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Abstract :

The North Sea Benthos Project 2000 was initiated as a follow-up to the 1986 ICES North Sea Benthos
Survey with the major aim to identify changes in the macrofauna species distribution and community
structure in the North Sea and their likely causes.
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The results showed that the large-scale spatial distribution of macrofauna communities in the North
Sea hardly changed between 1986 and 2000, with the main divisions at the 50 m and 100 m depth
contours. Water temperature and salinity as well as wave exposure, tidal stress and primary
production were influential environmental factors on a large (North Sea-wide) spatial scale.

The increase in abundance and regional changes in distribution of various species with a southern
distribution in the North Sea in 2000 were largely associated with an increase in sea surface
temperature, primary production and, thus, food supply. This can be most likely related to the North
Sea hydro-climate change in the late 1980s influenced by the variability in the North Atlantic
Oscillation (NAO). Only one cold-temperate species decreased in abundance in 2000 at most of the
stations. Indications for newly established populations of offshore non-native species were not found.

Differences in macrofauna community structure on localised spatial scales were predominantly found
north of the 50 m depth contour off the British coast along the Flamborough Head Front towards the
Dogger Bank, off the coast of Jutland and at the Frisian Front. These changes were most likely
attributed to stronger frontal systems in 2000 caused by the increased inflow of Atlantic water masses
in relation to the hydro-climate change in the late 1980s.

Keywords : long-term variability ; distribution shift ; NAOI ; regime shift ; non-native species ; benthic
communities



1. Introduction

The North Sea macrofauna has been studied regularly on local or on national (EEZ) scales
since the beginning of the last century. A summary of the various regional and long-term data
sets is given in Krdncke and Bergfeld (2003).

Data sets covering the whole North Sea are very limited. For the macrofauna, one data set is
available from the North Sea Benthos Survey (NSBS) in 1986 initiated by the ICES Benthos
Ecology Working Group (KiUnitzer et al., 1992; Heip and Craeymeersch, 1995;
Craeymeersch et al., 1997). The data from surveys from 1980 to 1985 in the northern North
Sea by Basford and Eleftheriou (1988), Eleftheriou and Basford (1989) and Basford et al.
(1990; 1993) were added to the NSBS. The detailed analyses by Kiinitzer et al. (1992) and
Craeymeersch et al. (1997) identified eight macrofauna communities, which reflected the
three étages of Glémarec (1973) defined by the <50 m, >50 m and >100 m depth contours.
Most species occurred either south of the 50 m depth contour or north of it. Species with a
southern distribution occurred in the central North Sea but never north of the 100 m contour
and species with a northern distribution were not found south of the 50 m depth contour. The
distribution of other species was mainly related to certain sediment types.

Changes in sublittoral North Sea benthic communities in the last decades have been found in
different areas (Ilbanez and Dauvin, 1988; Rachor, 1990; Frid et al., 1996; 1999; Kroncke et
al., 1998; 2001; Wieking and Kroncke, 2001; Dippner and Kréncke, 2003; Franke and Gutow,
2004; Schroder, 2005; van Hoey et al., 2005; Rees et al., 2006; Reiss et al., 2006; van Hoey
et al., 2007; Neumann et al., 2008; 2009a, b; Schuckel et al., 2010; Lindley et al., 2010).
Most shifts in the community structure were directly or indirectly correlated to the variability of
the North Atlantic Oscillation Index (NAOI) in winter, especially to the increase in NAOI since
the late 1980, and resulted in the increase in warm-temperate species, a decrease in cold-
temperate species or the invasion of non-native species. Since similar changes were found
in the North Sea plankton (e.g. Beaugrand, 2004; Bonnet and Frid, 2004; Wiltshire and
Manly, 2004; Kirby et al., 2007; McQuatters-Gollop et al., 2007) and in North Sea fish stocks
in the same period (Ehrich and Stransky, 2001; Reid et al., 2001a; Kirby et al., 2006; Ehrich
et al., 2007), Reid and Edwards (2001) and Beaugrand (2004) concluded that a “regime shift”
had occurred at the end of the 1980s, which was directly related to a significant increase in
the NAOI (Hurrell, 1995). The time series of the first principal component of the Sea Surface
Temperature (SST) anomalies in the North Sea during this period was highly correlated to
the NAOI (Dippner, 1997). Consequently, during positive NAOI winters, the moderating
influence of the ocean results in unusually warm winter temperatures, as has been found in
many years since 1988 (Hurrell, 1995). The winters of 1978/79, 1981/82, 1984/85, 1985/86,
1995/96 and 1996/97 were cold and related to a negative NAOI. The mean annual SST has
increased in the last decades by 1.1°C (Beare et al., 2002).

The North Sea Benthos Project (NSBP) 2000 (Rees et al.,, 2007) was initiated by the
members of the ICES Benthos Ecology Working Group as a follow-up to the earlier 1986
ICES North Sea Benthos Survey (NSBS). The major aim of the NSBP 2000 was to compare
the spatial distribution of macrofauna communities and species with that of the 1986 NSBS,
in order to identify any changes and their likely causes. The 1986 NSBS reflects the spatial
distribution of species and communities after three cold winters, while the communities
studied during the NSBP 2000 were influenced by the hydro-climate change at the end of the
1980s as well as by the cold winters of 1995/96 and 1996/97.

