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Abstract The aim of this study was to quantify the effect
of bottom and suspended mussel cultures, cultured in differ-
ent physical environments, on the sedimentary environmen-
tal conditions and thereby the biodiversity structure of the
associated macrofaunal community. We compared two
bottom cultures (Limfjorden: microtidal, wind-driven;
Oosterschelde: macrotidal) and one suspended culture (Ria
de Vigo in an upwelling coastal region). The sedimentary
environmental conditions (mud fraction, POC, PON,
phosphorus content, chl a breakdown products) were
significantly elevated underneath and surrounding bottom
and suspended cultures compared to culture-free sediments
that were nearby and hydrodynamically similar. The rela-
tive change in environmental conditions was more pro-
nounced in the Oosterschelde compared to Limfjorden,
most likely due to differences in hydrodynamic forcing
and characteristics of the mussel bed. The effect of the
suspended cultures in Ria de Vigo on the surrounding
sediments was influenced by local topographic and hydro-
dynamic conditions. The impact of mussels on the benthic
community due to biodeposition was clearly seen in the
community structure. The species composition changed
from species which are typically present in sandy environ-
ments to more small opportunistic species, which are

Communicated by K. Reise.

T. Ysebaert (<) - M. Hart - P. M. J. Herman
Netherlands Institute of Ecology (NIOO-KNAW),
Centre for Estuarine and Marine Ecology,

P.O. Box 140, 4400 AC Yerseke, The Netherlands
e-mail: t.ysebaert@nioo.knaw.nl

T. Ysebaert
Wageningen IMARES, P.O. Box 77, 4400 AB Yerseke,
The Netherlands

typically present in organically enriched sediments. The
impact of bottom cultures on the benthic community due to
changes in the habitat under the presence of mussels was
positive, especially in the Oosterschelde where an increase
in the number of epibenthic species was seen. The influence
of bottom cultures on the sedimentary environment and on
the macrobenthic community seems to be very local.
Within the mussel site in Limfjorden, differences were
detected between sites where none or almost no mussels
were present with sites where mussels were very abundant.

Keywords Ecosystem engineer - Mytilus sp. -
Biodiversity - Macrobenthos - Habitat modifier -
Mussel bed - Soft sediments - Suspended cultures

Introduction

Habitat created or modified by the physical architecture of
large or spatially dominant species plays an important role
in structuring communities in a variety of terrestrial,
aquatic, and marine habitats. These organisms, termed
foundation species by Bruno and Bertness (2001), create
(facilitate) habitat for many associated species, and have
been recognized as important drivers of biodiversity (Bruno
et al. 2003). Jones et al. (1994, 1997) introduced the con-
cept of ecosystem engineers for “organisms that change
biotic or abiotic materials, thereby controlling availability
of resources to other organisms”. Their impact and impor-
tance are likely to shift across environmental stress gradi-
ents (Crain and Bertness 2006). In extreme physical
environments, ecosystem engineers will ameliorate physical
stress. In physically more benign environments, ecosystem
engineers will support ecosystem processes by providing
competitor- or predator-free space.
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A conspicuous element in shallow coastal and estuarine
ecosystems is the presence and often dominance of macro-
benthic suspension-feeders such as mussels and oysters.
Dense populations of these bivalve filter-feeders, including
both wild and cultured populations, can modify and main-
tain very specific habitats. Mussels like Mytilus edulis natu-
rally occur on rocky shores and on soft sediments where
they form large beds. They are attached to the substratum
and to each other by byssal threads, creating an irregular
surface topography. This complex epibenthic matrix pro-
vides a biogenic habitat for a large number of plant and ani-
mal species, including algae, worms, snails, crustaceans
(Tsuchiya and Nishihira 1985; Dittmann 1990; Seed and
Suchanek 1992; Reise 2002; Thiel and Ullrich 2002). Mus-
sel beds control the benthic environment directly by provid-
ing habitat and indirectly by providing shelter from
predation, trapping sediment and altering water flow (Gut-
iérrez et al. 2003). In addition, they change benthic—pelagic
exchange, as they filter significant amounts of seston parti-
cles from the water column, diverting primary production
and energy flow from the pelagic to the benthic (Cloern
1982). This biodeposition results in a further modification
of the sedimentary habitat (Graf and Rosenberg 1997;
Norkko et al. 2001). Because of the intensity of this benthic—
pelagic coupling, they play an essential role in the function-
ing of coastal ecosystems (Alpine and Cloern 1992; Dame
1996).

Mussel beds naturally occur in many subtidal and inter-
tidal areas around the world, but mussels are also exten-
sively cultured. Mussel aquaculture is done by means of
bottom cultures (by seeding intertidal or subtidal beds), but
also by suspended cultures (using rafts or longlines), and
cultures on bouchots (Smaal 2002). Being suspended into
the water column, mussels from rafts or longlines do not
provide direct habitat to the sedimentary environment
below them, but their feeding activity results in the packag-
ing of fine suspended material into large feces and pseu-
dofeces that rapidly settle to the seabed. This biodeposition
leads to enrichment of the sediment with organic material
(Kautsky and Evans 1987), an increase in microbial activity
(Kaspar et al. 1985) resulting in reduced interstitial oxygen
concentrations (Tenore etal. 1982), increased sulfate
reduction (Dahlbidck and Gunnarsson 1981) and increased
denitrification (Kaspar et al. 1985; Christensen et al. 2003).
A variety of levels of effect of shellfish farming activities
on the benthic environment has been reported (Crawford
et al. 2003; Newell 2004).

The EU project MaBenE aimed to develop ecological
models for ecosystems dominated by benthic filter feeders,
in order to optimize shellfish production in terms of yield as
well as nature conservation. This requires thorough knowl-
edge of the interplay between the physical regime and the
biota in these systems. The aim of this study was to
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examine if bottom mussel beds or suspended cultures,
maintained in different physical environments, change the
bottom environmental conditions and thereby the biodiver-
sity structure of the associated benthic macrofaunal com-
munity in a systematic and (across systems) predictable
way. Therefore, we sampled very different systems that
together span the range of conditions under which mussel
culture may be found. Two bottom cultures (Limfjorden:
microtidal, wind-driven system; Oosterschelde: macrotidal
system) and one suspended culture (Ria de Vigo, an
upwelling coastal region) were compared. It was hypothe-
sized that the macrobenthic community would be altered
due to the presence of mussels on the sediment surface,
which creates a specific habitat that attracts other organ-
isms, mostly epibenthic species and a variety of mobile
fauna (e.g. crustaceans, echinoderms). As a result of the
change in habitat structure an increase in species richness
and diversity was expected. On the other hand, changes in
sedimentary conditions, i.e. an increased organic flux to the
sediment mainly caused by enhanced excretion of (pseudo-
) feces, was expected to increase density and decrease bio-
mass and number of endobenthic species, in accordance
with general patterns of benthic response to organic enrich-
ment (Pearson and Rosenberg 1978). This effect was
expected to be stronger in a low-flow environment with
direct local deposition (Limfjorden) than in a high-flow
environment (Oosterschelde) where most biodeposition
may be swept away with the currents. Suspended cultures,
at least when they do not drop substantial numbers of mus-
sels to the sediment (but see Grant et al. 1995) decouple the
effect of habitat formation from the enrichment effect. In the
nearby surroundings of suspended cultures a decrease in
biotic parameter values (diversity, density and biomass)
was expected, because biodeposition and therefore organic
flux to the sediment was expected to be very intense.

