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ABSTRACT: The impact of a mussel bed on the neighbouring pelagic food web is investigated by a
comparative study of the vertical distribution of plankton above a mussel bed with that above a bare
sandy bottom. The use of conventional water bottles did not reflect the near-bed dynamics. However,
use of a high-resolution water sampler in the bottom 1 m of the water column above the sea floor
revealed statistically significant differences. The results document for the first time in situ grazing on
all major components of the pelagic food web. The vertical distributions of phytoplankton, bacteria,
protozoa, meroplankton and copepods were statistically significantly different above the mussel and
sand beds. The mussel bed recycled nutrients back to the water column as waste products. The pre-
sent investigation stresses the need for a more diverse view of the trophic role of suspension-feeding
bivalves in shallow coastal ecosystems.
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INTRODUCTION

Dense populations of benthic suspension feeders
play a key role in coastal ecosystems, where their large
grazing potential strongly influences the plankton
community through depletion of phytoplankton and
detritus above the sea bed (Loo & Rosenberg 1989,
Petersen & Riisgaard 1992), forcing phytoplankton suc-
cession towards small, fast-growing species (Riemann
et al. 1988, Noren et al. 1999). At the same time,
bivalve populations fertilise the phytoplankton com-
munity by excreting nutrients (Jordan & Valiela 1982).

Traditionally, research on suspension feeders as-
sumes that phytoplankton are the main source of nutri-
tion. Knowledge about the prey size spectra of bivalves
is primarily available for a small size range of about
4 to 10 pm, and it is reported that particles >4 pm are
completely filtered by Mytilus edulis (Mehlenberg &
Riisgaard 1978). Knowledge about the upper prey size
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limit of the prey size is based on stomach content
analysis (Davenport et al. 2000) and grazing experi-
ments with mesozooplankton or large detritus particles
offered as food (Davenport et al. 2000, Karlsson et al.
2003). Recently, Davenport et al. (2000) reported that
the upper size limit for prey of M. edulis was above
1000 pm, stressing the need for consideration of meso-
zooplankton as potential prey for this species. So far,
little attention has been given to in situ effects of mus-
sel populations on the structure and composition of the
pelagic food web, including the heterotrophic compo-
nents. However, all heterotrophic plankton organisms
often comprise a significant fraction of the total plank-
ton biomass (Andersen & Sgrensen 1986) and conse-
quently to the potential food for suspension-feeding
bivalves. Additionally, by using zooplankton as a food
source, mussels also remove these competitors for
phytoplankton prey. The ecological implications of this
link have not so far been investigated.
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The functional triangle between mussel grazing,
phytoplankton and zooplankton has hitherto received
little attention, but knowledge thereof is crucial to
understanding planktonic community structure and
the fate of coastal primary production. In the present
paper, the effects of the suspension-feeding Mytilus
edulis on the pelagic food web are investigated in situ
by comparison of the plankton community above a
mussel bed with that above a bare sand bed. Compan-
ion paper (Maar et al. 2007, this volume) investigates
the observed functional triangle forced by turbulence
and elucidates it using a dynamic model.

MATERIALS AND METHODS

Sampling. The study site was the shallow Limfjord
located in northern Denmark (micro-tidal amplitude
0.1 to 0.2 m) (Fig. 1). The fjord is connected with the
North Sea on the west coast and the Kattegat on the
east coast. The fjord is eutrophic and supports a high
biomass of benthic suspension feeders; the mussel
fishery is primarily based on a wild population of
blue mussels Mytilus edulis L. (Kristensen & Hoffmann
2004). Sampling took place on a sand bottom and a
blue mussel bed at Logster Bredning (Fig. 1) from
26 May to 5 June 2003. The distance between the 2
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Fig. 1. Limfjord showing the 2 study
sites. (O) Sand bed; (®) mussel
Mytilus edulis bed

sites was 950 m and the water column depth was 5.5 m
at the sandy site and 6.0 m at the mussel site.