The aims of this study were therefore 1) to compare the spatial distribution of macrofauna
species, 2) to identify any decrease in cold-temperate or increase in warm-temperate
species, 3) to compare the spatial distribution of communities in order to examine the
influence of changes in the hydro-climate and primary production at the end of the 1980s.



2. Material and Methods

2.1 Macrofauna data 1986 — North Sea Benthos Survey (NSBS)

The North Sea Benthos Survey (NSBS) was carried out during April 1986. At each station
the macrofauna was sampled either by 0.1 m? van Veen grab or by 0.068 m? box corer
(Kinitzer et al.,, 1992). Generally, three replicates were taken per station, and the
macrofauna samples retained on a 1 mm mesh sieve were fixed in 4% buffered formalin.

The area north of 58°N was not sampled during the NSBS in 1986. Therefore, data from this
area, sampled by Eleftheriou and Basford (1989) between 1980 and 1985, were included in
the analysis. The same sampling gear was used, but samples were sieved over a 0.5 mm
mesh. A detailed description of methods used is given in Kinitzer et al. (1992) and Heip et
al. (1992).

2.2 Macrofauna data 2000 — North Sea Benthos Project (NSBP)

Although quasi-synoptic sampling was intended for late spring to summer in 2000, several
regions of the North Sea could only be covered by including material from adjacent years
(mainly 2001). Most of the infauna sampling for NSBP 2000 was conducted with a 0.1 m2
van Veen grab; Dutch and Scottish samples were obtained with box corers (0.068 m? and
0.25 m?, respectively), English samples mostly with a 0.1 m2 Day or Hamon grab, depending
on the sediment type. Samples were sieved over 1 mm mesh and fixed in 4-5% formalin.
Sieving was done before fixing, except for some of the samples from Belgian waters, where
they were fixed before sieving. Generally, two to three replicates per station were taken. In
total 1349 stations were sampled, but only 156 stations were used in this study (see below).
A more detailed description of methods used for sampling and processing the infauna is
given by Vanden Berghe et al. (2007).

Information on species feeding modes and zoogeographical distribution was obtained from
available literature (e.g. Fauchald and Jumars, 1979; Hartmann-Schroder, 1996; Lincoln,
1979; Wieking and Kréncke, 2001).

2.3 Environmental variables

The environmental variables included in this study were depth, sediment characteristics
(including % mud and median grain size), average water temperature and salinity (winter and
summer), stratification of the water column, chlorophyll content of the surface water column,
tidal stress and peak wave stress (see Vanden Berghe et al., 2007).

Most 1986 NSBS and NSBP 2000 data contributors collected information on the sediment
granulometry during the individual infauna surveys, but procedures were not standardised.
Therefore, all sediment datasets were collated into a uniform database and reprocessed (see
Hillewaert, 2007).

Data on temperature and salinity were derived from the hydrodynamic Hamburg Shelf Ocean
Model (HAMSOM), which is a three-dimensional, baroclinic primitive equation model for
simulations of oceanic and coastal and shelf sea dynamics (Backhaus, 1985). It has a
horizontal resolution of 12 minutes in latitude and 20 minutes in longitude and a vertical
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resolution up to a maximum of nineteen layers. For details of the specific HAMSOM
application see Pohlmann (1996).

The ECOlogical North Sea Model HAMburg (ECOHAM1) was used to estimate the primary
production of the water column. ECOHAM1 is a model that can be used to calculate annual
and long-term phytoplankton dynamics, nutrient transport, and primary productivity for shelf
seas in a three-dimensional physical environment (Skogen and Moll, 2000). It is based on a
simple phosphorus/nitrogen cycle and takes four state variables into account, namely three
pelagic variables: phytoplankton, phosphate (DIP), nitrogen (DIN), and one for benthic
detritus. The horizontal grid size of the numerical model is 20 x 20 km, the vertical resolution
is 5 m for the upper 50 m and increasing layer thickness below 50 m up to a maximum of 19
layers. The ECOHAM1 model was validated using observed chlorophyll (Moll, 1998),
phosphate concentrations (Moll, 2000), and primary production values (Skogen and Moll,
2000).

Tidal parameters were generated using a three-dimensional hydrodynamic model (Davies
and Aldridge, 1993), run in depth-integrated form on a grid of approximately 3.5-km
resolution covering the European continental shelf. Average and peak wave stress were
calculated from a one-year model run covering the period September 1999 to September
2000, on a grid of approximately 12-km resolution, using the WAM spectral wave model run
at the Proudman Oceanographic Laboratory (Osuna and Wolf, 2005). The stratification
parameter ‘S’ was derived from the formulation presented in Pingree and Griffiths (1978),
using modelled M2 tidal velocities and measured depths at the benthic stations.

Sea surface temperature (SST) anomalies were obtained from ICES Annual reports (ICES,
2006).