Material and methods
Study areas

The areas selected in the MaBenE project represent some of
the most important types of bottom and suspended cultures
in Europe.

Limfjorden (1,575 km?, 7.1 km3), in the north of Den-
mark, is an open sound in connection with the North Sea in
the west and Kattegat in the east (Fig. 1). It is a shallow
system (mean depth 4.5 m) with a salinity that ranges from
22 to 32. There is a constant intrusion of high saline water
from the North Sea and an input from the Kattegat of low
saline water. The freshwater input from the surrounding
area measures 2.7 km3 per year. Water temperatures in
Limfjorden average around 2-3°C in winter, and 15-17°C
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Fig. 1 Map of Limfjorden (Denmark) showing the position of the
mussel site (filled circle) and the control site (open circle)

in summer. Limfjorden is a micro-tidal system with a tidal
amplitude of 0.1-0.2 m; the main physical driving forces
are wind and solar radiation (Wiles et al. 2006). The center
of Limfjorden opens into a large shallow basin, Lggstgr
Bredning (depth 5.8 m), where the field sites of the present
study were located (Fig. 1). Limfjorden is a eutrophic water
body affected by nutrient input from the surrounding water-
shed. This results in high primary production rates of up to
1,000 mg C m~2 per day in summer (Dolmer and Frandsen
2002) which supports a high level of biomass of benthic
suspension-feeders. Mussel fishery in Limfjorden is based
primarily on wild populations of M. edulis. Mussels are
gathered by dredging; this is done once in approx.
2.5 years, because it takes that time for the minimum legal
size of 4.5 cm to be reached (Dolmer et al. 1999). Natural
recruitment occurs in existing mussel beds and is sufficient
to maintain exploitation of the wild beds.

The Oosterschelde is a macrotidal system with an aver-
age depth of 9 m, a tidal range of 3.25 m, and a surface area
of 350 km?, of which 30% is tidal flats (Fig. 2). Due to the
construction of a storm-surge barrier and two compartment
dams (finalized in 1986), the estuary has changed into a sea
inlet, and is nowadays characterized by a low freshwater
river discharge (10 m? s~!), high salinity (>30), relatively
high water transparency (>2 m on average), long water res-
idence time (10-50days in the western part, 150 to

>200 days in the eastern part) and low inorganic nutrient
concentrations. Current velocities in the Oosterschelde can
reach up to 1 m/s in the main gullies. The Oosterschelde
estuary has an extensive bottom culture of mussels on culti-
vation plots. Mussel spat and half-grown mussels (M. edu-
lis) are imported from the Wadden Sea and further
cultivated on lease sites. Culture plots are mostly situated
on the banks of tidal channels, from the intertidal range to
10-15 m below low tide level. The cultivation time of mus-
sels is 14-33 months.

Ria de Vigo is one of the four Rias Baixas on the NW of
the Iberian Peninsula (Fig. 3). Here the northern limit of the
NW Africa upwelling system occurs; winds interact with
the coastal topography to generate upwelling—downwelling
dynamics on the continental shelf. The upwelling season
occurs on average from March to September, when north-
erly winds prevail, but strength and frequency of upwelling
events during this season vary strongly from year to year
(Figueiras etal. 2002). Production of phytoplankton
depends on the upwelling of nutrients with the cold deep
seawater, which is advected into the bay. The high primary
production, based on these nutrients, allows intensive sus-
pended mussel cultures (Mytilus galloprovincialis) in the
Rias. The Rias support a high density of mussel floating
rafts made of crossed wooden laths (Figueiras et al. 2002).
Rafts are 500 m* (25 x 20 m) with on average 500 hanging
ropes 12 m long each.

Field sites and benthic sampling

To investigate the benthic environment in Limfjorden,
Oosterschelde and Ria de Vigo samples were collected on 1
June 2003, 28 April 2004 and 28 July 2004, respectively.
In Limfjorden, sampling was done in Lggstgr Bredning
(Fig. 1). Two sites were identified: one area over mussel
beds and the other, which was 950 m to the southeast,
served as control site without mussels. Water depth at the
mussel site was 7 m, and at the control site 5 m. Tidal cur-
rents at both sites are <0.1 m s~!. Hydrographic conditions,
such as current speed, wave impact on the bottom, eddy vis-
cosity and stratification conditions were very similar
between the sites (Wiles etal. 2006; Riethmiiller, pers.
comm.). Samples were taken randomly within an area of
50 x 50 m in the mussel site and the control site. At both
sites 25 samples were taken with a box-corer. Because of
the low coverage, box cores taken in the mussel site some-
times did not contain any mussels. This allowed us to look
also to small spatial scale differences, by dividing the mus-
sel site further into samples with mussels (m-site, n = 16)
and samples with no or 1 individual mussel (nm-site, n = 9).
In the Oosterschelde sampling was done on the eastern
slope of the ‘Brabants Vaarwater’ channel (Fig.2). The
mussel site was in a mussel culture plot of 4.5 ha area that
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Fig. 2 Map of the Oosterschelde (The Netherlands) showing the
different mussel culture plots (left). The right figure shows a digital
terrain model of the field site (measured by a multi-beam survey by

GKSS). The depths are given in m below normal chart datum (RD/
NAP). The two upper panels show the bed profiles across the observa-
tional sites. The profile origin is in the north

Fig. 3 Map of Ria de Vigo 42.35°
(Spain) showing the different

mussel polygons (black poly-

gons, left). Right detailed map of 42.30°N+y
the outer polygons showing the
transects sampled for the charac-
terization of the benthic environ-
ment. Each transect consisted of
six stations (see text for more
information) 42.20° N7
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was seeded with 5,000 tons fresh weight of mussels in
December 2003. The average water depth was around 6 m.
The control site was located about 300 m south of the mus-
sel site, with a water depth of around 8 m. The bed mor-
phology here was characterized by sand ripples transverse
to the tidal flows with a wavelength of 10 m and amplitude
of 0.5 m. Maximal tidal currents were observed during
flood with a max. velocity of 0.9 ms™! at both sites. The
water column was thoroughly mixed. Vertical velocity gra-
dients and eddy viscosity were slightly different between
sites, due to the increased bottom roughness at the mussel
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site. Thus, the only detected differences in hydrography
between the sites were part of the mussel effect (Riethmiil-
ler et al., in preparation). Ten box core samples were taken
randomly within an area of 50 x 50 m at both sites.

In Ria de Vigo, rafts are organized in large polygons
containing tens to hundreds of rafts. Sampling was done in
a polygon in the outer part of the Ria, close to the northern
shore in an embayment near the village of Cangas (Fig. 3).
The area is characterized by alternating bays and headlands
that reach out below the water surface to the central axis
of the Ria. Three polygons with 68, 35 and 55 rafts are
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situated here. The arrangement of the rafts is in five parallel
rows, with each row 100 m apart from the next. Three tran-
sects were laid out between rafts in the eastern polygon
(mussel site) (Fig. 3). The reference samples were taken
outside the polygons but at similar depths. For this purpose,
two transects were laid out west of the polygons (reference
site). In each transect, six box-core samples were taken at
regular distances (100 m). For the mussel site, the first and
sixth sample were located just outside the polygon, the
other four samples were within the polygon, in between the
rafts. The water depths ranged between 12 and 34 m. In all
transects, depth increased towards the south. Hydrographic
conditions, measured with a roving ADCP, were similar
between the reference and mussel sites (Simpson, pers.
comm.).

