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Distribution patterns and species composition of macrozoobenthos were studied in the Dutch coastal zone in front of the Port of Rotterdam.
Relationships between macrozoobenthic assemblages and environmental variables were determined using non-metric dimensional scaling
(NMDS) based on 470 boxcore, bottom sledge, and sediment samples collected in spring 2006 and 2008 in a 2500-km” research area. We investigated
two types of benthic assemblages, infaunal assemblages sampled with a boxcorer and epifaunal assemblages sampled with a bottom sledge. Five
main in- and epifaunal assemblages were distinguished using clustering techniques and nMDS ordinations. Macrozoobenthic species composition
correlated with combinations of measured sediment variables and modelled hydrodynamic variables. Macrozoobenthic species richness and
biomass were highest at 20 m deep areas with a grain size of 200 um, elevated mud and sediment organic matter, and low mean bed shear
stress. Considerable interannual differences in macrozoobenthic assemblage distribution were observed which resulted from more Echinoids,
Phoronids, and jackknife clams. A distinct, highly productive and species-rich macrozoobenthic white furrow shell Abra alba assemblage coincided
in a 8-m deepened shipping lane and near a disposal site for dredged fine sediment. This may be an indication that the benthic system can be
changed by these human activities. Modelled bed shear stress is an important variable in addition to sediment variables in explaining distribution

patterns in macrozoobenthos.
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Introduction

The Dutch coastal zone in front of Port of Rotterdam (PoR) is
marked by intensive human use, including activities such as
fishery, shipping, wind farming, disposal of dredged sediment, as
well as sand, gas, and oil extraction. These activities have different
effects on the marine environment and some are likely to intensify
(Jongbloed et al., 2014).

Macrozoobenthos on the North Sea scale is correlated with en-
vironmental variables such as sediment mud content, water
depth, water temperature, sediment median grain size, sediment
chlorophyll a content, sediment organic carbon content, and lati-
tude (Heip et al., 1992; Kiinitzer et al., 1992; Holtmann et al.,
1996; Degraer et al., 1999; Van Hoey et al., 2004, 2007; Degraer

et al., 2008; Verfaillie et al., 2009). Near-bed salinity affected epi-
fauna (EP) in the North Sea (Callaway et al., 2002; Reiss et al.,
2010, 2011), whereas bed shear stress affected macrozoobenthos
in Dutch intertidal areas (Herman et al., 2001; Ysebaert et al.,
2003). Bed forms also influence small-scale macrozoobenthic distri-
bution and composition (Baptist et al., 2006; van Dijk et al., 2012).
Owing to climate and seasonal fluctuations, temporal variations in
species composition commonly occur (Straile and Stenseth, 2007;
Kroncke et al., 2013). We studied distribution patterns, species
composition, and temporal differences of in- and epifaunal assem-
blages in an intensively used Dutch coastal zone in front of PoR.
Relationships between macrozoobenthos, measured environmental
variables, and modelled hydrodynamic variables were determined
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based on high-resolution data. This study can be used as a baseline
for future comparisons and to help in the protection of marine bio-
diversity. Determined relationships between macrozoobenthos and
environmental variables can be used for the prediction of ecological
effects due to human activities.

We aim to answer the following questions:

(i) Which environmental variables influence macrozoobenthos?

(ii) Are there significant differences in macrozoobenthic assem-
blages in the intensively used area of the Dutch coastal zone?

(iii) Are there temporal differences in the distribution of macro-
zoobenthic assemblages?

Material and methods

Research area

The research area stretches over 2500 km? in front of the PoR
(Figure 1). The seabed consists of fine (125—-250 pm) to medium
(250—-500 pm) sand deposited during the Holocene. The shallowest
part is the shoreface (Figure 1, no. 1), an area with alongshore outer
breaker bars and a maximum water depth of 10 m. The northern
part of the research area is characterized by the presence of
shoreface-connected ridges (Figure 1, no. 2) with crest orientations
20-35° clockwise with respect to the coast-parallel tide (van de
Meene and van Rijn, 2000b). These ridges can be up to 30 km
long, up to 2—4 km wide, between 2 and 6 m high, and are situated
in water depths between 14 and 18 m (van de Meene and van Rijn,
2000a).
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Figure 1. Two hundred and thirty-five sampling locations of the PoR
baseline study in 2006 and 2008. Dashed ellipses show four distinct
morphological units and three important user functions: (1) the
shoreface, (2) shoreface-connected ridges, (3) Zeeland ridges, (4) sand
waves, (5) the PoR without Maasvlakte 2, (6) Euromaasgeul shipping
lane, (7) the lowered disposal site (Verdiepte Loswal) for fine sediment,
(8) disposal site “North” (Loswal Noord) for coarser sediment, (9)
disposal site “Northwest” (Loswal Noord West), and (10) sewage
treatment effluent discharge (RWZI “Houtrust”). Coordinates are in
Dutch National Grid.

M. F. de Jong et al.

The Voordelta region, the southern part of the research area, is
characterized by Zeeland ridges (Figure 1, no. 3). Sand waves
(Figure 1, no. 4) are found in deeper waters, with wavelengths of
100—800 m, amplitudes up to 5 m (Hulscher, 1996), and crests
orientated perpendicular to the tidal current.

Human activities

A 57 km long and 8 m deepened shipping lane, the Euromaasgeul (de
Ronde, 2008), was realized in the 1970s to guarantee access to the
PoR (Figure 1, no. 6). Areas near the Euromaasgeul are used for anchor-
ing of vessels. To guarantee accessibility, 2.6 million m® of sediment
was dredged out of the shipping lane and harbour from 2001 to 2005,
and relocated to disposal sites “Northwest” (Figure 1, no. 9 and
Supplementary Appendix VI, no. 9) and the lowered disposal site
(Figure 1, no. 7 and Supplementary Appendix VI, no. 7). From 2007
to present, coarser sediment (~0.8 million m?) is relocated in the
coastal foundation directly north of the shipping lane at the disposal
site “North” (Figure 1, no. 8 and Supplementary Appendix VI, no. 8),
whereas the finer sediment is relocated to the lowered disposal site.
The disposal site “North” was earlier used from 1961 until June 1996.
Fine particles are distributed to the near surrounding of disposal sites
(Stronkhorst et al., 2003). In the Dutch coastal zone, 24 million m’
sand is extracted annually from local borrow pits outside the 20-m
isobath. A sewage effluent discharge (RWZI “Houtrust”) is located
3.5 km northeast of disposal site “Northwest” (Figure 1, no.10 and
Supplementary Appendix VI, no. 11).