2.4 Data analysis

Instead of using the published results of the 1986 NSBS data (Kunitzer et al., 1992), data
were re-analysed since both datasets (1986 and 2000) had to be taxonomically adjusted to
allow comparisons. All abundance data were standardized to 1 m2 sampling area. The two
datasets (1986 and 2000) were reduced to stations with matching positions or at least those
relatively close to each other (Fig. 1). The nearest stations were determined using GIS
software (ArcView 3.1) and a dataset was created including stations with a maximum
distance of 21 sm. In total, 85 stations had identical positions and 71 stations had a mean
difference in the position of 7.5 + 5.1 sm, of which most were situated in the northern North
Sea.

We used the PRIMER v6 program package to perform cluster analyses and multidimensional
scaling of abundance data of 1986 and 2000 to reveal similarities between stations in each
year (Clarke and Warwick, 1994). Similarities were calculated using the Bray-Curtis
coefficient. Fourth-root transformation was used prior to computation. Similarity percentage
analysis (SIMPER) was used to identify species which were mainly responsible for
differences in community structure. The similarity among the community structures was
tested using the RELATE routine in PRIMER v6. The main clusters were classified based on
a range of similarity levels of about 25 to 35 % and 20 to 30% for the cluster analyses results
of 1986 and 2000 data, respectively.

The comparison between the community structure (clusters) of 1986 and 2000 was based on
the 1986 clusters. Thus, communities revealed with the 1986 data were compared with the
corresponding stations in 2000, irrespective of community classification of the 2000 stations
in the separate analysis. The significance of any differences in community structure at
stations sampled in 1986 and 2000 was tested with the Analysis of Similarities (ANOSIM)
routine.



In addition, the data of 1986 and 2000 were combined in one dataset and a cluster analysis
was carried out to estimate differences in the cluster classification. A high similarity between
stations was assumed, when both corresponding stations were grouped in the same sub-
cluster, a medium similarity when grouped in the same main cluster but different sub-
clusters, and a low similarity when grouped in different main clusters.

Since different gears were used for sampling, the Hurlbert Index (ESn), a less sample-size
dependent diversity index, was used, which is based on the rarefaction technique of Sanders
(1968), modified by Hurlbert (1971). In this index the expected number of species (ES) is
calculated for a specified number of randomly-sampled individuals, e.g. 100 individuals (ES
100) as used in the present study.

We analysed the relationship between macrofauna community structure and environmental

variables via canonical correspondence analysis (CCA) using CANOCO 4.5 (ter Braak and
Smilauer, 1998).

3. Results

3.1 Differences in species distribution and abundance

On a North Sea wide scale neither a clear latitudinal distribution shift of species (based on
the reduced station grid), nor a range expansion of species into the North Sea or newly
established non-native species were found, although 43 taxa of the overall 455 taxa were
detected in 2000 but not in 1986. The majority of these taxa were rare with 88 % found at
less than five stations in 2000 (40 % only at one station).

However, significant changes in the abundance of species with a core distribution in the
southern North Sea were found, hereinafter referred to as ‘southern’ species (Fig. 2). In
2000, the abundance of small ‘southern’ bivalve species such as the surface-deposit feeding
Abra alba, the suspension-feeding Corbula gibba and the subsurface-deposit feeding Nucula
nitidosa increased at the Oyster Ground (e.g. 4 to 30 or 104 m™). A higher abundance of the
warm-temperate interface-feeding brittle star Acrocnida brachiata in 2000 was found in the
German Bight as well as at the Dogger Bank “Tail End”, where it was associated with an
increase in abundance of the ‘southern’ interface-feeding polychaete Lanice conchilega (2 to
128 m®) and the ‘southern’ sand-licking sea urchin Echinocyamus pusillus (10 to 49 m?).
The ‘southern’ and interface-feeding bivalve Tellina spp. also increased at the Tail End but
decreased in other areas of the Dogger Bank. Tellina spp., L. conchilega and the ‘southern’
sand-licking amphipod Urothoe poseidonis also occurred in higher numbers in 2000 along
the southern coastal 30 m depth contour. The abundance of the interface-feeding
polychaetes Spiophanes bombyx (eurytherm) (97 to 367 m™?) and Myriochele spp. (cold-
temperate) (3 to 232 m?) as well as the cold-temperate omnivorous Paramphinome jeffreysii
(8 to 128 m™) increased especially north of the 50 m depth contour.

Species such as the eurytherm sand-licking amphipod Bathyporeia spp. and the eurytherm
interface-feeding polychaete Magelona spp. and eurytherm suspension-feeding Phoronida
increased in abundance in 2000 in some areas e.g. in the eastern North Sea, but in others
they decreased. The cold-temperate subsurface-deposit feeding polychaete Ophelia borealis
is the only species, which decreased in abundance in 2000 at most of the stations.

3.2 Differences in total abundance and diversity (ES100)

Figure 3a shows that the mean total abundance decreased in 2000 compared to 1986 mainly
at stations in the northern North Sea (>100 m) and at the central Oyster Ground, but
increased at and north of the 50 m depth contour at the Dogger Bank, off the British coast



and at several coastal stations. The mean expected species number ES(100) (Figure 3b),
was generally lower in 2000 at stations north of the 50 m depth contour, at the eastern
Oyster Ground and northern Southern Bight. ES(100) increased only at stations >100 m and
at a few stations >50 m as well as in the western Southern Bight.