Sampling was done by different types of box cores in
each study site. The surface areas of the samples taken at
Limfjorden, Oosterschelde and Vigo were 0.0117, 0.0774
and 0.019 m?, respectively. From each box core a sediment
sample of the upper cm (lump sample of three replicates)
was collected with a syringe (1 cm ) for sediment and pig-
ment analysis. These samples were immediately frozen and
kept in the dark. The remaining of the core was sieved on
board (mesh size 1 mm) and fixed with formaldehyde.

Additional video tracks were made to record the distribu-
tion of the mussels and/or presence of large epibenthic ani-
mals. In Limfjorden, this was done by a diver who videoed
transects along pre-laid outlines with markers every 50 cm.

Laboratory analysis

The macrofauna was determined to the lowest taxonomic
level possible. Species were classified into feeding groups
based on food resource and feeding mechanism: subsurface
deposit feeders (SSDF), surface deposit feeders (SDF), sus-
pension feeders (SF), predators and omnivores. Biomass of
small species was estimated by first establishing, using a
selection of individuals, a regression line of wet weight to
ash free dry weight (AFDW). For all other individuals wet
weight was determined and converted to AFDW using the
regression line. To estimate biomass of large or broken ani-
mals the AFDW was measured.

Sediment grain size was analyzed by laser diffraction,
using the Malvern Mastersizer. Particulate organic carbon
(POC) and nitrogen (PON) of the sediments were analyzed
by a Carlo Erba elemental analyzer, type NA-1500. The
phosphorus content of the sediments was determined by
using Perkin Elmer ICP-OES, type Optima 3300DV.
Photopigments were extracted from the freeze-dried sedi-
ment by adding 10 ml 90% acetone, placing it in a ball mill
for 20 s and centrifuging for 5 min at 1,500 rpm. The super-
natant was analyzed by HPLC following Jeffrey et al.
(1997). Sediment chlorophyll a concentrations were

determined as a relative measure of photosynthetic bio-
mass. The phaeopigments phaeophytin a-like and phaeo-
phorbide a-like pigments were used as indication for the
presence of degradation products (chlorophyll derivatives)
due to the feeding activity and digestive processes of the
mussels (Hawkins et al. 1986).

Statistical analysis

The hypothesis underlying this study is that mussels, by
biodeposition and habitat structuring, have predictable
effects on the rest of the benthic community, regardless of
type of culture or specific habitat characteristics. Therefore,
we chose to replicate ecosystems, spanning a variety of
mussel-dominated systems, rather than spend our efforts to
replication within each of the systems. Within each of the
systems our approach can be called pseudoreplicated since
only a single mussel site was compared with a single con-
trol site. However, these sites were carefully selected to be
as close to each other as practically possible (some distance
is required to assure that no effects are transferred horizon-
tally) and hydrographically similar. In addition, we demon-
strated this similarity with extensive measurements.
Overall, our study is composed of replicate sets of sites
that, to our best knowledge, only differ in the presence of
mussels. Any consistent trends in the difference between
mussel and control sites can, therefore, be ascribed to the
presence of mussels.

Within systems, we used Student’s ¢ tests to test for
differences in sediment properties and macrofaunal char-
acteristics between the mussel sites and reference sites.
The assumptions of homogeneity of variances and nor-
mality were confirmed using Levene’s and Kolmogorov—
Smirnov tests. Total abundance and total biomass and
abundances and biomass of macrofauna species were log
transformed prior to analysis. Across systems, we rely on
qualitative comparison because too many details differed
in the sampling protocols (e.g. size of the box corers,
influence of depth in one of the systems, species composi-
tion and species richness) to allow for a practical formal
analysis.

Similarities and differences in macrofaunal communities
were explored using non-metric multidimensional scaling
(n-MDS), based on Bray-Curtis similarity indices on dou-
ble square root, unstandardized data. Stress values indicate
how well the solution (two-dimensional MDS plot) reflects
the similarities among samples. Values <0.1 are good and
<0.2 are useful (Clarke 1993). Overall and pair-wise com-
parisons for significant differences in macrofaunal compo-
sition between habitats were made using analysis of
similarity (ANOSIM). SIMPER analyses were used to
determine the percent of similarity of samples and the par-
ticular taxa responsible for differences between groups.
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Fig. 4 Mussel characteristics at
the three study sites. Left recon-
struction of a 3.5 m of the Limf-
jorden mussel bed, based on
video tracking (videoing done
by Jens Larsen). Horizontal lines
mark distances of 0.5 m. Right
upper photo of the Oostersc-
helde mussel bed showing the
dens coverage of mussels (Photo
by Jens Larsen). Right lower
photo of a raft culture in Vigo
showing the ropes hanging down
in the water column (Photo by
Jens Larsen)

Multivariate analyses and diversity measures were ana-
lyzed with the program Primer 5.0 (Clarke 1993).

Results
Characteristics of the sediment mussel matrix

The Limfjorden mussel site was characterized by a very
patchy distribution of the mussel M. edulis (Fig. 4). Patch
size ranged from small clumps of a few cm to large beds of
mussels of >25 m. Based on the video transects the average
coverage was estimated to be 27%. Average length of the
mussels was 22.26 £ 0.32 mm. The length frequency dis-
tribution shows that mainly mussels of a single cohort are
present (2-year old), with a few individuals of an older
cohort (Fig. 5). Of the 25 box cores taken, nine contained
none or only one individual of M. edulis. Average density of
M. edulis was 3,911 + 717 ind. m~2 (max. 10,000 ind. m~?);
average biomass was 300 g AFDW m~2 (max. 1,011¢g
AFDW m™?).

The mussel site in the Oosterschelde was in a mussel
culture plot of 4.5 ha area that was seeded with 5,000 tons
fresh weight of mussels M. edulis in December 2003. Based
on the video transects a coverage of >75% was observed
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(Fig. 4); box cores always contained mussels. Mussels had
on average a length of 55.1 & 0.66 mm; all belonged to a
single cohort (Fig. 5). Average density of M. edulis was
616 £ 139 ind. m~2 (max. 1,525 ind. m~2). Average bio-
mass was 615 g AFDW.m~2 (max. 1,315 g AFDW m™2).