Vertical profiles of temperature, salinity and fluores-
cence were recorded using a CTD (GMI AROP2000)
equipped with an in situ fluorometer (Type Q300 No. 18,
Copenhagen) immediately before and after biological
sampling from RV ‘Genetica II', (University of Aarhus)
anchored to the study sites. Vertical profiles of flow
velocity were measured every 13 min by two 1200 kHz
RDI ADCPs,, (acoustic doppler current profiler, RDI,
configured to ‘look upward’ through the water column
above the beds). The ADCPs were provided by the Uni-
versity of Wales, Bangor, UK and measured water cur-
rents in 0.30 m bins and covered the water column from
1.66 m (sand bed) and from 0.56 or 0.86 m (mussel bed)
above bottom to the surface. It was not possible to deter-
mine turbulent parameters with the ADCPs using the
variance method, due to the low energy levels during the
study period (Wiles et al. 2006). For more detailed in-
formation about the physics in the Limfjord during the
investigation period see Wiles et al. (2006).

Biological parameters were sampled on 27, 28,
29 May and 1 and 4 June from 9:00 to 11:00 h local time
at the centre of each site. Water sampling was on 2
scales: (1) a metre-scale using 30 1 Niskin water bottles
1 m (near-bottom), 3 m (middle) and 5 m (surface)
above the bottom, and (2) a decimetre scale by a high-
resolution sampler, HRS (Fig. 2) standing on the sea
floor and overlapping the deepest Niskin bottle depth.
The HRS sampler consists of eight 1.5 1 polycarbonate
syringes (Linatex) mounted at 0.19 m intervals on a
metal frame, and syringes from 0.14 to 1.47 m above the
sea floor with a total height of 1.8 m. The plungers of
the syringes are mounted on a central wire that is con-
nected to a release system in the top of the sampler.
When the HRS is loaded, the syringes are empty and a
Volvo spring is kept in position by a trigger. Dropping a
messenger along the wire releases the trigger and the
syringes are simultaneously and instantaneously filled.
Prior to release, the HRS was inspected and adjusted by
divers to ensure that the sampler was correctly posi-
tioned, that the mussels were filtering, and that the
syringes were pointing towards the current. Current
patterns were allowed to stabilise before release of
the trigger and the HRS was immediately retrieved,
drained and sampled for the variables described below.

Variables measured. Nufrients: Samples for the de-
termination of nutrient concentrations (PO,*>~, NO3",
NH,, SiO*") were frozen onboard the ship. Measure-
ments were carried out later at the National Environ-
mental Research Institute (NERI) on an automatic nutri-
ent analyser (Dansk Havteknik) following Grasshoff
(1976). All nutrient samples were analysed in duplicate
with a precision of 0.06, 0.1, 0.3, and 0.2 pmol 1! for
phosphorus, nitrate, ammonia and silicate, respectively.
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Fig. 2. High-resolution sampler (HRS) in sampling position on sea bed. Photograph by J. Larsen

Chlorophyll a (chl a): Three replicates of 50 ml each
were filtered onto GF/F filters. Chl a was extracted
overnight in 5 ml 96 % ethanol in the dark and mea-
sured before and after acid addition on a Turner De-
signs Model 700 fluorometer (Yentsch & Menzel 1963).

Bacterial abundance: For quantification of bacteria,
10 ml samples from each depth were preserved with
1 ml formalin in 20 ml glass vials and stored cold until
processing. The bacteria were enumerated on a FACS
Calibur flow cytometer (Becton Dickinson) after stain-
ing of fixed cells with the nucleic acid stain SYBR
Green 1 (Molecular Probes) according to Marie et al.
(1997). A 1 ml sample was added to 10 pl of a 100x
dilution of stock SYBR Green 1, and 10 pl of a suspen-
sion of 2 pm fluorescent beads (Polyscience). The num-
ber of cells was converted to biomass (ug C I"!) apply-
ing 20 fg C cell"! (Lee & Fuhrman 1987).