3.3 Large scale (i.e. North Sea-wide) differences in community structure

Although a higher spatial heterogeneity of communities was found in 1986 according to the
higher number of clusters calculated for the 1986 data than for the 2000 data, figure 4
reveals that the large-scale distribution of the macrofauna communities in 2000 was broadly
similar to that in 1986 (Kunitzer et al., 1992). In 2000, the major divisions in the communities
of the North Sea still occurred at the 50 and 100 m depth contours and greater heterogeneity
of communities in the southern North Sea (<50 m) compared to the north is also still evident
as also found by Rachor et al. (2007). The dominant species for the individual communities
are given in Tables 2 and 3. The comparison of the similarity matrices for the 1986 and 2000
abundance data also revealed a significant relationship between the two community patterns,
even for different transformations of the data (Table 1).

3.4 Small-scale differences in community structure

Temporal differences in community structure at localised spatial scales between 1986 and
2000 were compared on the basis of the clusters identified in 1986. Significant differences
were found between all clusters, but most distinct ones occurred in the eastern North Sea,
along the Flamborough Head Frontal System and the Frisian Front as well as north of the
100 m depth contour in the northern North Sea (Fig. 5, Table 4).

In 2000, the community structure in the northern North Sea (>100 m, 1986 clusters A and
E1l), was similar to the >50 m community in 1986 (Fig. 4 and 6). The differences in the
communities between 1986 and 2000 were caused by the increase in abundance of the
small polychaete Paramphinome jeffreysii and the decrease in abundance of the polychaete
Ophelia borealis (Fig. 2, Table 5).

In 1986, the communities off the northern British coast (>50 m) along the Flamborough
Frontal System were split into several clusters (B, C, E4), while in 2000 the area was
separated mainly into the two clusters M1 and M2 (Fig. 4 and 6). Differences in communities
were caused by the increase in abundance in 2000 of the polychaetes P. jeffreysii,
Myriochele spp. and Spiophanes bombyx, but a decrease of the polychaete O. borealis at
some stations (Fig. 2, Table 5).

In the eastern North Sea and in the central Southern Bight (1986 clusters D1 and F2),
differences in communities between 1986 and 2000 (Fig. 4 and 6) were caused by an
increase in the abundance of phoronids, the small sea urchin Echinocyamus pusillus, the
polychaetes S. bombyx, Lanice conchilega, Magelona spp., and the amphipod Urothoe
poseidonis, while the abundance of the amphipod Bathyporeia spp. and the polychaete O.
borealis decreased in 2000 (Table 5, Fig. 2). The abundance of the polychaetes Lanice
conchilega, S. bombyx and Pectinaria spp. as well as of the bivalve Spisula spp. increased in
coastal areas (1986 cluster F2) (Fig. 2).

The community structure in the Oyster Ground and at the Frisian Front (1986 cluster D2)
remained rather stable between 1986 and 2000 (Fig. 4 and 6), although the abundance of
the ophiurids Amphiura filiformis and Ophiura albida decreased and the abundance of the
bivalves Corbula gibba and Abra alba increased in 2000 (Fig. 2, Table 5).

The Dogger Bank community (1986 cluster D1) also remained rather stable (Fig. 4 and 6),

despite the decrease in abundance of the polychaete O. borealis (Fig. 2) and the bivalve
Abra prismatica. In particular, at the Tail End abundances of L. conchilega and the
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amphipods Urothoe poseidonis and Bathyporeia spp. increased, while the abundance of the
amphipods decreased at the shallow South West Patch (Fig. 2).

The abundance of the bivalves Nucula nitidosa, C. gibba and the brittle star Acrocnida
brachiata increased in 2000 in the German Bight (1986 cluster D2) (Fig. 2, Table 5).

3.5 Relationship between spatial distribution of communities and environmental
factors

The CCAs performed for the relationship between spatial distribution of communities and
environmental factors in 1986 and 2000 show that the communities were associated with a
depth gradient along the 1% axis in both years (Fig. 7). An increase in depth was related to
the communities >50 m and >100 m as well as to the SST in February and salinity in
February and June in both years (1986 clusters A, E1, E2, E4, F1, F2; 2000 clusters M1 and
M2). The communities in shallow areas such as the Dogger Bank and the eastern North Sea
were related to average wave exposure, tidal stress, primary production and SST in June.
The main difference between the relationship in 1986 and 2000 is that in 1986 the
communities <50 m were spatially separated in relation to single environmental factors (Fig.
7a), while in 2000 no such separation was visible (Fig. 7b).

4. Discussion

4.1 Changes in species distribution and abundance: increase in SST and food
availability?

Indications of range extension and changes in abundance of species along a north-south
gradient probably caused by warming of the sea have been recorded in the North Atlantic
(e.g. Southward et al., 2004; Mieszkowska et al., 2006), but mainly for species of intertidal or
coastal habitats and less so for species in off-shore waters.

For the reduced station grid used for this study, 455 macrofauna species were included in
the analyses, while the entire NSBP 2000 dataset contained more than 1 500 taxa (Rees et
al. 2007), of which many were rare species with one or a few records only. However, we
haven't found clear indications for an immigration of non-native macrofauna species or
neozoans in the subtidal North Sea as did Neumann et al. (2010) recently for the epifaunal
non-native decapod species Goneplax rhomboides. Furthermore, we found no clear
indication of a large-scale latitudinal shift in the distribution of macrofauna species in the
North Sea, but the detection of these shifts might be hampered by the inconsistencies of the
sampling schemes and, consequently the low number of comparable stations used in this
study (see above).