Biogeochemical characteristics of the seafloor sediments

A significant effect of the presence of the mussels on grain
size distribution and mud content (fraction <63 pm) was
observed in all three study areas (Table 1; Fig. 6). In Limf-
jorden median grain size at the mussel site was 1.3x lower
than at the control site. No mud was observed at the control
site, whereas at the mussel site mud content averaged
13 £ 1.2%. At the small spatial scale within the mussel
site, samples containing mussels had a significantly
(p» <0.01) lower median grain size and higher mud content
than non-mussel samples (Table 1). In the Oosterschelde,
differences between the mussel site and the control site
were more pronounced compared to Limfjorden, with a
~3x lower median grain size at the mussel site and a mud
content of 41 £ 5.7% compared to zero (Table 1). In Ria de
Vigo, the situation is more complicated as the sediment
grain size changed along the depth gradient, but on average
a higher mud content and lower median grain size was
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Fig. 5 Length frequency distribution of the mussels observed at the field sites in Limfjorden (leff) and Oosterschelde (right)

Table 1 Averages (£SE) of median grain size, mud content (fraction <
63 pm), water content, particulate organic carbon (POC) and nitrogen
(PON) concentrations, C:N ratio, phosphorus content (P) and pigment

characteristics (chl a and derivatives) in Limfjorden and the Oostersc-
helde at the control site (= reference site) and the mussel site

Limfjorden Oosterschelde
Sand (25) Mussel (25) Sand (10) Mussel (10)
Average nm-Sites (9) m-Sites (16)

Median grain size (Lm) 152 £0.34 116 £ 1.64 122 £ 1.75 113 £ 1.96 285 £ 7.56 102 £ 16.20
Mud content (%) 0=+ 0.00 13+£1.22 7.85 £0.54 16.34 £ 1.38 0=+ 0.00 41 £5.66
Water content (%) 194+£22 26.0 + 4.8 23.34+0.6 274+ 1.3 14.5 £ 0.38 241+ 1.2
POC (%) 0.20 £ 0.00 0.52 £ 0.06 0.27 £0.02 0.66 £ 0.07 0.04 £ 0.00 0.78 £ 0.11
PON (%) 0.023 £ 0.00 0.064 £ 0.01 0.03 £ 0.00 0.08 £ 0.01 0.006 £ 0.001 0.095 £ 0.01
C:N ratio 10.07 £ 0.24 9.82 £ 0.16 10.08 £ 0.30 9.68 £ 0.19 8.22 +0.18 9.56 + 0.07
P(mgPg™") 0.14 £ 0.00 0.25 £ 0.01 0.20 £0.15 0.28 £ 0.01 0.07 £ 0.00 0.34 £ 0.03
Chla (ug g™ 11.02 £ 0.48 10.04 £ 1.05 4.60 £ 0.21 13.10 £ 1.01 0.33 £0.05 13.52 £2.37
Phaeophytin a (ug g7 1) 2.31+0.23 8.72 £ 1.25 2.51+£0.19 12.22 £ 1.28 0.05 £ 0.01 14.83 £2.65
Phaeophytin a:Chl a 0.21 0.87 0.55 0.93 0.14 1.10
Phaeophorbide a (ug g~1) 0.27 £0.09 6.0+ 1.17 0.88 £0.13 8.87 £ 1.37 0.02 £ 0.007 7.66 £ 1.99
Phaeophorbide a:Chl a 0.03 0.60 0.19 0.68 0.07 0.57

Sample sizes in brackets. The Limfjorden mussel samples were subdivided in samples containing mussels (m-sites) and samples containing no
mussels (nm-sites). Significant differences were observed for all variables (Student’s 7 test, p < 0.01), except for C:N ratio (Limfjorden) and chl a

(Limfjorden)

found along the transects in the mussel site than along the
transects in the control site (Fig. 6). The difference is most
expressed at the largest depths.

The chemical properties of the sediment showed similar
trends as the trends observed for grain size and mud con-
tent, with significantly higher contents of POC, PON and
phosphorus at the mussel sites than in the control sites
(Table 1). In Limfjorden, values were 2 to 2.5 times higher
at the mussel site and C:N ratio did not differ significantly
between sites. At the small spatial scale within the mussel
site, we observed also a significant difference (p <0.01)
with the m-site (samples with mussels) having a 1.5 to 2.5
times higher POC, PON and phosphorus content than the
nm-site (samples without mussels). In the Oosterschelde
larger differences were observed (factor 20, 15 and 50 for

POC, PON and phosphorus, respectively; Table 1). C:N
ratio was significantly higher at the mussel site. In Ria de
Vigo POC, PON and phosphorus content varied with depth
as did mud content (Fig. 6). Highest absolute POC, PON
and phosphorus concentrations in our study were found in
Vigo.

The chl a contents on average did not differ between the
mussel bed and the control site in Limfjorden, whereas in
the Oosterschelde chl a was ~40x higher at the mussel site
(Table 1). In both Limfjorden and Oosterschelde, phaeopig-
ment contents were significantly higher at the mussel site.
At the small spatial scale within the mussel site in Limfjorden,
we observed significantly higher chl a and phaeopigment
contents at the m-site compared to the nm-site. In Vigo, com-
pensating for depth, both chl a and (especially) phaeophytin
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a contents were higher at the mussel than at the control
sites (Fig. 6).

Macrobentic diversity and community structure
Species richness and diversity

In Limfjorden, 23 species were observed at the mussel site;
taxonomic groups included Annelida (74%, 17 sp.) and
Mollusca (17%, 4 sp.), together with one species of echino-
derms and one species of ascidians. Fourteen of these spe-
cies were not found at the control site. At the control site,
19 species were identified; also here Annelida (63%, 12 sp.)
and Mollusca (26%, 5 sp.) dominated, together with one
species of echinoderms and one species of sea anemones.
Ten species were not found at the mussel site. Epifaunal
species were very rare at both sites: two species at the mus-
sel site and one at the control site respectively. This was
confirmed by the video transects. From these images we
observed regularly the sea slug Philine aperta and the gas-
tropod Hinia reticulata, and occasionally individuals of the
crab Carcinus maenas and the sea star Asterias rubens.
Species richness, diversity and evenness were similar at
both sites (Table 2). At the small scale, however, within the
mussel site a higher species richness was observed in the
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samples with mussels present, but with a significantly lower
diversity and evenness (Table 3). In the m-site and the nm-
site in total 20 and 12 species respectively were found.

In the Oosterschelde 54 species were identified at the
mussel site; taxonomic groups included Annelida (58%, 31
sp.), Crustacea (26%, 13 sp.) and Mollusca (8%, 7 sp.),
together with two species of echinoderms and one unidenti-
fied species of sea anemone. Forty of the identified species
were not found at the control site. At that site 28 species
were identified: Annelida (52%, 15 sp.), Crustacea (18%, 6
sp.), and Mollusca (15%, 4 sp.), together with two species
of echinoderms. Thirteen species were not found at the
mussel site. The number of epibenthic species was much
higher in the mussel site compared to the control site (17
and 8 species, respectively). The video transects showed A.
rubens and C. maenas as common species at the mussel
site. Species richness, as well as diversity, was significantly
higher at the mussel than at the control site, but evenness
was lower (Table 2).