Fishing effort is not uniformly distributed in the study area.
Higher intensities of beam trawling, seine fishing, and otter trawling
are found in near shore waters. Qutside the 12-mile zone, beam trawl
fishery is uniformly distributed (WGSFD, 2014).

Macrozoobenthos sampling

We used data from the baseline study of the Environmental Impact
Assessment (EIA) for the construction of Maasvlakte 2 of the PoR
that were collected in spring 2006 and 2008. From this study, 470
boxcore, bottom sledge, and sediment samples collected at 235 sam-
pling locations in a 2500-km? research area in front of PoR were
selected (Figure 1). Sample stations were located in a grid. Two
grid refinements were implemented in coastward direction, in
order to sample more variation in biotic and abiotic variables result-
ing from the Rhine region of freshwater input (Rhine ROFI) and
human activities.

Bottom sledge sampling locations matched boxcore sampling
locations. Sampling was executed from 18 April to22 June 2006
and 17 April to 17 June 2008. The ships’ GPS system logged position
of the sampling locations. We used water depth data from the
Netherlands Hydrographic Office (multibeam, 25 x 25 m reso-
lution) with reference level lowest astronomical tide.

The boxcorer was used to sample macrobenthic infauna (IN),
larger than 1 mm and mostly living in the seabed. The Monitor
Taskforce of the Royal Netherlands Institute for Sea Research
(NIOZ) executed the boxcore sampling. The boxcorer surface
area was 0.0774 m?, with a maximum penetration depth of
30 cm. Samples were wet-sieved using a 1-mm mesh sieve and
the residue was stored in jars with a seawater solution of 6% buf-
fered formaldehyde (Perdon and Kaag, 2006; Craeymeersch and
Escaravage, 2010). Specimens were identified up to species level
when possible. Infaunal ash-free dry weight biomass (g AFDW m ™)
was analysed by loss on ignition, 2 days at 80°C followed by 2 h at
580°C. When sea urchins were smaller than 5 mm identification, up
to species level was impossible and lumped as Echinoidea spp.
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The bottom sledge was used to sample macrobenthic IN and EP
with a size range of 0.5—10 cm. Bottom sledge samples are hereafter
called EP, although large IN are collected as well. The Institute for
Marine Resources and Ecosystem Studies (IMARES Wageningen
UR) executed the bottom sledge sampling. The sledge was equipped
with a 5-mm mesh cage. On average, a surface area of 15 m* was
sampled during each sledge haul of ~150 m length, 10 cm width,
and a maximum penetration depth of 10 cm. Wet weight of EP
was directly measured (gm~ > WW). Jackknife clam Ensis spp.
was not captured in whole, so biomass was determined by using re-
gression equations based on previous IMARES field surveys
(Craeymeersch and van der Land, 1998). Sea urchins (Echinoidea
spp.) are too fragile and were completely damaged after a bottom
sledge sampling procedure and therefore not countable.

Sediment sampling
Sediment samples from the upper 5 cm were collected from untreated
boxcore samples and kept frozen until analysis. Sediment samples were
freeze-dried, homogenized, and analysed with a Malvern Mastersizer
2000 particle size analyser. Percentile sediment grain size (Do, Dsg,
and Dy,) and sediment grain size distribution among the different
classes: clay (<4 wm), silt (4-63 wm), mud (<63 wm), very fine
sand (63—125 pwm), fine sand (125-250 pm), medium sand (250—
500 pwm), and coarse sand (500— 1600 pm) were measured as the per-
centage of total volume. Sediment grains larger than 1600 wm were
not taken into account in this study. Sediment sorting (Dgo/D1)
was calculated and sediment organic matter (SOM) was analysed by
loss on ignition (LOI) and expressed as percentage of sediment
mass; sediment samples were freeze-dried and placed for 2 h at 580°C.
The LOI method used to analyse infaunal ash-free dry weight
biomass and SOM may be prone to overestimation due to the loss
of carbon from the combustion of carbonate above temperatures
of 550°C and from differences in dehydration rates of clays
(Santisteban et al., 2004). SOM values derived by LOI were com-
pared with unbiased organic carbon values derived witha CHN ana-
lyser (CE Instruments NC2500). This comparison revealed a linear
relationship in the range of 0—5% organic matter. Organic carbon
values are six times lower than SOM values (Dorst, 2012).

Modelling of hydrodynamic variables

Hydrodynamic data were modelled for the year 2007 by using a
hydrodynamic model for the Southern North Sea (Zuidelijke
Noordzee: ZUNO) in the Delft3D FLOW simulation package. The
year 2007 is commonly used in earlier reports (de Mesel et al.,
2011) and is considered as an average climatological year. The hori-
zontal grid ranged from 6—20 by 5—-30 km with finest resolution in
the research area (6 x 5km). Twelve vertical o-layers were used
with finer vertical resolution selected near the seabed and sea
surface. From top to bottom, these layers, respectively, represent
4.0, 5.6, 7.8, 10.8, 10.9, 10.9, 10.9, 10.9, 10.8, 7.8, 5.6, and 4.0% of
the water depth. Water flow is modelled using time-steps of 5 min
and forced with open boundary conditions, meteorological and
riverine discharge data for the modelled period (de Mesel et al.,
2011; Tonnon et al., 2013). Yearly averaged (mean) and maximum
values of bed shear stress (N m~?) and near-bed salinity (ppt)
were calculated from the 2007 model run.