In contrast to off-shore waters the environmental conditions along the coastal regions of the
North Sea change more gradually, enabling a more continuous range expansion of species.
Thus, distribution shifts of several intertidal species of up to 50 km per decade were
observed (Helmuth et al., 2006). In the deeper waters of the North Sea, the large-scale
bathymetrical and hydrographical conditions mainly trigger the spatial patterns of
environmental gradients, which may act as barriers for further north-south range expansions
in the North Sea (e.g. the differences in bottom temperature, stratification and currents north
and south of the 50 m depth contour). This is supported by the finding of corresponding
separation in benthic communities along the depth contours, which remained rather stable
over the studied time period (see below).



Instead, we found an increase in abundance and a spatial extension within the core
distribution areas of macrofauna species in the North Sea, which might be related to a SST
mediated increase in pelagic or benthic primary production (McQuatters-Gollop et al. 2007).

The abundance of species with a core distribution in the southern North Sea, such as the
small bivalves Abra alba, Corbula gibba and Nucula nitidosa increased in the entire Oyster
Ground towards the southern flank of the Dogger Bank between 1986 and 2000. These
deposit-feeding species are also common in the nutrient enriched inner German Bight and
seem to benefit from the higher food supply (Rachor, 1980; Kréncke et al., 2004;
McQuatters-Gollop et al., 2007).

Also the increase in abundance of 'southern’ interface- and suspension-feeding species such
as the bivalve Tellina spp., the polychaete Lanice conchilega and the warm-temperate
ophiurid A. brachiata as well as the sandlicking sea urchin E. pusillus at the Dogger Bank
Tail End or off Jutland in 2000 gives evidence for an SST mediated increase in pelagic and
benthic primary production and food availability in these areas (Bauerfeind et al., 1990;
Niermann, 1996; Kroncke et al., 2001, 2004, subm.; Wieking and Krdncke, 2001).

The increase in abundance of the ophiurid A. brachiata in 2000 at the Dogger Bank and
especially in the German Bight, where this species was hardly found in 1986, seems to be a
response to higher water temperatures since the late 1980s and higher sediment mobility,
since it is a warm-temperate species and buries deeper in the sediment than the eurytherm
A. filiformis (Ursin, 1960). A. brachiata was also previously found in increased numbers in
shallow exposed parts of the Dogger Bank, compared with the late 1980s (Wieking and
Kroncke 2003). This finding was related to rising SST and hydrodynamic energy related to
the changes in the NAO (Siegismund and Schrum, 2001; Beare et al., 2002).

North of the 50 m depth contour, the substantial increase in abundance of Paramphinome
jeffreysii and of the interface-feeding polychaetes S. bombyx and Myriochele spp. seemed
also to be related to the increase in food availability (Pearson and Mannvik, 1998). Calmer
conditions and better light penetration might have enhanced the subsurface primary
production usual in these areas (Riegman et al., 1990; Nielsen et al., 1993; Richardson et al.,
1998), which feeds also benthic foraminiferans, the favourite prey for P. jeffreysii (Pearson et
al., 1996).

In contrast, the cold-temperate polychaete species Ophelia borealis had decreased in
abundance in the entire North Sea from 1986 until 2000. Also Wieking and Kréncke (2001)
found a decrease in abundance of this species at the Dogger Bank in the late 1990s, which
they attributed to the increase in SST since 1988.

Since this study is based on the comparison of two time periods only, general conclusions
about consistency of changes are difficult to draw, but other long-term studies on a more
local scale showed similar trends of an increase in abundance of ‘southern’ or warm-
temperate species and a decrease of northern or cold-temperate species in the southern
North Sea (Kroncke et al. 2001; Wieking and Kroncke 2003). These changes were also
found for other ecosystem components of the North Sea such as plankton and fish (see
introduction), which were also related to hydro-climate change since the late 1980s.

4.2 Changes in community structure on a North Sea wide spatial scale

The large-scale spatial distribution of the North Sea macrofauna communities in 2000
(NSBP) (see also Rachor et al., 2007) was rather similar to that in 1986 (NSBS) as described
by Klnitzer et al. (1992). The major divisions in community structure still occur at the 50 and
100 m depth contours, and correspond with the three étages described by Glémarec (1973).
These divisions were also found for epifauna and fish by Zuhlke et al. (2001), Callaway et al.
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(2002) and Reiss et al. (2009a). Kunitzer et al. (1992) identified water temperature, different
water masses, sediment structure and food availability as important influences on North Sea
benthic communities.

Similarly, the CCAs of this study revealed that water depth and hydrographic variables such
as bottom water temperature, bottom water salinity, tidal stress and stratification were the
most important environmental factors structuring the macrofauna communities. This was also
found for epifauna and fish communities (Callaway et al., 2002; Rees et al., 2007; Ehrich et
al., 2009; Reiss et al., 2009a), suggesting similar underlying drivers for structuring large
scale community patterns of the majority of benthic ecosystem components in the North
Sea.