In Ria de Vigo a diverse macrofaunal community was
observed, and not all individuals were determined at spe-
cies level. In the mussel site 159 taxa were identified in the
three transects (18 samples): Polychaeta (57%), Crustacea
(21%), Mollusca (6%) and Echinodermata (6%) dominated.
Sixty-three of the identified taxa were not found at the con-
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Table 2 Total number of species (N,) and number of species observed
in one site and not in the other (s), and average (+SE) of species rich-
ness, species diversity (H), evenness, total abundance, abundance

without mussels, biomass, biomass without mussels, and abundances
of dominant species in Limfjorden (n = 25 for each site) and the
Oosterschelde (reference site n = 8; mussel site n = 10)

Limfjorden Oosterschelde
Reference Mussel p Reference Mussel )4

Ny (s) 19 (10) 23 (14) 27 (13) 54 (40)

Species richness 5.42 4+ 0.27 6.04 &+ 0.48 ns 6.0£19 153+ 1.8 <0.01
Diversity (H) 0.90 + 0.05 0.80 + 0.06 ns 1.17 £ 0.29 1.7 £0.1 ns
Evenness 0.54 £ 0.02 0.50 £ 0.05 ns 0.79 £ 0.03 0.60 £ 0.01 <0.05
Total abundance (ind. m~2) 2,589 £ 201 4,972 + 782 ns 392 +£ 134 1,194 +£233 <0.05
Abundance without mussels (ind. m~?) 2,586 £ 202 1,061 £ 140 <0.01 392 + 134 565 + 143 ns
Biomass (g AFDW m~2) 40.8 £15.2 309 £+ 59 <0.01 4.1+24 602 + 136 <0.01
Biomass without mussels (g AFDW m~?) 40.8 £ 15.2 9.0+ 1.25 <0.05 41+24 223+ 149 ns
Heteromastus filiformis (ind. m™2) 1,941 £ 180 130 + 88 <0.01 11£11 T+4 ns
Scoloplos armiger (ind. m™2) 138 £ 21 0 <0.01 110 £+ 32 10+4 <0.05
Pectinaria koreni (ind. m™?) 231 + 34 424 + 56 ns - - -
Nephtys cirrosa (ind. m™2) - - - 84 + 30 5+4 <0.05
Magelona papilicornis - - - 21 £6.5 0 <0.01
Nereis sp. (ind. m~2) 0 78417 <0.01 0 16 + 4 <0.05
Harmothoe impar/imbracata (ind. m™2) 0 65+ 17 <0.01 0 94 + 19 <0.01
Capitella capitata (ind. m™2) 0 38+22 <0.05 3+£3 74 + 48 <0.05
Syllidia armata (ind. m™?) 0 51419 <0.01 - - -
Polydora sp. (ind. m™2) 0 38+ 15 <0.01 0 9+4 <0.05
Oligochaeta (ind. m~?) 26 £+ 14 24+9 ns 0 112+ 78 <0.01
Ensis sp. (2 AFDW m™2) 284 £15.5 0 <0.05 0.03 £ 0.01 0 ns

p illustrates significant differences between the means based on a Student’s 7 test (abundance and biomass data were log transformed)

trol site. In the control site, 152 taxa were identified in the
two transects (12 samples). The same phyla dominated.
Sixty-eight taxa were not found at the mussel site. The spe-
cies richness in the reference site was 31.4 &+ 2.26 per sam-
ple and in the mussel site 25.6 £ 2.18, but no significant
difference was observed between the two sites, because of
the large variability. Diversity and evenness were signifi-
cantly higher in the reference site. No significant relation
with depth was observed.

Abundance and biomass

In Limfjorden and Oosterschelde, the total mean abundance
and biomass were significantly higher at the mussel site than
at the control site, but this was completely attributed to the
presence of the mussels (Table 2). Without mussels the mean
abundance and biomass were significantly lower at the mussel
site than at the control site in Limfjorden, whereas in the
Oosterschelde the opposite (but non-significant) was
observed. At the small spatial scale in Limfjorden, within the
mussel site, the abundance and biomass at the m-site were sig-
nificantly higher than at the nm-site (Table 3), but this differ-
ence was not significant anymore when omitting the mussels.

In Oosterschelde, endofaunal abundance in the mussel
site (504 ind. m~2) was higher compared to the control site
(357 ind. m~2), but endofaunal biomass was significantly
lower; epifaunal biomass on the other hand was signifi-
cantly higher in the mussel bed (Fig. 7).

In Ria de Vigo, total abundance did not differ signifi-
cantly between the reference site and the mussel site
(Table 4). Total biomass at the mussel site was significantly
lower than at the reference site, but a large variability was
observed because of the dominance of a few large individu-
als. No significant relation with depth was observed.

Feeding types

In Limfjorden, SF dominated the mussel site in density and
biomass. At the control site, SSDF (mainly Heteromastus
filiformis) numerically dominated, SF (Ensis) dominated in
terms of biomass. The number of SSDF (H. filiformis) was
significantly lower at the mussel site compared to the con-
trol site, whereas the number of SDF was higher. At the
small spatial scale within the mussel site, the m-site had
higher densities of SDF and predators than the nm-site.
Small SDF like Polydora sp. and Syllidia armata and small
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Table 3 Total number of species (V) and average (+SE) of species
richness, species diversity (H), evenness, total abundance, abundance
without mussels, biomass, biomass without mussels, and abundances
of dominant species in Limfjorden at the small spatial scale: nm-site
(n =9, samples without mussels or 1 individual) and m-site (n = 16,
samples with mussels)

Limfjorden: Mussel site nm-site m-site p

N, 12 20

Species richness 378 £0.36 7.31 £0.50 <0.01

Diversity (H) 1.02+0.11 0.70£0.05 <0.01

Evenness 0.77+£0.03 0.35+0.02 <0.01

Abundance (ind. m~?) 922 £+ 53 7,250 £ 752 <0.01

Abundance without mussel 846 + 50 1,182 +213 ns
(ind. m™?)

Biomass (g AFDW m~?) 17.8 £ 3.4 473 £ 61 <0.01

Biomass without mussel 11.9+19 74£15 0.05
(g AFDW m™?)

Pectinaria koreni (ind. m™?) 561 + 52 348 £ 77 ns

Nereis sp. (ind. m~2) 0 123+19 <0.01

Harmothoe impar/imbracata 0 96 £23 <0.01
(ind. m~?)

Capitella capitata (ind. m™2) 0 59 £33 ns

Polydora sp. (ind. m™2) 0 48 +£22 <0.05

p illustrates significant differences between the means based on a
Student’s ¢ test (p < 0.01)

predators like Harmothoe sp. only occurred at the m-site
and not at the nm-site (Table 3).

In the Oosterschelde, SF dominated the mussel site in
terms of density and biomass. At the control site SSDF
(Scoloplos armiger) and predators (Nephtys cirrosa)
numerically dominated. The biomass of SSDF was signifi-
cantly lower at the mussel site, whereas endofaunal SDF
biomass was higher. The biomass of epifaunal predators
and omnivores was much higher at the mussel site than at
the control site (Fig. 7).

In Ria de Vigo small polychaetes numerically dominated
at the mussel site, mainly SDF (51%, Prinospio sp., Aphelo-
chaeta marioni, Ampharete sp.) and SSDF (31%, H. filifor-
mis) (Table 4). Predators (9%) and especially SF (3%) were

Fig. 7 Endofaunal biomass
(left) and epifaunal biomass 3

Table 4 Total number of taxa (V) and number of taxa observed in
one site and not in the other (s), and average (£SE) of species diversity
(H), evenness, total abundance, total biomass, and abundance of
dominant/characteristic species in Ria de Vigo (reference site n = 12;
mussel site n = 18)

Ria de Vigo

Reference Mussel P
Ny (s) 152 (68) 159 (63)
Species richness 31.4 +£2.26 25.6 £2.18 ns
Diversity (H) 275+£0.12  229+0.12  <0.05
Evenness 0.81 +£0.03 0.72 £ 0.03 <0.05

Total abundance
(ind. m™?)

7,399 1,114 8,143 £ 1,740 ns

Biomass (g AFDW m~?) 559+19.8 33741525 <0.05

Heteromastus filiformis 1,156 & 525 1,854 4+ 848 ns
(ind. m~?)