Statistical analysis

Infaunal and epifaunal species composition were analysed using hier-
archical agglomerative clustering with the Bray—Curtis dissimilarity
index based on fourth root-transformed abundance data and

average linkage (Legendre and Legendre, 1998) using the HCLUST
function of package “vegan” (Oksanen, 2013). The number of signifi-
cant macrozoobenthic species assemblages, with the assumption of
no a priori groups, was assessed with the similarity profile routine
SIMPROF of package “Clustsig” (Clarke et al., 2008). Dufréne—
Legendre indicator species analysis was applied using the indval func-
tion of package “labdsv” to determine indicator species of species
assemblages based on the product of the relative frequency and rela-
tive average abundance (Dufréne and Legendre, 1997). Shapiro—Wilk
test, Levene’s test, and diagnostic residuals plot were used to check for
normality and homogeneity of abiotic variables. The non-parametric
Kruskal-Wallis one-way multi-comparison tests (package “pgir-
mess”) were used to determine significant differences in biotic and
environmental variables between assemblages. We used non-metric
dimensional scaling (nMDS) of package “Vegan”. Bray—Curtis dis-
similarities were used to calculate differences in species composition
(Clarke and Ainsworth, 1993; Oksanen, 2013). The lowest-stress or-
dination was selected after repeating the nMDS routine with two-,
three-, and four-dimensional settings with untransformed, square
and fourth root-transformed data to reduce heteroscedasticity.
Stress values below 0.2 are regarded as potentially useful, whereas
values below 0.1 are regarded as good ordinations (Clarke and
Warwick, 2001). Variables were fit to the nMDS ordination using
the envfit function in package “vegan” (999 permutations) to find sig-
nificant correlations. Assemblages in the nMDS ordination are posi-
tively correlated when they match with the superimposed correlation
arrows of an environmental variable and are negatively correlated
when they are in opposite direction. The arrow shows the direction
of the increasing gradient of the environmental variable, and the
length of the arrow is proportional to the correlation coefficient
between the variable and the nMDS ordination. The bioenv function
in “vegan” was used to determine the best subset of environmental
variables, so that the Fuclidean distances of scaled environmental
variables have the maximum Spearman rank correlation with the
macrozoobenthic community dissimilarities. When Spearman rank
correlation coefficients between a set of environmental variables
exceeded 0.9, one of the variables was dropped (Zuur et al., 2007).
Maps of biotic and abiotic variables were made using bicubic inter-
polation of package “akima”. For all analyses, we used R: A
Language and Environment for Statistical Computing, version 3.0.1
(R Core Team, 2013).

Results

High macrozoobenthic biomass was found just outside the 20-m
isobath (Figure 2). The highest biomass values were detected in
2006 near the Zeeland banks in the southern part of the research
area (Figure 1, no. 3).

The largest D5, was found near the Zeeland ridges, whereas in
front of PoR the smallest grain size and highest sediment mud
content, SOM content, and very fine sand fraction were found
(Figure 3). At disposal site “North”, the highest bed shear stress
values were calculated due to decreased water depths and coarser
sediment is found. Fine sediment rich in mud and SOM was
found near the lowered disposal site and also 20 km north of PoR,
which is the result of effluent discharge of a sewage treatment instal-
lation (RWZI “Houtrust”). Highest mean bed shear stress was cal-
culated in the southern part of the research area and near-bed
salinity decreased in coastward direction. Mean and maximum
near-bed salinity and water depth were strongly correlated in 2006
and 2008 with a correlation coefficient of 0.8—0.9 (Supplementary
Appendix I).
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23.50
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Figure 2. Measured biotic variables in 2006 and 2008, (a and b) infaunal ash-free dry weight (g AFDW m™2), (c and d) infaunal species richness
(number of species per sample), (e and f) epifaunal wet weight biomass (WW, g m~2),and (g and h) epifaunal species richness. The 20-m isobath is
depicted with the dashed line.

locations were grouped into five main assemblages (Supplementary
Clustering and species composition of IN samples Appendix II). The remaining smaller assemblages are indicated
Based on a 70% Bray—Curtis dissimilarity threshold, 18 infaunal  withan RinFigure4. Accordingto the simprofanalysis, all 18 infaunal
species assemblages were distinguished. In total, 450 sampling  assemblages were significantly different.
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Figure 3. Measured abiotic variables in 2008 (a) water depth (m), (b) median grain size D50 (p.m), (c) mud content(%), (d) SOM (%), (e) very fine
sand (%), (f) mean bed shear stress (N m ™), (g) maximum bed shear stress (N m ™~ 2) and (h) mean bed salinity (ppt) with the 20-m isobath depicted
with the dashed line. This figure is available in black and white in print and in colour at ICES Journal of Marine Science online.

Infaunal assemblage 1 (IN1) was dominated by subsurface  average biomass of assemblage IN1 was 5.6 g AFDW m ™ with 24.5
deposit-feeding sea urchins Echinoidea spp. and suspension-feeding  species per boxcore (Supplementary Appendix II). Assemblages
sand mason worm Lanice conchilega. In 2006 and 2008, respectively, ~ IN1 occurs also near the sewage effluent discharge location
47 and 72 sampling locations belonged to this assemblage. The  (Supplementary Appendix VI, no. 11). Assemblage IN2 was
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Figure 4. Upper panels: distribution of the main infaunal assemblages in spring 2006 and 2008 (IN1: Echinoidea spp.- L. conchilega; IN2: Echinoidea
spp.—Phoronida spp.; IN3: N. cirrosa—S. bombyx; IN4: Spio spp.— N. cirrosa; assemblage IN5: O. fusiformis - A. alba - L. conchilega, and R: remaining
locations). Lower panels: distribution of the main epifaunal assemblages (assemblage EP1: Ensis spp .- O. albida - S. subtruncata; assemblage EP2:
Ensis spp.—O. albida; assemblage EP3: O. albida; assemblage EP4: Ensis spp.— O. albida; assemblage EP5: A. alba - Actiniaria spp.; and R: remaining

locations). Dufréne — Legendre indicator species are indicated in bold.