4.3 Changes in community structure on localised spatial scales

On localised spatial scales differences between the 1986 and the 2000 macrofauna
communities occurred mainly north of the 50 m and the 100 m depth contours as well as in
the eastern North Sea, at the Frisian Front and in the coastal Southern Bight.

The differences in total abundance and in community structure found at >100 m depth were
partly caused by the use of different mesh sizes in this region in 1986 (0.5 mm) and 2000 (1
mm). Nevertheless, the diversity (ES100) was slightly higher in 2000, which was not
expected since the use of smaller mesh sizes in 1986 should have led to a higher diversity in
1986. Also the strong increase in abundance of the small polychaete P. jeffreysii in 2000, as
also found by Schiickel et al. (2010), cannot be attributed to the differences in the mesh size
used, since this species should be more efficiently sampled with smaller meshes.
Nevertheless, changes in community structure between 1986 and 2000 can be more reliably
discussed for the areas <100 m, where the same mesh size was used in sample processing.

Significant changes in community structure between 1986 and 2000 were found for all
communities (Table 4), but the most distinct changes occurred north of the 50 m depth
contour off the British coast along the Flamborough Head frontal system and its extension
north of the Dogger Bank, along the Frisian Front and along the eastern North Sea frontal
system (Fig. 4) (Otto et al., 1990; Hill et al., 1994). Some of these changes were caused by
an increase in abundance of short lived polychaete species (Table 5). These opportunistic
species are characterised by the ability to respond quickly on changes in food availability.
Thus, by comparing two time periods only, our findings may rather reflect short-term
responses of macrofauna than consistent long-term trends. However, this increase in
abundance of opportunistic species was frequently found in different regions of the North
Sea over the last decades, ranging from off-shore areas to the intertidal (e.g. Reise, 1982;
Beukema 1991; Kroncke, 1992; Kraan et al. 2011), indicating a consistent large-scale trend
in North Sea macrofauna communities.

As mentioned above, most obvious changes in macrofauana communities were found in
regions with frontal systems, which are areas of enhanced primary production. Frontal
systems are influenced by changes in e.g. wind direction, currents, flow velocities and
flushing times (Otto et al., 1990; Hill et al., 1994; Siegismund, 2001). The NAOI related
hydro-climate change at the end of the 1980s coincided with an increased inflow of Atlantic
water masses in particular through the Fair Isle current and from the North. This probably
resulted in stronger frontal conditions, in particular along the Flamborough Frontal system
and north of the Dogger Bank (Reid et al., 2001b; Siegismund, 2001; Siegismund and
Schrum, 2001; Wieking and Kroncke, 2001), but also along the Frisian Front (Amaro et al.,
2007; van Nes et al., 2007) due to changes in inflow of Atlantic water masses through the
English Channel into the southern North Sea. Frontal systems are typically areas of
enhanced primary production and food supply for the benthos. The increase in SST and the
changes in the hydro-climate seem to have also enhanced the primary production in these

10



areas, which may have caused increasing abundances of macrofauna species sensitive to
organic enrichment.

4.4 Other stressors

Beside the climate related changes in the benthic communities discussed above, several
other anthropogenic impacts such as commercial fishing, oil and gas exploitation, dredging
and eutrophication are known to influence the North Sea benthos to varying degrees, of
which fishing might be considered the most important one, at least in terms of the large
spatial scale of potential impacts (e.g. OSPAR, 2000). Thus, it is possible that trawling
disturbance may be responsible for the changes in the macrofauna communities and species
distribution in the North Sea observed in this study. The southern North Sea is characterised
by heavily beam trawling activity, which can affect diversity, secondary production and
species composition of benthic communities on various spatial scales (Rumohr and
Kujawski, 2000; Kaiser et al., 2000; Jennings et al., 2001; Hiddink et al., 2006; Callaway et
al., 2007; Reiss et al., 2009b). Furthermore, Callaway et al. (2002) hypothesised that the
high diversity of sessile epibenthic species in the northern North Sea might be caused by the
less severe impact of otter trawling in this area compared to intensive beam trawling in the
southern North Sea.

Unfortunately, detailed information about the changes of total fishing effort between 1986
and 2000 in the North Sea is relatively sparse. The effort of the UK fleet landing in Scotland,
which mainly comprises fishing activities with otter trawls in the central and northern North
Sea, did not change markedly within this time period (Greenstreet et al., 2009). In contrast,
Jennings et al. (1999) described an increase in beam trawling and a decrease in otter
trawling effort in the southern North Sea from 1985 to 1995, but the beam trawling effort
seemed to have decreased again during the last decade (Neumann et al., 2009a). However,
the changes in fishing effort summarized for such large areas of the North Sea can hardly be
related to the changes in the different benthic communities, because fishing effort is known
to be very patchily distributed (Rijnsdorp et al., 1998; Jennings et al., 1999) and response of
macrofauna on fishing disturbance can vary significantly on small spatial scales (Reiss et al.
2009Db).