Prinospio sp. (ind. m™2) 514 £ 138 1,465 £ 443  ns

Spio sp. (ind. m™2) 914 + 228 97 £33 <0.01

Nephtys sp. (ind. m™2) 132 £ 27 6+4 <0.01

Aphelochaeta marioni 378 + 151 577 £ 124 ns
(ind. m~?)

Ampharete sp. (ind. m™2) 220+ 73 685 £+ 139 <0.05

Paraonis fulgens (ind. m™2) 325 + 139 366 £ 359 ns

Aonides oxycephala 22+ 10 325+ 193 ns
(ind. m~?)

Capitella capitata (ind. m™2) 4.4 + 3.6 114 + 54 <0.05

Oligochaeta (ind. m~2) 13.2+7.7 310 £ 87 <0.01

Ampelisca sp. (ind. m~2) 444 + 52 97 £33 <0.05

p illustrates significant differences between the means based on a
Student’s ¢ test (abundance and biomass data were log transformed)

of minor importance. SDF (47%, Spio sp., Prinospio sp.,
A. marioni, Paraonis fulgens) also dominated at the refer-
ence site. SSDF (19%, H. filiformis) were less dominant
than at the mussel site, whereas SF (15%, e.g. Ampelisca sp.,
Actiniaria, Ophiothrix fragilis) and predators (13%, e.g.
Lumbrineris sp., Sphaerosyllis sp.) were more abundant.
Biomass at both sites was dominated by a few large individ-
uals of SF, e.g. Acanthocardia tuberculata and Cucumaria
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frondosa at the mussel site, and Cucumaria elongata,
C. frondosa, and Dosinia exolata at the reference site.

Benthic community structure

The MDS ordination analysis for Limfjorden showed a
clear separation of samples between the control and mussel
sites. This separation remained after removal of M. edulis
from the data matrix (Fig. 8, ANOSIM p < 0.01). Species
that were responsible for the significant dissimilarity (66%,
without mussels) were the polychaetes H. filiformis and S.
armiger (characteristic for control site) and Nereis sp.
(mainly Nereis succinea), Harmothoe sp., S. armata, Poly-
dora sp. and Capitella capitata (characteristic for mussel
site; Table 2). The polychaete Pectinaria koreni, common
at both sites, showed significantly higher densities at the
mussel site. In addition, the samples from the control site
were more similar within the site (average similarity 71%)
than samples from the mussel site (similarity 52%). The
community structure inside the mussel site had a rather
large variability. This was to a large extent explained by the
significant difference in community structure between the
m- and nm-site (Fig. 8, ANOSIM p < 0.01).

In the Oosterschelde, the MDS (excl. M. edulis) indi-
cated that the community structure of the control and mus-
sel site significantly differed from each other (Fig. 8,
ANOSIM p < 0.01). Species responsible for the significant
dissimilarity (91%) were S. armiger, N. cirrosa and Mage-
lona papillicornis (characteristic for control site) and Oli-
gochaeta, Pygospio elegans, Streblospio shrubsoli, C.
capitata and Harmothoe sp. (characteristic for mussel site;
Table 2). Additionally, several epibenthic species were
only observed in the mussel site (e.g. the amphipods
Amphilochus neapolitanus, Abludomelita obtusata, Micro-
deutopus anomalus, Microprotopus maculatus and the
decapods Athanas nitescens, C. maenas, Pinnotheres
pisum; the latter living symbiotically in mussel shells).

In Ria de Vigo, the community structure significantly
differed between the two sites (Fig. 8, ANOSIM p < 0.05),
but both sites showed a large variability. The community of
the mussel site was numerically dominated by H. filiformis
and Prinospio sp. These two species also occurred at the ref-
erence site, but in lower abundances. Other species contribut-
ing to the dissimilarity between the mussel site and the
reference site were Ampharete sp., Oligochaeta, C. capitata
(characteristic for the mussel site) and Spio sp. and Ampeli-
sca sp. (characteristic for the reference site; Table 4).

Discussion

Our study suggests that the presence of mussel cultures
(both bottom and suspended cultures) change the sediment
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Fig. 8 MDS ordination diagrams for Limfjorden (stress 0.14, top),
Oosterschelde (stress 0.08, middle) and Ria de Vigo (stress 0.21, bot-
tom). The MDS shows the differences in community structure of the
macrobenthos between the mussel site and control (reference) site. In
Limfjorden, the mussel site is further split up into nm-site = samples
without mussels and m-site = samples with mussels

environment and thereby alter the biodiversity of the
macrobenthic communities compared to nearby and other-
wise very similar mussel-free areas. Comparisons of the
sedimentary environment and associated benthic macrofa-
una of mussel bed and non-mussel bed locations may be
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confounded by location effects. In particular, different areas
may experience different hydrodynamic conditions. In our
study, we carefully checked (and measured) these condi-
tions to reduce these differences as much as possible. How-
ever, we did not sample all possible conditions in each of
these systems exhaustively. For that reason, we place
emphasis in the interpretation on those patterns that are
consistent across systems and culture practices, rather than
on impacts of mussel cultures within each of the systems.

Sediment and physico-chemical characteristics

In all three study sites, the sedimentary environment was
changed by the presence of mussels. Underneath or in the
surrounding areas of the mussel beds and suspended raft
cultures grain size was smaller and particulate organic car-
bon, nitrogen and phosphorus contents were higher than in
nearby, culture-free sediments (with similar hydrodynamic
conditions). Similar findings were reported for natural mus-
sel beds (Ragnarsson and Raffaelli 1999), commercial bot-
tom-cultured mussel beds (Smith and Shackley 2004) and
suspended cultures (Chamberlain et al. 2001).

For mussel beds the combined effect of sediment trap-
ping and biodeposition leads to high sedimentation rates.
Biodeposition in beds of suspension-feeding bivalves
results from the active filter feeding by the bivalves, which
leads to non-digested material being excreted to the sedi-
ment surface as feces and pseudo-feces (Kautsky and Evans
1987; Norkko et al. 2001). Bivalves affect the structure of
the sediment—water interface (Graf and Rosenberg 1997),
resulting in high local deposition rates (Dame 1993) and
enrichment of sediments in C and N (Kautsky and Evans
1987). In all three systems, the effect on the sedimentary
environment was local and more or less limited to the mus-
sel bed or its direct surroundings (see also Beadman et al.
2004). This local effect was very well demonstrated in
Limfjorden, where within the mussel site we observed sig-
nificant differences between patches of mussels and the
bare sediment in between. A mussel transplant experiment
in the intertidal by Ragnarsson and Raffaelli (1999) also
showed a significant increase in silt content between mussel
transplant plots and nearby (2 m) control plots.

The change of the sedimentary environment in the pres-
ence of a mussel bed was more pronounced in the Oostersc-
helde than in Limfjorden. Firstly, the control site had
coarser sediment in the hydrodynamically more dynamic
Oosterschelde, leading to larger differences. Secondly, aer-
ial cover and total biomass of mussels was higher in
Oosterschelde than in Limfjorden, enhancing both the bio-
deposition rate and the degree of cover (and protection
against resuspension) of the sediment. Thirdly, feeding
conditions and concentration of suspended sediment may
have differed and this may also explain differences in
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amount of biodeposition. Finally, the age of the mussel bed
may also influence its effect on the sedimentary environ-
ment. However, the age of the beds studied in Limfjorden
(2 years) and Oosterschelde (1.5 years) were rather similar
and this effect cannot be studied from our data.