dominated by sea urchins Echinoidea spp. and suspension-feeding
horseshoe worms Phoronida spp., and occurred 94 times in 2006
and 139 times in 2008 (1.6 g AFDW m 2, 19.0 species per
boxcore). The most abundant species of assemblage IN3 were the
scavenging polychaete Nephtys cirrosa and the deposit-feeding poly-
chaete Spiophanes bombyx (0.1 g AFDW m™>, 11.7 species per
sample). Assemblage IN3 occurred 13 times in 2006 and 1 time in
2008. Assemblage IN4, which showed a high species composition
similarity with assemblage IN3, was dominated by the deposit-
feeding polychaete Spio spp. and N. cirrosa (0.4 g AFDW m™ 2, 14.5
species per boxcore) and occurred 64 times in 2006 and 12 times in
2008. IN2, IN3, and IN4 were found near and in the area of disposal
site “North”, which received coarser sediment, loads. IN4 assemblage
was also found near the lowered disposal site which may be induced
by recent fine sediment disposal and successive recolonization.
Assemblage IN5 was dominated by the deposit-feeding polychaete
Owenia fusiformis, the deposit-feeding white furrow shell Abra alba,
and the sand mason worm. Owenia fusiformis and white furrow
shell are the only Dufréne—Legendre indicator species of the infaunal
assemblages. Assemblage IN5 is exceptional because of the highest
biomass and species richness (8.1 g AFDW m ™2, 26.4 species per
boxcore). The assemblages were detected four times both in 2006

and in 2008 at identical locations near the lowered disposal site and
in the deepened shipping lane Euromaasgeul (Supplementary
Appendix III; mud content: 15.5%, SOM: 2.1%, and Ds:
157.1 pm). The specific part of the shipping lane was not recently
dredged and no maintenance dredging has taken place before
sampling.

For IN in general, the best noticeable difference between the 2006
and 2008 samples was the increase in occurrence of IN2 assemblages
(94 times in 2006 and 139 times in 2008) due to higher abundance of
Echinoidea spp., Phoronida spp., and L. conchilega. These assemblages
replaced the low-biomass and species-poor IN3 and IN4 assemblages
inhabiting the deeper part of the study area (Figures 4 and 5).

Biomass of assemblages IN1 and IN5 is significantly higher than
that of assemblages IN2, IN3, and IN4 for both years (Kruskal—
Wallis: p < 0.05). Biomass of assemblage IN2 is significantly
higher than that of assemblages IN3 and IN4. Assemblage IN5 has
the highest species richness followed by assemblage IN1 (24.5
species per boxcore), which is significantly higher than those rich-
ness of assemblages IN2, IN3, and IN4. Species composition,
biomass, and species richness are summarized in Supplementary
Appendix II, accompanying data on sediment variables are sum-
marized in Supplementary Appendix III.
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Figure 5. nMDS ordination with correlation of most abundant species and Dufréne — Legendre indicators species (in bold) of determined
assemblages depicted with centroids in red. Upper panels: distribution of the main infaunal assemblages (IN1: Echinoidea spp.- L. conchilega; IN2:
Echinoidea spp.— Phoronida spp.; IN3: N. cirrosa—S. bombyx; IN4: Spio spp.— N. cirrosa; IN5: O. fusiformis - A. alba - L. conchilega). Lower panels:
distribution of the main epifaunal assemblages (EP1: Ensis spp.— O. albida - S. subtruncata; EP2: Ensis spp.— O. albida; EP3: O. albida; EP4: Ensis spp.—
0. albida; EP5: A. alba - Actiniaria spp.) Only centroids of assemblages are used to maintain readability and in some cases assemblage names are
shortened; individual sample points are depicted in Figure 6. This figure is available in black and white in print and in colour at ICES Journal of Marine

Science online.

Clustering and species composition of epifaunal samples

Ten species assemblages of EP (bottom sledge samples) were distin-
guished based on a threshold of 60% Bray—Curtis dissimilarity.
According to the simprof analysis, all assemblages were significantly
different. In total, 455 epifaunal samples were grouped into five
main assemblages. Epifaunal assemblage 1 (EP1) was characterized
by the filter-feeding Dufréne—Legendre indicator species cut
trough shell Spisula subtruncata, Ensis spp. (filter-feeding bivalve),
and the scavenging serpent’s table brittlestar Ophiura albida
(Supplementary Appendix II). In 2006, 81 and in 2008, 91 samples
belonged to assemblage EP1 with an average wet weight biomass of
95.4 g m~ % and 13.1 species per sample. Ensis spp. and the brittlestar
were also the two most dominant species of assemblages EP2 and EP4.
Assemblage EP2 had an average biomass of 15.8 g WW m ™2 and 8.3
species per haul. Assemblage EP3 was unique by the low biomass and
species richness (1.3 g WW m ™2, 3 species per haul). Ophiura albida
was the most abundant species of EP. In 2006 and 2008, respectively,
fourand five samples from the troughs of the Zeeland ridges (Figure 1,
no. 3) were grouped in assemblage EP4. This assemblage was unique
by the high biomass, low species richness, and high Ensis spp. abun-
dance (670.9 g WW m ™2, 6.4 species per haul, 85.8 ind. haul ™!).
Ensis spp. was also indicated as a Dufréne—Legendre indicator

species for this assemblage. Assemblage EP5 contained Dufréne—
Legendre indicator species A. alba, the sea anemone (Actiniaria
spp.), the serpent’s table brittlestar, the pullet carpet shell
(Venerupis senegalensis), and the suspension-feeding blunt gaper
(Mya truncata). Assemblage EP5 had the second highest biomass
and species richness (139.1 gWW m™2, 11.9 species per haul).
Assemblage EP5 was detected four times both in 2006 and in 2008
near the lowered disposal site for dredged sediment and in the dee-
pened shipping lane Euromaasgeul. For EP, the most noticeable dif-
ference between the 2006 and 2008 was the spatial replacement of
low-biomass and species-poor assemblage EP3 by assemblage EP2
(Figures 4 and 5). Biomass of epifaunal assemblages EP1, EP4, and
EP5 is significantly higher than that of assemblages EP2 and EP3
(Kruskal—Wallis: p < 0.05). Species richness of assemblages EP1
and EP5 are significantly higher than those of assemblages EP2,
EP3, and EP4 (Kruskal—Wallis: p < 0.05).