Nevertheless, demersal fishing has been carried out across the entire North Sea and
undoubtedly affected benthic communities. Without detailed information on the distribution of
fishing effort and temporal trends, it cannot be ruled out as a possible causal factor for the
changes in macrofauna communities observed in this study. But the observed large-scale
changes in macrofauna communities seem to rather reflect the variation in hydroclamatic
conditions than to follow trends expected from variations in fishing (see also Craeymeersch
et al., 2007).
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Tables

Table 1. Correlation coefficients (Spearman rank) relating the similarity matrices of 1986 and
2000 data for different transformation types (RELATE).

R p
Fourth root 0.533 0.001
Square root 0.527 0.001
Presence-absence 0.511 0.001
No transformation 0.421 0.001
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Table 2. Main macrofauna assemblages in the North Sea in 1986 with information dominant and characteristic species (based on SIMPER),

mean abundance (m™), the average similarity (Av. sim.; %) of each cluster, and number of stations in the cluster (N).

Cluster Dominant (d) and characteristic (c) taxa Mean total abundance Mean ES100 Av. sim. N

A Thyasira spp. (c,d), Myriochele (d), Capitella spp. (d), 2507 + 1124 28.0+3.7 35.0 12
Levinsenia gracilis (d,c), Notomastus (c), Lumbrineris
latreilli (c)

B Myriochele spp. (c,d), Ampelisca spinipes (d), Capitella 841 + 293 344+6.9 41.9 5
spp. (c,d), Goniada spp. (c), Levinsenia gracilis (c,d)

C Amphiura filiformis (c,d), Eudorellopsis deformis (d) 529 + 162 21.2+5.7 42.0 6
Phoronida (c,d), Scoloplos armiger (c,d)

D1 Bathyporeia spp. (c,d), Magelona spp. (c,d), Spiophanes 1265 + 600 21.8+5.7 46.9 31
spp. (c,d), Tellina spp. (c,d), Polinices spp. (c), Phoronida
(c,d), Harpinia antennaria (c)

D2 A. filiformis (c,d), Mysella bidentata (c,d), Myriochele spp. 1926 + 1075 24.1+4.8 49.6 30
(d), Pholoe baltica (c,d)

El Spiophanes spp. (c,d), Owenia fusiformis (c,d), Myriochele 1944 + 545 29.8+1.1 46.7 6
spp. (c,d), Prionospio spp. (c,d), P. baltica (c)

E2 Bathyporeia spp. (c,d), Scoloplos armiger (c,d), E. 925 + 431 272+1.7 41.6 5
deformis (c,d), Ophelia borealis (c)

E3 O. borealis (c,d), A. filiformis (c,d), Spiophanes spp. (c,d) 603 £ 217 31.9+£3.3 46.2 11

E4 Myriochele spp. (d), A. filiformis (c,d), Spiophanes spp. 694 + 439 32.6+6.6 48.6 13
(d), S. armiger (c,d), Nemertina (c)

F1 Nicomache spp. (d), Urothoe poseidonis (d), M. bidentata 1200 £ 973 26.4+£5.3 36.0 7
(c,d), P. baltica (c,d), Nemertina (c)

F2 Magelona spp. (d), Spisula spp. (d), Pisione remota (d) 693 £ 624 17.2+35 38.0 25
Nemertina (c), O. borealis (c,d), Bathyporeia spp. (c,d)

G Exogone spp. (c,d), Glycera lapidum (d), Aonides 879 + 668 22.3+1.6 25.0 5

paucibranchiata(c,d), Goniada spp. (c,d)
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Table 3. Main macrofauna assemblages in the North Sea in 2000 with information on dominant and characteristic species (based on SIMPER),

mean abundance (m™), the average similarity (Av. sim.; %) of each cluster, and number of stations in the cluster (N).

Cluster

Dominant (d) and characteristic (c) species

Mean Total Abundance

Mean ES100

Av. sim.

H

L1

L2

M1

M2

Spio spp. (d), Aoinides paucibranchiata (c,d),
Goodallia triangularis (d), Branchiostoma lanceolata
(d), Ophelia borealis (c)

Gastrosaccus spinifer (d), Spiophanes spp. (c,d),
Nephtys cirrosa (c,d), Urothoe poseidonis (d),
Bathyporeia spp. (c,d), Spio spp. (c)

Lanice conchilega (d), Pectinaria spp. (d), Pisidia
longicornis (d), Pomatocerus spp. (c,d), Nemertina
(c), Cauleriella spp. (¢)

Spiophanes spp. (c,d), Amphiura filiformis (c,d),
Mysella bidentata (d), Magelona spp. (c,d), Phoronida
(c), Pholoe baltica (c)

Spiophanes spp. (c,d), Phoronida (d), Magelona spp.
(c,d), Bathyporeia spp. (c,d), Spisula spp. (d), Tellina
spp. (c,d)

Myriochele spp. (d), Spiophanes spp. (c,d), A.
filiformis (c,d), Scoloplos armiger (c), Paramphinome
jeffreysii (c)

Myriochele spp. (c,d), P. jeffreysii (c,d), Spiophanes
spp. (c,d), Goniada spp. (c)

A. filiformis (d), Myriochele spp. (d), Corbula gibba

(d), Abra alba (d), Harpinia antennaria (c), Nephtys
hombergii (c), Notomastus spp. (¢)

4850 + 384

317 £ 219

1788 + 1599

1441 + 669

2606 + 2431

1130 + 687

1387 + 846

1807 + 1405

10.7+2.2

14.0+6.8

294+74

21.2+3.6

17.7+5.7

22.7+57

32251

206 +4.9

29.9

27.3

29.7

41.4

41.0

445

44.5

40.4

16

10

30

30

20

27

15
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Table 4: Differences between 1986 and 2000 data revealed with ANOSIM for the MDS-plots

shown in Figure 6. Comparison based on 1986 clusters (Figure 4).