Bacterial production: This was measured from in-
corporation of *H-thymidine (Fuhrman & Azam 1982).
Four replicates of 10 ml unfiltered seawater from each
sampling depth were sampled in 20 ml plastic vials
and incubated with 3'H-thymidine for 2 h; one of the 4
replicates was a 10 ml control sample pre-killed with
500 pl trichloroacid (TCA), 100%. The samples were
filtered on 0.2 pm cellulose-nitrate filters and washed
10 times with ice-cold TCA (5%). The filters were
transported and stored frozen in 20 ml plastic vials

before addition of 10 ml Filtercount and processed
on an automatic scintillation counter. The incorpo-
rated thymidine volume was converted to cell pro-
duction (ug C I"'! h™!) by the factor 1.1 x 10'® cells mol™!
3H incorporated according to Riemann et al. (1987).

Protozooplankton abundance and species composi-
tion: We preserved 100 ml seawater with acidified
Lugol's solution (2 % final concentration). The samples
were allowed to settle for 24 h in 10 or 50 ml chambers
before counting the protozooplankton under an in-
verted microscope at 200 x magnification. The identifi-
cation of species or morphological types was based
on Nielsen & Hansen (1999).

Zooplankton >45 pm: We fixed 600 ml of sample in
2% buffered formalin (final concentration). In the lab-
oratory, the zooplankters were counted, identified and
their length measured.

Benthic community: Abundances and size composi-
tion of blue mussel and other benthic species (>0.1 cm)
were quantified from bottom samples taken with a
'HAPS' (a small box-corer taking cores with a diameter
of 10 cm (Kanneworff & Nicolaisen 1973)); 25 such
cores were taken randomly at each site and additional
video surveys were used to estimate mussel coverage
(Ysebaert pers. comm.).

Statistics. Differences in the mean values of nutri-
ents, chl a, phaeopigments, bacterial abundance and
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production and zooplankton abundances between the
sand and mussel beds were tested by each sampling
method using pooled data from all 5 sampling days
(see Tables 2 & 3). The Niskin bottle samples were
tested for each measured parameter by 2-way
ANOVAs with depths (1, 3 and 5 m above bottom) and
bed type as fixed factors. At a decimetre scale, we
assumed that the effects of mussel filtration on the
measured parameters would emerge either as differ-
ences in slopes with depth or in means above the sand
and mussel beds. Vertical distributions of these para-
meters sampled by the HRS <1 m above the bottom
were empirically tested against the general model
C=oln(z)+ Cy, where Cis the concentration or abun-
dance of the relevant parameter at Depth z, o is the
slope, and C is the concentration at the bottom (z = 0).
These parameters were tested for significant differ-
ences in slopes (i.e. interaction term of depth x bed
type) between the sand bed and the mussel bed by
ANCOVAs using In (z) as the covariate. If the inter-
action term was not significant (i.e. the slopes were
parallel) the test was repeated for means without the
interaction term. To obtain more detailed information
on the parameters at a decimetre scale in the lower 1 m
of the water column, the HRS samples were further
tested for differences in means and slopes between the
sand and mussel beds as described above, but for each
separate sampling day (see Tables 4 & 5).

Finally, the sampling efficiency of zooplankton by
the 2 sampling devices was tested by comparing all
zooplankton abundances measured at 1.09 m (HRS)
and 1 m (Niskin) above the beds by a 1-way MANOVA
for each site. All statistics were conducted assuming a
Type I error of 5% and using SPSS (Version 11.5) for
Windows.

RESULTS
Physical properties

The sampling period was generally calm, and winds
were only consistently higher than 5 m s on 26 to
28 May and 2 to 3 June, while on 31 May to 1 June
there was moderate wind but with a relatively large
fetch (Wiles et al. 2006). There was a gradual increase
in temperature during the sampling period due to solar
heating, resulting in a sea surface temperature of 17°C
on 4 June (Figs. 3a & 4a). Salinity increased concur-
rently (Figs. 3b & 4b) and the effects of temperature
and salinity counteracted each other so that the density
of the water remained approximately constant over the
period (Figs. 3c & 4c). The water column was stratified
over the period except on 31 May and 3 June, when
the water column was mixed by wind-driven wave
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Fig. 3. Water column properties from CTD casts above sand

bed showing (a) temperature (°C), (b) salinity (psu), (c) den-

sity (kg m~®), (d) fluorescence (arbitrary units). Arrows (top
abscissa) indicate samplings