Variables explaining macrozoobenthos distribution

The defined macrozoobenthic assemblages grouped together in the
nMDS ordination (Figures 5 and 6). For IN, ordination stress with
four dimensions was ~0.16 in both years and for EP, ~0.12 in 2006
and 0.09 in 2008 (Table 1).
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Figure 6. nMDS ordination with the first two axis and correlation of all significant environmental variables superimposed in grey (Dsq: median grain
size; Sal mean: mean near-bed salinity; Sal max: maximum near-bed salinity; Tau mean: mean bed shear stress; Tau max: maximum bed shear stress;
Vfine sand: fraction very fine sand; Mud: fraction mud; SOM: fraction sediment organic matter). Upper panels: sample locations and centroids of the
main infaunal assemblages (IN1: Echinoidea spp.—- L. conchilega; IN2: Echinoidea spp.—Phoronida spp.; IN3: N. cirrosa—S. bombyx; IN4: Spio spp.—

N. cirrosa; IN5: O. fusiformis — A. alba — L. conchilega, and R: remaining locations). Lower panels: sample locations and centroids of the main epifaunal
(EP1: Ensis spp.—O. albida - S. subtruncata; EP2: Ensis spp.—-O. albida; EP3: O. albida; EP4: Ensis spp.— O. albida; EP5: A. alba - Actiniaria spp., and
R: remaining locations). Correlation arrows in bold are the variables selected with the bioenv function. This figure is available in black and white in

print and in colour at ICES Journal of Marine Science online.

For the distribution of IN in 2006, depth, grain size, SOM, mean
bed shear stress, and mud was selected with the bioenv function with
a combined Spearman’s rank correlation of 0.37 (Table 2 and
Figure 6). In 2008, grain size and mean near-bed salinity were
selected with a combined Spearman’s rank correlation of 0.50.
Infaunal assemblage IN1 (Echinoidea spp.—L. conchilega) was posi-
tively correlated with shallow water depth, low near-bed salinity,
and higher levels of mud, SOM, and very fine sand. Assemblage
IN2 (Echinoidea spp.—Phoronida spp.) showed a correlation with
intermediate near-bed salinity, depth, and Ds, (Table 1 and
Figure 6). Assemblage IN3 (N. cirrosa—S. bombyx) correlated in
areas without mud. Assemblage IN4 (Spio spp.—N. cirrosa) was
more abundant in 2006 than in 2008 and generally correlated with
highest values of D5, bed shear stress, and near-bed salinity.
Assemblage IN5 (O. fusiformis—A. alba) was found in the deepened
shipping lane Euromaasgeul and lowered disposal site, and corre-
lated with the highest percentages of mud, SOM and very fine
sand, smallest D5, largest water depth, and lowest bed shear stress.

Percentages mud, SOM, and very fine sand are the highest for
assemblages IN1 and IN5 and are significantly higher compared
with other assemblages (Kruskal-Wallis: p < 0.05). Ds, of

assemblage IN5 is significantly lower than for assemblages IN2,
IN3, and IN4 (Kruskal-Wallis: p < 0.05). Mean bed shear stress
is lower for assemblages IN1 and INS5, respectively, 0.43 and
0.37 Nm 2, than for assemblages IN2 and IN4, both above
0.5 N'm~? (Kruskal-Wallis: p < 0.05). Values of environmental
variables of infaunal assemblages are given in Supplementary
Appendix IV.

In 2006, the distribution of EP was correlated with grain size,
mean near-bed salinity, mean bed shear stress, and the fraction of
mud and very fine sand (Figure 6). In 2008, EP were correlated
with depth, grain size, mean bed shear stress, and mud. The com-
bined Spearman’s rank correlation was, respectively, 0.42 and 0.52
(Table 3).

For EP, assemblage EP1 (Ensis spp.—Ophiura spp.—S. subtrun-
cata) was positively correlated with higher percentages mud,
SOM, and very fine sand, and negatively correlated with near-bed
salinity, bed shear stress, and water depth (Figure 6). Assemblage
EP2 (Ensis spp.—O. albida) showed a negative correlation with
mud, SOM, and very fine sand, and a positive correlation with
near-bed salinity, bed shear stress, and depth. Assemblage EP3
(O. albida) occurred in areas characterized by an absence of mud
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and very fine sand and high bed shear stress. Assemblage EP4 (Ensis
spp.) was found at the Zeeland ridges in shallow waters with coarse
sediments (360.7 pm) and was further characterized, for shallow
waters, by very high mean shear stress values. Assemblage EP5 (A.
alba—Actinaria spp.—O. albida—V. senegalensis) responded in a
similar way as infaunal assemblage IN5 and was again found in the
deepened shipping lane and lowered disposal site. Percentages
mud, SOM, and very fine sand were highest for assemblage EP5, sig-
nificantly higher than the values of the other assemblages except for
assemblage EP1 (Kruskal—Wallis: p < 0.05). Mean bed shear stress
is significantly lower for assemblages EP1 and EP5 (0.42 and
0.37 N 'm ™%, respectively), compared with the other assemblages
(>0.50 N m2). Values of environmental variables of epifaunal
assemblages are given in Supplementary Appendix V; a graphical
summary of the characteristics of the assemblages and relationships
with abiotic and hydrodynamic variables is presented in Figure 7.