Many studies have indicated that the primary environ-
mental impact of bivalve suspended cultures is increased
sedimentation due to biodeposition. Sedimentation rates
have been reported to be 1.3-5.5 times higher compared to
culture-free areas (Dahlbick and Gunnarsson 1981;
Hatcher et al. 1994; Grant et al. 1995; Callier et al. 2006;
Giles et al. 2006, pers. observ; this study). The elevated
POC, PON, phosphorus, and phaeo concentrations in the
surficial sediments in the raft area in Ria de Vigo are con-
sistent with measurements of enhanced organic input else-
where (Dahlbdck and Gunnarsson 1981; Chamberlain et al.
2001; Stenton-Dozey et al. 2001; Christensen et al., 2003;
Hartstein and Rowden 2004; Giles and Pilditch 2006; Giles
etal. 2006). The observation of a strong increase in the
phaeopigment concentration further suggests that a major-
ity of the phytosynthetic pigments in the mussel-affected sed-
iments were depositional chlorophyll degradation products
derived from mussel fecal and pseudofecal materials (Mirto
et al. 2000; Christensen et al. 2003; Giles et al. 2006).

Our hypothesis that biodepositional effects of mussels
would be smaller in hydrodynamically rough circumstances
than in calm conditions is rejected by the comparison
between Oosterschelde and Limfjorden. Apparently
(pseudo)fecal material is also deposited nearby the mussel
bed under a strong current regime as in Oosterschelde. In
this system, the physical structure of the (dense) bed can be
expected to cause skimming flow, leading to protected con-
ditions in the bed. Moreover, the strong hydrodynamic
forces lead to much higher suspended matter concentrations
in the water and thus increase the biodeposition rates of mus-
sels as compared to the quiet clearer waters of Limfjorden.

Also in suspended culture, the distance over which an
impact of mussels is measured is, in general, relatively
small. Mussel farm impacts were confined to less than 50 m
from the farm boundary in several studies (Mattsson and
Lindén 1983; Chamberlain et al. 2001; Hartstein and Stevens
2005). The degree of environmental impact is directly
related to the system’s ability to disperse the organic mate-
rial originating from the mussel cultures (Chamberlain et al.
2001; Newell 2004), which is strongly linked to the local
hydrodynamics (Hartstein and Rowden 2004; Hartstein and
Stevens 2005). Hartstein and Stevens (2005) observed a sig-
nificant effect of biodeposits on sediments underneath mussel
farms in sheltered sites, reducing to natural levels approxi-
mately 30-50 m from the farm site, whereas a more exposed
site showed no sign of any mussel deposits in sediments
beneath or up to 200 m from the farm boundary. For this
exposed site, they concluded that there is at time sufficient
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energy to re-suspend mussel biodeposits and to disperse
these deposits over a wide enough area thereby leaving little
impact on the natural sediment. In both sites of Ria de Vigo
(polygon and reference) it was seen that the physico-chemi-
cal parameters showed a decrease in grain size and chl a and
an increase in the other sediment parameters (mud content,
POC, PON, phosphorus content, phaco pigments) with
increasing depth. This interaction with depth can be
explained by the natural lateral transport of sediments to the
drainage channel and by wave action in the more shallow
stations that will disturb the sediments. The decrease in chl a
with increasing depth can be further explained by the
reduced light penetration with increasing depth. On top of
this natural gradient, the mussel farm contributed to local
organic enrichment through the enhanced biodeposition.
Compared to bottom cultures it was expected that the
changes in sediments under a suspended culture would be
larger, because of the much higher biomass of mussels per
m? surface in a suspended culture. This higher biomass leads
to a higher biodeposition, and resuspension of biodeposits
from intertidal or shallow-water bivalve populations is more
likely than those from bivalves living in either deeper water
or grown in suspended aquaculture systems, where the
underlying sediments are isolated from frequent disturbance
by wave action. Most parameters (e.g. mud content, POC,
PON) were indeed several times higher in mussel site sedi-
ments in Ria de Vigo compared to Oosterschelde and Limf-
jorden, but highest values in the reference site stations also
exceeded those from the reference sites in Oosterschelde and
Limfjorden. The different hydrodynamic conditions make
direct comparisons among the three study areas difficult.

Benthic macrofauna response: mussel beds as habitat

In both Limfjorden and Oosterschelde, we observed a signifi-
cant change in the macrobenthos. A few, mainly intertidal
studies have demonstrated significant effects of the presence
of mussel beds on macrobenthic communities (Dittmann
1990; Ragnarsson and Raffaelli 1999; Beadman et al. 2004;
Commito et al. 2005), although the strength and direction of
these effects differ among studies. Dolmer (2002) suggested a
positive relationship between mussel abundance and the
number of associated species due to the complex substratum
by the mussels, but Beadman et al. (2004) found that increas-
ing the abundance of mussels decreased infaunal diversity
and abundance. Different processes and mechanisms will
influence the presence of the associated benthic macrofauna
in mussel beds. The relative importance of each mechanism
will determine the (combined) outcome of the ecosystem
engineering effect of the mussels.

Firstly, the complex epibenthic mussel matrix provides a
biogenic habitat that offers a habitat for epibenthic, hard
substrate species, as well as shelter and predator refuge for

mobile epibenthos (Seed and Suchanek 1992; Reise 2002;
Gutiérrez et al. 2003). Therefore, it was hypothesized that
mussel beds will increase the epifaunal biodiversity com-
pared to the surrounding bare sediments. In our study this
hypothesis was clearly supported for the Oosterschelde,
where the number of (mainly mobile) epibenthic species
and their biomass significantly increased in the mussel bed.
In Limfjorden, epibenthic species were very rare overall
and showed no increase in the mussel bed. Some poly-
chaete species however, like Harmothoe, Pholoe and Poly-
dora, were only present in the mussel bed in Limfjorden,
and these species can be considered as epibenthic species,
as they live in between the mussel matrix (Dittmann 1990).
These species also occurred within the mussel matrix in the
Oosterschelde. Increased epifaunal diversity in mussel beds
is observed in several studies, both in the intertidal (Ditt-
mann 1990; Ragnarsson and Raffaelli 1999; Asmus 1987)
and the subtidal (Seed and Suchanek 1992; Saier 2002).
Some of these species (e.g. crabs C. maenas and seastar A.
rubens which increased in both Oosterschelde and Limfjor-
den) are predators of the mussels themselves and are thus
also attracted by the mussels as prey.