motion (Wiles et al. 2006). On 29 May, a cold high-
salinity patch was observed close to the bottom. The
depth distribution of chl a fluorescence decreased
towards the mussel bed on 27 and 28 May, but this pat-
tern was not consistent with that observed on the other
sampling days (Figs. 3d & 4d). Above the sand bed,
chl a fluorescence levels were generally higher in the
lowest 3 m of the water column, except on 31 May
(total mixing) and 4 June, when there was a bloom at
the surface. Mean (+SD) flow velocities were weak,
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Fig. 4. Water column properties from CTD casts above mussel

bed showing (a) temperature (°C), (b) salinity (psu), (c) den-

sity (kg m~®), (d) fluorescence (arbitrary units). Arrows (top
abscissa) indicate samplings

0.05 + 0.1 m 57! 1.66 m above the sand bed and 0.04 +
0.1 m s10.86 m above the mussel bed (Fig. 5). When
the water column was stratified, the flow frequently
exhibited a 2-layer structure with opposing flows in
surface and near-bed layers (Wiles et al. 2006). The
general direction of water currents near the beds was
N to NW from the sand bed towards the mussel bed on
28,29 May and 1 June, while on 27 May and 4 June the
flow direction was southerly during sampling (Fig. 5).
There was a statistically significantly higher chl a con-

centration above the sand bed on 4 June than on the
other days (ANCOVA, F, 4 15 p < 0.05), indicating that
chl a was not depleted by upstream mussels even
though the flow direction was southerly. Chl a concen-
trations in the low-salinity patch on 29 May tended to
be lower than for the other days, but this was not statis-
tically significant (ANCOVA, F, 4 15 p > 0.05).

Benthic community

As expected, a pronounced difference was observed
between the benthic communities of the 2 sites (Table 1).
Blue mussels Mytilus edulis totally dominated the mus-
sel site with an average abundance and biomass of
3911 ind. m~2 and 300 g ash-free dry wt (AFDW) m2, re-
spectively; on average they covered 27 % of the sea bed.
The size range of the blue mussel population was 0.2 to
5.8 cm shell length with an average (+SD) of 2.2 £ 0.9 cm
and a median of 23 cm. Area-specific population
filtration capacity Fyo, was 94 m* m™* d™' using a clear-
ance of 1.01h !ind.™! (Kierboe & Mghlenberg 1981) with
linear temperature correction (Riisgaard & Seerup 2003).
At the sandy site, the benthic biomass was 1 order of
magnitude lower, since no blue mussels were present
and the benthic community was composed of infauna
spp. such as Ensis spp., Venerupis senegalensis and
different species of polychaetes. For Ensis spp., Fpop =
0.4 m®*m2 d! was calculated from Shumway et al. (1985)
using a dry-weight to AFDW ratio of 2 and a scaling
exponent of 0.66. This corresponds to less than 0.5 % of
filtration capacity at the mussel bed and can therefore
be ignored.

Pelagic community

There was no statistically significant difference in
mean zooplankton abundances sampled at approxi-
mately 1 m above the bottom between the 2 sampling
devices, illustrating that they collected zooplankton
with the same efficiency (MANOVA, F; 1, p > 0.05). For
the water samples taken 1, 3 and 5 m above bottom
with the 301 Niskin bottles, there were only significant
differences between the 2 sites for ammonium, silicate
and for bivalve larvae (Tables 2 & 3). Nutrient concen-
trations were, in general, close to the detection level
except for silicate (Tables 2 & 3, Fig. 6a—e). Chl a con-
centrations varied between 2 and 6 mg m~3 (Fig. 6f—j)
and the size-fraction >2 pm available to mussels con-
tributed 82 + 7 % to total chl a (data not shown). Bacte-
rial abundance was in the order of 3 to 8 x 10° cells 17
and bacterial production varied from 20 to 72 ng C
I'! d! (Fig. 7). The protozooplankton consisted of
athecate dinoflagellates Gymnodinium spp., thecate
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Table 1. Average +SE abundance and biomass of benthic community above sand and mussel Mytilus edulis beds in the Limfjord,