Discussion

The distribution of IN in 2006 correlated with depth, grain size,
SOM, mean bed shear stress, and mud was selected. In 2008, grain
size and mean near-bed salinity were selected. The highest species
richness was found for assemblage IN5 (O. fusiformis—A. alba) in

Table 1. Stress values of two-, three-, or four-dimensional nMDS
ordinations.

Variable = Two-dimensional Three-dimensional Four-dimensional
Infauna 0.25 0.20 0.16
2006
Infauna 0.25 0.19 0.16
2008
Epifauna 021 0.15 0.12
2006
epifauna  0.20 0.13 0.11
2008

areas with 15.4% mud and 2.1% SOM. At these sampling locations,
an increase from 21.5 species per sample in 2006 to 31.2 species
per sample in 2008 was observed. On the Belgian continental shelf
(BCS), Van Hoey et al. (2004) found that species richness was posi-
tively related to sediment mud content and sediment median grain
size, and negatively related to distance to the coast. Samples with
high mud values (>20%) showed reduced species richness (15—
30 instead of 30—50 species). SOM was not measured in their
study. Species richness in the German bight was found to be nega-
tively correlated with sediment mud content, total organic carbon
(TOC), and fishing effort on the short term (Reiss et al., 2009).
On the NCS, species richness was found to be negatively
correlated with trawling intensity, sediment grain size, and
primary productivity, and positively correlated with biomass (van
Denderen et al., 2014).

The risk of reduced species richness from total organic carbon
loading is relatively low at TOC values below 10 mg g~ ', high at
values over 35 mg g~ ', and intermediate at in between values. Our
results showed lower species richness at SOM values exceeding 3%
(30 mg g~ '; Hyland et al., 2005). We observed highest infaunal
biomass in the shipping lane and near the lowered disposal site
with sediment with 15.4% mud content. We noted an increase in
biomass for infaunal assemblage IN5 from 6.4 g AFDW m™? in
2006 to 9.9 ¢ AFDW m ™2 in 2008. Heip and Craeymeersch (1995)
found that infaunal biomass increased consistently in finer sediments
and sediments with higher chlorophyll a content. Reiss et al. (2010)
found that infaunal biomass in part of the German Bight was positive-
ly related to sediment mud content and SOM, and negatively related
to fishing effort. In their study, the highest infaunal biomass
(20 g AFDW m™?) was detected at a location with the highest mud
content (24%). Total infaunal biomass and A. alba biomass were
found to be positively correlated with SOM (Thiebaut et al., 1997).
In the southwestern Baltic Sea, large variation in biomass was
found for white furrow shell A. alba, one of the dominant species of
this assemblage (Rainer, 1985). The higher biomass and species

Table 2. Multiple regressions of environmental variables and infaunal nMDS scores for four-dimensional ordination, r” is the squared
Spearman’s rank correlation coefficient, r> combined is the squared Spearman’s rank correlation coefficient of the best subset,

and Pr(>r) is the p-value.

Variable NMDS1 NMDS2 NMDS3 NMDS4 r? Pr(>r) r* combined
2006

Depth —0.44 —0.52 0.40 0.62 037 ok 0.37

Do —082 —049 —-0.01 031 059 e

SOM 0.99 —0.03 —0.11 0.09 0.18 ok

Mean near-bed salinity —0.69 —047 0.40 0.38 0.41 o

Maximum near-bed salinity —0.74 —029 0.54 0.27 0.23 o

Mean bed shear stress —0.85 —0.49 0.05 0.20 0.26 i

Maximum bed shear stress 0.07 0.71 —0.38 —0.59 0.05 *

Mud 091 0.32 —0.21 0.18 0.22 *okk

Very fine sand 0.76 0.43 —0.36 —0.32 0.36 o
2008

Depth —0.56 0.67 —0.18 —0.43 0.54 *ohk 0.50

Dso —0.84 0.11 —0.21 —048 0.68 Hokk

SOM 09 0.31 0.29 —0.04 0.33 Hkk

Mean near-bed salinity —0.75 0.55 —0.26 —0.26 0.63 R

Maximum near-bed salinity —0.70 0.60 —0.28 —0.24 0.32 e

Mean bed shear stress —0.84 0.42 —0.19 —0.29 0.32 *kk

Maximum bed shear stress 0.07 —0.63 0.52 0.58 0.09 *kk

Mud 0.86 0.21 0.41 —0.24 0.27 Hohk

Very fine sand 0.90 —0.24 0.36 0.06 0.38 e

Significance codes: (*p < 0.05; **p < 0.01; **p < 0.001). Variables in bold are the subset variables selected with the bioenv function.
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Table 3. Multiple regression of environmental variables and NMDS scores for EP, r* is the squared Spearman’s rank correlation coefficient,

and p-values are based on 999 permutations.

Variable NMDS1 NMDS2 NMDS3 NMDS4 r’ Pr(>r) r*> combined
2006

Depth —0.61 —0.15 0.76 0.19 0.50 ok 0.42

Dso —0.87 —0.50 —0.01 —0.05 0.51 b

SOM 0.63 0.13 0.55 0.53 0.20 ok

Mean near-bed salinity —0.77 0.06 0.63 0.04 0.56 R

Maximum near-bed salinity —0.70 0.32 0.59 —0.24 0.29 ok

Mean bed shear stress —0.87 0.15 0.45 0.14 0.44 R

Maximum bed shear stress 0.15 0.63 —0.60 —0.46 0.05 *

Mud 0.72 —0.01 0.44 0.55 0.18 okk

Very fine sand 0.84 0.07 —022 0.50 0.33 ok
2008

Depth —072 0.54 —0.02 —043 0.63 okk 0.52

Dso —0.80 0.17 037 0.45 0.57 bk

SOM 0.49 0.28 —0.07 —0.82 0.37 ok

Mean near-bed salinity —0.89 0.41 —0.10 —0.17 0.70 o

Maximum near-bed salinity —0.84 0.49 —0.21 —0.13 0.33 ok

Mean bed shear stress —093 —0.36 0.07 0.04 039 b

Maximum bed shear stress 0.25 —0.69 —0.49 0.47 0.18 ok

Mud 0.40 0.30 0.09 —0.87 0.31 ok

Very fine sand 0.57 —0.17 0.18 —0.78 0.39 ok

The best subset is determined with the bioenv function; in case of collinearity between environmental variables, one was dropped.
Significance codes: (*p < 0.05; **p < 0.01; **p < 0.001). Variables in bold are the subset variables selected with the bioenv function.