Secondly, the biodeposition caused by the bivalves will
locally enrich the sediment (see above). For endobenthos liv-
ing conditions will tend to deteriorate with increasing inten-
sity and persistence of the organic (bio)deposition, following
the empirical model of Pearson and Rosenberg (1978). High
rates of biodeposition may result in increased microbial
activity and strongly reducing conditions in the sediments,
leading to endobenthic communities with low diversity,
dominated by opportunistic species such as capitellids and
oligochaetes. Several authors observed a shift in the endo-
benthic community from one dominated by polychaetes in
non-mussel areas to one dominated by oligochaetes in mussel
beds (Commito and Boncavage 1989; Dittmann 1990; Rag-
narsson and Raffaelli 1999), or at least a decline in polychae-
tes but not in oligochaetes in the presence of mussels
(Beadman et al. 2004). In particular, the abundance of Tubifi-
coides benedii (Commito and Boncavage 1989; Commito
et al. 2005) and C. capitata (Ragnarsson and Raffaelli 1999)
in mussel beds have been attributed to their tolerance for
organically enriched, anoxic sediment. In the Oosterschelde,
where the mussel bed was very dense, we also observed a
shift from polychaetes to oligochaetes, with a dominance of
Oligochaetes and C. capitata. In Limfjorden, with a more
patchy mussel bed, C. capitata only occurred in the mussel
patches, but Oligochaeta did not increase in abundance com-
pared to the control site. On the other hand, several species
(e.g. free living species like Scoloplos armiger and Nephtys
cirrosa) were absent from the mussel sites or severely
reduced in numbers in comparison to the reference sites.

Thirdly, the activity of the mussels themselves might influ-
ence the settlement of other species. Woodin (1976) predicted
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that dense suspension-feeding bivalves reduce the probability
of successful larval settlement by any larvae, including their
own. Several authors have debated this hypothesis, and
showed that infaunal species, especially those that form
cocoons, brood, fragment asexually, or disperse at large post-
larval stages may be relatively more abundant in mussel beds
than species with planktonic larval dispersal (Commito and
Boncavage 1989; Dittmann 1990; Thiel and Ullrich 2002). A
good example are Oligochaeta that reproduce by means of
cocoons. Dolmer (2002), in contrast to the above hypothesis,
suggested that the higher spatial complexity of mussel beds
enhances larval settlement of several species.

Both in Limfjorden and Oosterschelde, the associated
fauna in mussel beds constituted only about 3-4% of the
total biomass. This is also observed in other studies (e.g.
Asmus 1987). The biomass of the associated fauna within
mussel beds often does not exceed that of fauna in sur-
rounding habitats (Asmus 1987; this study). Thus, mussel
beds do not necessarily enhance biomass (or production) of
associated fauna but provide a habitat for particular species
that otherwise could not exist in the surrounding unengi-
neered soft-bottom environments (see also Crooks 2002).

Benthic macrofauna response: suspended mussel farming
impacts

The feeding activity of suspended bivalve suspension feed-
ers results in enhanced organic (bio)deposition, without
however affecting the habitat structure. It was, therefore,
hypothesized that it would mostly affect the endobenthos,
promoting opportunistic species.

Overall, this hypothesis was confirmed in our study.
Diversity significantly decreased under the mussel culture
in Ria de Vigo, and also species richness, although not sig-
nificantly, showed an average decrease. Total abundance
slightly increased in the mussel site, and total biomass sig-
nificantly decreased. The variability within each site was
large, but the between variability was larger and showed
significantly different benthic communities between the
mussel and reference sites. Other studies on the influence of
suspended bivalve culture on the benthic macrofauna show
varying results. Most studies, including this study,
observed a reduced macrobenthic species richness and
diversity under suspended mussel cultures (Tenore et al.
1982; Mattsson and Lindén 1983; Kaspar et al. 1985; Sten-
ton-Dozey et al. 2001). Callier et al. (2007) also observed a
decrease under lines with mussels at least 1-year old (1+),
whereas sites under lines with mussels less than 1-year old
showed the greatest number of species compared to refer-
ence and 1+ sites, suggesting that some species have bene-
fited from the moderate organic loading from the O+
mussels. Most studies, including our own, observed a shift
in the benthic community structure, but the analysis of tro-

@ Springer

phic structure revealed different outcomes among different
studies. In Ria the Vigo, we observed a shift towards small
surface deposit feeders, as was also observed in the bottom
cultures. Mattsson and Lindén (1983) observed higher
abundances of deposit feeders at mussel culture sites com-
pared to reference sites. Others, sampling right underneath
rafts or longlines, observed a dominance of predators and
carnivores that profit from mussel drop-off (Grant et al.
1995; Stenton-Dozey et al. 1999). Kaspar et al. (1985) indi-
cated that the organic debris underneath suspended cultures
had a smothering impact on filter feeders.

Several studies mention species-specific responses and one
of the common examples showing increased abundance under
mussel rafts is the capitellid worm C. capitata. Christensen
etal. (2003) showed that the dissimilarity between farm-
affected stations and a reference station was primarily due to
the enhancement of small surface deposit-feeding polychae-
tes, such as C. capitata and Prinospio spp. On the other hand,
large, bioturbating species, such as burrowing bivalves and
crustaceans, and a dense population of suspension-feeding
ophiuroids, were displaced, leading to important implications
for the sediment bioturbating capacity (Christensen et al.
2003). These patterns were also observed by e.g. Mattsson
and Lindén (1983), and Hartstein and Rowden (2004).

Impact of “foundation species” along stress gradients

It is generally assumed that ‘foundation species’ or ecosys-
tem engineers have the highest impact in extreme physical
environments (Crain and Bertness 2006), where they will
ameliorate physical stress. In less stressful conditions, their
effect may be reduced to the provision of competitor- or
predator-free space. In mussels, these roles seem to largely
coincide: alleviation of physical stress and provision of pred-
ator-free space are both a consequence of the habitat struc-
ture provided by mussel beds. For epibenthic species this has
a clear effect, especially in hydrodynamically rough condi-
tions as in Oosterschelde. It may explain why the effect on
epibenthos was much more pronounced there than in Limf-
jorden. The biodeposition by mussel beds, however, is not
related directly to hydrodynamic stress (see ‘“Discussion”).
Rather, it creates chemical stress and selects for stress-resis-
tant endobenthic species without apparently promoting the
use of these (spatially concentrated) organic resources in
animal production. Thus, ecosystem engineering in this case
cannot solely be viewed as a stress-ameliorating process, nor
is it uniquely linked to physical stress gradients.

Conclusions

The presence of Mytilus cultures was shown to have signifi-
cant effects on the sedimentary environment and the benthic
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macrofauna associated with these cultures. Although the
three study areas in this study differed considerably in type of
mussel culture and locality (e.g. hydrodynamic conditions),
we observed some generalities that could be attributed to the
presence and activity (biodepostion) of the mussels: (1) the
sedimentary environment showed an increase in POC, PON,
phosphorus and phaeopigment concentrations in the presence
of mussel cultures, (2) infaunal macrobenthic community
structure significantly changed from species which are typi-
cally present in sandy environments to small opportunistic
SDF species, which are typically present in organically
enriched sediments. The consistency of the patterns observed
at all three study areas, which encompassed a range of envi-
ronmental conditions and mussel culturing practices, does
increase the generality of our findings. Additionally, our
observations suggest that effects are rather locally and
restricted to the nearby environment of the mussel cultures.

On the other hand, the present study also illustrates the
habitat-forming effect of mussel beds. It is clear that the
engineered habitat provides a resource that is not available
in the unengineered environment. This has a positive effect
on the biodiversity (through an increase in epibenthic diver-
sity), which is not observed in sediments near suspended
cultures. However, when comparing the biodiversity effects
of bottom and suspended cultures, one should also bear in
mind that the mussel ropes of suspended cultures are a hab-
itat on itself that also attracts many epifaunal and infaunal
species (Murray et al. 2007).
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