Denmark. AFDW: ash-free dry weight

Species Sand bed —— Mussel bed ———
Abundance Biomass Abundance Biomass
(ind. m~?) (g AFDW m™?) (ind. m?) (g AFDW m™?)
Bivalvia
Mytilus edulis 3+£3 0.001 +0.001 3911 + 717 300.0 + 59.11
Ensis spp. 17 + 10 28.43 £ 15.95 0 0
Venerupis senegalensis 3+3 4.199 +4.199 0 0
Gastropoda
Hinia reticulata 0 0 10+ 8 0.943 + 0.718
Polychaeta
Heteromastus filiformis 1941 + 177 0.146 + 0.014 130 + 92 0.011 + 0.009
Nephtys hombergii 66 + 10 1.613 + 0.256 68 + 11 1.217 £ 0.235
Nereis virens 3+3 1.469 + 1.469 0 0
Pectinaria (Lagis) koreni 234 + 34 4.085 + 0.656 431 + 54 6.500 + 0.869
Scoloplos armiger 138 £ 21 0.336 + 0.066 0 0
Total 2405 40.28 4551 308.6

dinoflagellates Protoperidinium spp., Strombidium-like
naked oligotrich ciliates and the mixotrophic ciliate
Mpyrionectra rubra. Their overall abundance varied
from 0.5 to 177 x 103 cells I"! (Fig. 8). The larger zoo-
plankton (>45 pm) were dominated by copepodites
and nauplii of Centropages hamatus, bivalve larvae
and polychaete trochophores, and their overall abun-
dance varied between 7 to 1500 ind. 1! (Fig. 9). The
abundance of bivalve larvae was statistically signifi-

cantly higher above the mussel bed than over the sand
bed (Table 3).

The higher vertical resolution towards the seabed
achieved by the high-resolution sampler (Fig. 2) gave a
totally different impression of near-bed plankton dynam-
ics than the Niskin bottle and chl a fluorescence samples
(Figs. 3d & 4d). Samples taken by the HRS revealed
statistically significant differences between the 2 sites for
most of the measured parameters (Tables 2 & 3). Thus,
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Table 2. Average +SE nutrient concentrations (mmol m~3), chlorophyll a (mg m~3), phaeopigments (mg m~3), bacterial abundance

(x10° cells I"!) and production (ug C I"* d°!) 5, 3 and 1 m above bottom, ab, (2-way ANOVA, F, , ,,) and from high-resolution

sampler (HRS) <1 m above bottom (ANCOVA, Fyg.47 1). *, **: statistically significant differences in means* and slopes** (inter-
action term) between sand and mussel Mytilus edulis beds

m POS NO;~ NH, Si0,3- Chla Phaeopigments Bacterial
(ab) abundance abundance production
Sandy bottom
5 0.08+0.01 0.20+0.10 0.31+0.01 225+038 3.66+0.59 4.46=+0.54 6.32+0.54 1.41+0.18
3 0.07+0.00 0.18+0.08 0.42+0.07 2.29+035 3.66+041 4.79+0.74 6.15+0.66 1.69 +0.28
1 0.07+0.00 0.22+0.12 045+0.08 2.66+053 3.98+041 5.34=+1.07 6.36 £ 0.63 1.75+0.24
HRS 0.11+0.03 0.11+0.04 0.62+0.12 3.22+066 555+0.82 7.93+0.90 6.53 £0.49 1.33+0.23
Mussel bed
5 0.07+0.01 0.11+0.01 0.40+0.09* 1.18+0.37* 3.68+042 4.55+0.70 581 +045 1.45+0.17
3 0.07+0.01 0.12+0.02 0.50+0.11* 1.74+049* 3.82+041 5.61+0.68 577+0.62 1.51+0.18
1 0.10+0.02 0.13+0.02 0.74+0.12* 1.89+0.22* 3.88+0.36 6.64+140 6.14 £0.44 1.42+0.09
HRS 0.15+0.03* 0.16 £0.02 2.03+0.37** 525+1.32* 3.21+0.67** 572+1.12* 582 +0.63* 1.20+0.11**