richness around the 20-m isobath may also be induced by sand extrac-
tion and sediment disposal sites. Although studies on the DCS
showed that macrozoobenthos returned within 2—4 years to pre-
dredged conditions (van Dalfsen et al., 2000; van Dalfsen and
Essink, 2001), in the figures of Supplementary Appendices I and II,
deviations are visible around the 20-m isobath which overlap with
shallow borrow pits, fine sediment disposal site “Northwest”, and
sediment disposal site “North”.

Environmental variables and EP

In 2006, the distribution of EP correlated with grain size, mean
near-bed salinity, mean bed shear stress, and the fraction of mud
and very fine sand. In 2008, EP correlated with depth, grain size,
mean bed shear stress, and mud. Reiss et al. (2010) found relation-
ships with hydrodynamic variables such as water temperature,
near-bed salinity, and wave stress.

Epibenthic biomass was high along the continental coast, and a
limited number of free-living species was responsible for this
pattern. In shallow parts of the North Sea along the continental
coast, the starfish Asterias rubens and the brittlestars O. albida and
O. ophiura were abundant (Callaway ef al., 2002). A similar trend
was found in our study with high biomass values along the coast
with also brittlestars being abundant. Jackknife clam (Ensis spp.)
was the most abundant species, which was also found by Tulp
et al. (2010).

Number of significant different assemblages

We found significant differences in species composition. Five in-
faunal and epifaunal assemblages were distinguished using clus-
tering techniques and confirmed by the nMDS ordinations. A
variety of macrozoobenthic assemblages was earlier distinguished
within the Southern Bight in the North Sea and the English
Channel (Govaere et al., 1980; Duineveld et al., 1991; Kiinitzer
et al., 1992; Holtmann et al., 1996; Degraer et al., 1999;
Ghertsos et al., 2000; Desroy et al., 2003; Kroncke et al., 2011).

On the BCS, which is most comparable to our research area,
four main infaunal assemblages were distinguished in the most
recent study: (i) a muddy fine sand A. alba—Mysella bidentata as-
semblage characterized by high abundance and species richness;
(ii) a N. cirrosa assemblage that occurred in well-sorted sandy
sediments and is characterized by low densities and species rich-
ness; (iii) an assemblage with very low densities and species
richness typified by the Ophelia limacinae—Glycera lapidum com-
munity, which is found in coarse sandy sediments (Van Hoey
et al., 2004). The fourth macrobenthic assemblage is typical for
the upper intertidal zone of sandy beaches and beyond the
scope of our study.

We distinguished a comparable “muddy fine sand” assemblage
consisting of O. fusiformis, A. alba, and Kurtiella bidentata near
the lowered disposal site and in the Euromaasgeul shipping lane
with a similar macrobenthic abundance and species richness
(8250 ind. m 2, 31.2 species m~2); the median grain size was
smaller, and sediment mud content and SOM content were
higher. Dumping of dredged fine harbour sediment took place a
few hundred metres south, and maintenance dredging did not
occur in that specific area of the shipping lane. A similarity
between impacts of sand extraction and sediment disposal was
also found on the BCS (De Backer et al., 2014)

Biomass values of comparable A. alba assemblages in the Eastern
English Channel—southern North Sea in water depths <15 m were
8.1 g AFDW m™ 2 (Desroy et al., 2003). In the Bay of Seine, biomass
was around 25 g AFDW m™? mainly due to polychaetes and echi-
noderms (Thiebaut ef al., 1997) and in Gravelin biomass exceeded
values of 100 g AFDW m~ 2 (Ghertsos et al., 2000).

We also distinguished a similar N. cirrosa assemblage with com-
parable densities and species richness. This assemblage was also
found in earlier research on the DCS (Duineveld et al., 1991;
Kiinitzer et al., 1992; Holtmann et al., 1996). Kroncke et al. (2011)
found differences in an N. cirrosa assemblage between 1986 and
2000 (assemblages F2 and L2) in the eastern North Sea and in the
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Figure 7. Summary of (a) infaunal and (b) epifaunal assemblages with biotic variables in relation to grain size and mean near-bed salinity and bed
shear stress variables. In (b), assemblage EP4 is not depicted in the graph due to its extreme combination of abiotic and biotic variables (high mean
bed shear stress: 0.6 N m ™% mean near-bed salinity: 32.7 ppt; grain size: 360 m; biomass: 670.9 g WW m ™ and 6.4 species per haul).

central Southern Bight to be induced by an increase in the abun-  Ophelia borealis decreased in 2000. Ass:

dance of Phoronids, the polychaetes S. bombyx, L. conchilega,

Magelona spp., and the amphipod Urothoe poseidonis, whereas the ~ shows some similarity with the Lanice
abundance of the amphipod Bathyporeia spp. and the polychaete = Degraer et al. (1999).

emblages IN1 and IN2 did

not match with a defined assemblage from the literature, but

assemblage determined by

6102 J8qWBAON 6Z UO Jasn Jyoalin Ateiqgi Alsieaiun; spunysipy deoibyea Aq 658/SH2/6012/8/2.10B1sqe-ajo1e/swisaol/woo dno-oiwspese//:sdny wolj pepeojumoq



2420

We found five epifaunal assemblages, whereas Callaway et al.
(2002) found three epifaunal assemblages in the southern North
Sea using a 2-m beam trawl at depths <50 m (Callaway ef al.,
2002). No similarities in the assemblage are found due to differences
in spatial scales and differences in mesh size of the studies. The most
similar assemblage consisted of Crangon crangon, Crangon all-
manni, and Philocheras trispinosus. In shallow parts of the North
Sea along the continental coast, the starfish A. rubens and the brit-
tlestars O. albida and O. ophiura were abundant (Callaway et al.,
2002). Epifaunal biomass (wet weight) ranged between 500—1000
near shore and between 1000—-8840 at the Zeeland banks, whereas
species richness ranged between 6 and 19. In the troughs of the
Zeeland banks, aggregations of Ensis spp. were found.

