;
Godet et al., 2011; Gravina et al., 2018). Interestingly, we show that
high abundances of Sabellaria individuals might have the same effect.
Furthermore, the specific locations where reef fragments were observed
appeared to occur in areas characterised by high acoustic volume scat-
tering, suggesting that this parameter can be used to identify potential
Sabellaria reef locations.

The presence of Sabellaria reefs and more diverse and dense macro-
benthos communities in the Brown Bank troughs can promote a higher
local fish diversity, since several species of demersal fish are known to
feed near these reefs (Pearce, 2014). van der Reijden et al. (2018)
showed that beam trawl fisheries strongly prefer the Brown Bank
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troughs, resulting in intense local fishing. Beam trawling is known to
destroy epibenthic structures such as reefs and disrupt endobenthic
communities by dragging heavy gear over the seafloor (Bolam et al.,
2014; Jones, 1992). This intense trawling is therefore a likely reason
why only sparse reefs are known around the Brown Bank, whereas
higher amounts of reefs still occur in British waters, where they have
enjoyed a longer protection (Gibb et al., 2014; van der Reijden et al.,
2019). The macrobenthos communities of the Brown Bank troughs are
probably adapted to high disturbance, as the region has already been
trawled since the thirteenth, and more intensively since halfway the
twentieth century (de Groot, 1984; Frid et al., 2000). As the commu-
nities are either influenced by anthropogenic disturbance (bottom
trawling in the troughs and lower flanks) or by a higher physical stress
(high hydrodynamic regime on the crests and higher parts of the sand-
bank), their current functional composition lacks a clear distinction.
Only where trawling is — probably by chance — relatively limited, for
example in topographic “safe sites”, both a functionally distinct com-
munity and a (small) biogenic reef can form, as observed in the north-
ernmost station of the eastern trough.

4.3. Implications for monitoring

By combining different sampling methods, we obtained a more
detailed image of the seafloor than would otherwise be possible.
Traditional designs that merely focus on grab or box core samples do not
take small-scale heterogeneity of the seafloor into account and extrap-
olate the findings of sampling points to their direct surroundings. Great
care should therefore be taken in the spatial interpolation between
samples. Although macrobenthos communities largely corresponded
with the Brown Bank morphology, we showed that additional tech-
niques are useful to obtain information about smaller-scale variability.
Acoustic data were crucial to identify sand waves, allowing us to
compare patterns in community structure on the sandbank and the sand
wave scale. Furthermore, video footage revealed that the Sabellaria
found in the box core samples formed (fragmented) reefs, which
occurred only in areas with high volume scattering. Not only can we
therefore use these techniques to add detail to our interpretation of
seafloor heterogeneity, they may also be useful to delineate regions
where biogenic structures can be present, and therefore potentially serve
as an important tool in conservation management. The box core sam-
ples, in contrast with the other survey techniques, allowed inferring the
correlation structure between the occurrence of all species of macro-
benthos. This is needed in order to properly evaluate the community
effects of features like Sabellaria reefs.

5. Conclusion

The combined use of multiple sampling techniques for seafloor and
benthos characterisation allowed us to make a detailed interpretation of
our findings. As standard sampling schemes tend to inadvertently
‘homogenise’ the studied region when spatially extrapolating data, we
recommend the complementary use of MBES and video footage. This
allows for a greater detail of the surveys, allowing us to make predictions
about the interlaying seafloor that can potentially serve for conservation
management.
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