Table 3. Average +SE zooplankton abundance (cells or individuals 1) 5, 3 and 1 m above bottom, ab, (2-way ANOVA, F, , ,4) and

from HRS <1 m above bottom (ANCOVA, Fj6.47,1). *

, **: statistically significant differences in means* and slopes** (interaction

term) between sand and mussel Mytilus edulis beds

m Athecate Thecate Oligotrich ~ Myrionectra Bivalve Trochophores Nauplii Copepodites
(ab) dinofl. x10® dinofl. x10%  ciliates x10?>  rubra x10? larvae
Sandy bottom
5 83 +21 40 + 14 69 + 11 44 +6 246 + 109 55+ 15 56 = 20 24 +5
3 91 + 25 40 + 18 83+ 17 60 + 16 378 £ 71 52+ 10 66 + 13 34+8
1 84 + 11 22+ 7 78 £ 15 94 + 26 638 + 140 65+ 17 66 + 17 39+6
HRS 99 + 26 308 79 + 22 17+ 5 586 + 224 23+6 28 +10 23+10
Mussel bed
5 53+ 13 25+4 83 +23 46 + 14 611 +211* 37x9 82 + 24 33+8
3 71+14 50 =19 120 + 24 58 =12 967 + 179* 505 78 £ 17 40+ 6
1 84 +20 45 +10 107 + 23 69 + 16 1024 + 212* 55+ 14 52+ 11 32+8
HRS 76 + 34** 23 +7 33+ 14" 13 + 3** 299 + 71** 23+ 17 14 + 5* 10 + 5*

mussel filtration only affected the pelagic food web in the
lower 1 m of the water column. The concentrations of
phosphate, ammonium and silicate were statistically
significantly higher above the mussel bed than the sand
bed (Tables 2 & 4); this was most prominent in the case of
ammonia (Fig. 6a—e). Chl a concentrations varied be-
tween 3 and 10 mg m~3 and increased towards the sand
bed (Fig. 6f—j). Above the mussel bed, chl a concentra-
tions declined towards the bed and were significantly
lower at 1 to 8 mg m™® compared with the sand bed.
There was significantly lower bacterial abundance
and production above the mussel bed on most days
(Tables 2 & 4, Fig. 7), but no significant difference in
specific growth rates (= production:biomass) between
the sites (ANCOVA, F; 4, p > 0.05). There was also a
statistically significantly lower abundance of ciliates and
dinoflagellates above the mussel bed in 14 out of 16
cases when testing the days separately (Table 5, Fig. 8).
In the case of the larger zooplankton (trochophores,
bivalve larvae, nauplii and copepodites), the pattern was

less clear, with a significantly lower abundance above
the mussel bed in 7 out of 20 cases for the different days
(Table 5, Fig. 9). However, on 28 May the abundances of
all larger zooplankters were statistically significantly
lower over the mussel bed than over the sand bed.

DISCUSSION

Conventional oceanographic sampling with profiling
equipment and Niskin water bottles does not resolve
the near-bed distributions of nutrients and plankton,
and therefore near-bottom depletion can be over-
looked, as documented here (Tables 2 & 3, Figs. 3d, 4d
& 6-9). This is partly because bottom contact was
avoided to protect the equipment, but also because the
pressure wave in front of the sampling device creates
mixing and resuspension and consequently obscures
details of near-bed distribution patterns. In this context,
the application of stationary, bottom operated samplers
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Table 4. Statistically significant differences in means (*) or slopes (**) of nutrients
(mmol m~3%), chlorophyll a and phaeopigments (mg m™%), bacterial abundance
(x10° cells 1I"!) and production (ug C I"' d°!) between sand bed and mussel
Mytilus edulis beds sampled on the different days by HRS <1 m above the bottom
(ANCOVA Fg3,4). ns: not significant; —: below detection limit at sandy site

advection was therefore less important
than vertical mixing for the supply of
food to mussels in the Limfjord, as sug-
gested by Dolmer (2000a). Accordingly,
the supply of plankton to the benthic

communities is pulsed, depending on the
Date PO,*~ NO;s~ NH, SiOs Chla Phaeo- Bacterial . . P .p g
d/mo pigments abundance production physical regime, on a time scale of 1

to 4 d (Figs. 3¢ & 4c¢). Benthic feeding ac-
27/5  ns - . ns . ns ns * tivity then generates feed-back processes
28/5  ms i i ns ’ ' " that regulate the pelagic food web
29/5  * . . x . « ns N i b bott trient »
/6 s B .- s - . ns - rough bo om—up (nutrient recycling)
4/6 . _ . « o o . . or top—down (grazing) effects.