Interannual differences in assemblage distribution

and the NAO winter index

Differences in macrozoobenthic assemblage distributions were
found. In 2008, a more infaunal samples were grouped as assem-
blages IN1 and IN2 due to higher abundance of subsurface deposit-
feeding sea urchins Echinoidea spp., horseshoe worms Phoronida
spp., and suspension-feeding sand mason worms L. conchilega.
These assemblages replaced the low-biomass and species-poor
assemblages IN3 and IN4 inhabiting deeper water. The higher abun-
dances may be the result of successful recruitment during two suc-
cessive mild winters after the strong winter of 2006. The Northern
Atlantic Oscillation (NAO) winter index was — 1.1, 2.9, and 2.1 in
2006, 2007, and 2008, respectively (Hurrell, 2012).

Several species such as L. conchilega, A. alba, Bathyporeia spp.,
U. poseidonis, and S. bombyx increased in abundance and distribu-
tion between 1986 and 2000, which was associated with an increase
in sea surface temperature, primary production or food supply, and
positive NAO winter index values (Kroncke et al., 2011). Beukema
(1985) reported mass mortality of Echinocardium cordatum in the
Dutch coastal zone during the severe winter of 1979 (NAO winter
index = — 1.43).Kirbyetal. (2007) found evidence that the elevated
North Sea temperature after 1987 (NAO winter index =— 0.77)
favoured the reproduction and survival of E. cordatum.

Regarding EP, we found an increase in Ensis spp. abundance in
2008 (e.g. for epifaunal assemblage EP1, 8.4 ind. m~2 in 2006 to
22.6 ind. m ™2 in 2008). This was also observed by Tulp et al. (2010),
who noted an increase in Dutch coastal waters (10 ind. m~ 2 in 2006
to 18 ind. m~? in 2007 and 2008). Low winter temperatures have
been shown to negatively affect recruitment success in Ensis directus
(Tulp et al, 2010; Dannheim and Rumohr, 2012). Epibenthos
showed strong seasonal fluctuations due to the severe winters of
1996 (NAO winter index = — 1.43), resulting in strong differences
in the abundance of the serpent’s table brittlestar O. albida and the
common starfish A. rubens and showing a gradual decrease in abun-
dance in the following decade (Neumann ef al., 2009). We found
the highest abundance of O. albida in 2006 (e.g. epifaunal assemblage
EP4, 14.15 ind. m ™2 in 2006 to 1.15 ind. m ™~ 2 in 2008).

Relevance for management

For human activities, effects on assemblages, biomass, and species
richness of macrozoobenthos can be predicted with the detected
relationships with environmental and hydrodynamical variables.
The information on the distribution patterns and species compos-
ition of macrozoobenthic assemblages can function as a baseline
for future comparisons and help in the conservation of marine bio-
diversity. Autonomous temporal variation in species composition
has to be taken into account in the assessment of impact of future
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human activities. This study can be of value for EIAs and in the as-
sessment of Marine Framework strategy Directive’s (MFSD) Good
Environmental Status (GES) descriptors biodiversity, seabed integ-
rity, hydrographical conditions, and foodwebs.

The occurrence of the A. alba assemblages near the lowered dis-
posal site for dredged fine sediment and in the deepened shipping
lane may be an indication that the benthic system can be changed
by human activities. Median grain size is considerably smaller; sedi-
ment mud and SOM content are higher. Macrozoobenthic species
composition is significantly different compared with the surround-
ing assemblages. Smaller shifts in species composition, species rich-
ness, and biomass may be induced by activities such as shallow
(—2m) sand extraction, disposal of coarse dredged sediment,
sewage treatment effluent discharges, and sand nourishments.

Relevance for monitoring activities

Macrozoobenthos was analysed with a boxcorer and bottom sledge.
The advantage of a boxcorer is the combination of IN and sediment
sampling. Collecting information about the occurrence of Ensis spp.
is only possible with the bottom sledge due to their fast escape be-
haviour. On the other hand, the fragile E. cordatum is severely
damaged in the epifaunal sampling procedure with the bottom
sledge and gets undistinguishable. Biomass estimates from the
bottom sledge can therefore be severely underestimated. To main-
tain a full coverage of data, a combination of boxcore and bottom
sledge data is recommended.

Conclusion

Maximum macrozoobenthic species richness and biomass were
observed at locations with a water depth of 20 m, a median grain
size of 200 wm, elevated mud and SOM content, and low mean
bed shear stress. Five in- and epifaunal assemblages were distin-
guished, and correlations were found with measured sediment
variables and modelled hydrodynamic variables. Interannual differ-
ences in macrozoobenthic assemblage distribution were found
resulting from more Echinoids, Phoronids, and jackknife clams
in 2008.

A distinct, highly productive and species-rich macrozoobenthic
deposit-feeding white furrow shell A. alba assemblage coincided
near a disposal site for dredged fine sediment and in a 8-m deepened
shipping lane which may be an indication that the benthic system
can be changed by these activities. Smaller shifts in infaunal
species composition may also be linked to shallow sand extraction,
disposal of coarse sediment, and to the discharge of sewage effluent.
Modelled bed shear stress is an important variable in addition to
sediment variables in explaining distribution patterns in macrozoo-
benthos.

Supplementary data
Supplementary material is available at the ICESJMS online version
of the manuscript.
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