Cluster R p
0.511 0.001
B 0.426 0.016
0.648 0.002
D1 0.177 0.001
D2 0.181 0.001
El 0.837 0.002
E2 0.588 0.008
E3 0.372 0.001
E4 0.377 0.001
F1 0.202 0.042
F2 0.131 0.001
G 0.404 0.032
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Table 5. Temporal trends of mean abundance per 0.1 m? of dominant and characteristic
species in 1986 and 2000, and average dissimilarity (AvDis.%) between clusters in 1986 and

2000 revealed with SIMPER. Comparison based on 1986 clusters (Figure 6).

Taxon Trend 1986 2000 Av Dis.

A Thyasira spp. (1) 346 18 72.5
Lumbrineris latreilli () 26 0
Myriochele spp. () 166 109
Paramphinome jeffreysii @) 30 97
Capitella spp. () 125 2

B Capitella spp. (1) 42 0 66.4
Ampharete lindstroemi @) 0 81
Praxillella spp. () 6 0
Paramphinome jeffreysii @) 1 25
Ampelisca spinipes () 43 1

C Spiophanes bombyx @) 37 348 66.3
Paramphinome jeffreysii @) 4 24
Myriochele spp. 1) 13 61

D1 Phoronida @) 77 327 62.1
Spiophanes bombyx @) 97 367
Bathyporeia spp. () 205 155
Lanice conchilega @) 2 128

D2 Amphiura filiformis () 539 411 59.7
Mysella bidentata () 216 107
Corbula gibba @) 4 103
Ophiura albida () 44 7
Abra alba @) 2 30

E1l Paramphinome jeffreysii @) 8 128 65.5
Echinocardium flavescens 1) 113 1
Eudorelopsis deformis () 105 3
Amphiura chiajei @) 0 40
Laonice sarsi @) 5 22

E2 Amphiura filiformis @) 38 113 62.0
Myriochele spp. @) 3 232
Ophelia borealis 1) 34 1
Paramphinome jeffreysii @) 8 25
Phoronida @) 3 20

E3 Ophelia borealis () 55 4 68.4
Amphiura filiformis @) 49 66
Spiophanes bombyx @) 34 357
Myriochele spp. 1) 7 116

E4 Paramphinome jeffreysii @) 2 61 62.0
Myriochele spp. @) 132 357
Nephtys longosetosa ) 14 1
Spiophanes bombyx @) 46 243
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Table 5 continued

Taxon Trend 1986 2000 Av Dis.
F1 Pholoe baltica ) 53 17 78.6
Lanice conchilega @) 31 532
Capitella spp. () 31 0
Lumbrineris latreilli () 27 0
F2 Spiophanes bombyx @) 23 396 72.9
Ophelia borealis () 45 4
Magelona spp. @) 73 119
Urothoe poseidonis @) 16 58
G Spiophanes bombyx @) 14 53 80.1
Paramphinome jeffreysii @) 0 247
Aonides paucibranchiata () 64 19
Magelona spp. @) 0 87
Amphiura filiformis @) 3 64
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Figures captions

Figure 1: Location of sampling stations in the North Sea.

Figure 2: Species distribution maps with mean total abundance (m?) classes superimposed
given as the sum for both years (19986 and 2000), where black represents presence in 2000
and white represents presence in 1986. Where a species was present at a station in both
years, the pies are proportionally divided accordingly. Species absences in both years are
displayed as a cross.

Figure 3: Differences in a) mean abundance per m?and b) mean ES(100) between 1986 and
2000. Green dots indicate an increase and red dots a decrease in 2000 compared to 1986.

Figure 4: Spatial distribution of macrofauna communities in 1986 (left) and 2000 (right) based
on fourth-root transformed abundance data. Symbols denoting individual communities are
not corresponding between 1986 and 2000.

Figure 5: Differences in the cluster classification between 1986 and 2000 based on combined
data sets (1986 and 2000) with fourth-root transformed abundance data. Small-sized circles
represent stations which were classified identically in 1986 and 2000. The largest circles
represent stations classified in different main clusters.

Figure 6: MDS-plots revealing similarities between communities of single clusters for 4™ root
transformed abundance data of 1986 (A) and 2000 ('V¥), based on 1986 cluster separation.

Figure 7: Triplots of the CCA ordination for macrofauna communities and
environmental parameters in 1986 and 2000. The vector lines represent the
relationship of environmental variables to the ordination axes and their length is
proportional to their relative significance. (Wave = peak wave stress; AvWave =
average wave stress; TempS = summer bottom temperature; TempW = winter
bottom temperature; SalS = summer bottom salinity; SalWw = winter bottom salinity;
PrimPro = primary production; TidalStr = tidal stress; Median = median grain size)
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Corbula gibba Echinocyamus pusillus Tellina spp.
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Figure 2 continued
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