such as artificial siphons (Jonsson et al. 2005) and the
present HSR (Fig. 2) has clear advantages. The HSR al-
lows undisturbed sampling across sharp interfaces
(Maar et al. 2003) once the water column structure is re-
established and the bivalves have resumed filtering.
The samples taken with the HRS sampler made it possi-
ble to analyse all components of the pelagic food web
above a mussel bed and sandy reference site, resolving
the implication of mussel suspension-feeding on the
near-bed distribution pattern of plankton.

Field studies have shown that mussel populations in
shallow waters can deplete a water layer of several
metres thickness within 1 d (Dolmer 2000b, Ackerman et
al. 2001). This intuitively implies that mussels signifi-
cantly influence the plankton concentration in the water
column above them. However, a depleted boundary
layer near the bed prevents full realization of the filtra-
tion potential of the benthic filter-feeders (Wildish &
Kristmanson 1997). Consequently, the actual grazing
impact depends on the processes that supply plankton
to mussels, e.g. sedimentation, advective transport
(Frechette et al. 1989, Wildish & Kristmanson 1997) and
wind-driven vertical mixing (Mghlenberg 1995). In
coastal, micro-tidal estuaries such as the Limfjord, these
processes are primarily controlled by the competition be-
tween density-driven stratification and wind-driven mix-
ing which occurs indirectly through wave motion (Wiles
et al. 2006). Flow velocities were weak (<0.10 m s™!) and

Effects of mussel bed on phytoplankton and bacteria

The bulk of the substantial literature addressing the
ecological role and implication of mussels considers
grazing on phytoplankton. During the present investi-
gation we observed a significant near-bed depletion of
chl a above the mussel bed and an increase in chl a
concentration towards the bottom on the sandy refer-
ence site (Fig. 6f—j). This depletion caused by mussel
filtration has previously been documented in well-
mixed tidal areas (Frechette et al. 1989, Wildish &
Kristmanson 1997), but is often more pronounced in
micro-tidal areas with periods of strong stratification
(Mghlenberg 1995, Dolmer 2000a).

In the present study, bacterial abundances on 2 d
were statistically significantly reduced above the mus-
sel bed compared with the sandy bottom (Table 4). In
general, most free-living marine bacteria are <1 pm
(Wright et al. 1982) and consequently too small to be ef-
ficiently retained by mussels (Mghlenberg & Riisgaard
1978). Previous field studies have also found a statisti-
cally significant removal of phytoplankton but no re-
duction in bacterial abundance (Wright et al. 1982,
Wildish & Kristmanson 1984). In a series of seawater en-
closures in Danish fjords, Riemann et al. (1988) demon-
strated that addition of mussels in concentrations com-
parable to their in situ biomass did influence the
bacterial community. However, the direct predation

Table 5. Statistically significant differences in means (*) or slopes (**) of zooplankton (cells or individuals 1) between sand bed
and mussel Mytilus edulis beds sampled on the different days by HRS <1 m above bottom (ANCOVA, F; 5 1). ns: not significant.
29 May was not tested for protozooplankton because 2 samples were missing

Date Athecate Thecate Oligotrich  Myrionectra  Bivalve larvae Trochophores Nauplii  Copepodites
d/mo dinofl. x10?  dinofl. x10? ciliates x10?  rubra x 10?

27/5 ** * * * * ns ns ns

2 8/5 * * * ns * * * *

29/5 - - - - ns ns ns *

1/6 * * * * ns ns ns ns

4/6 * * ns * ns ns * ns
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effect on the bacteria was difficult to distinguish from
the indirect effect of reduced phytoplankton biomass
and production (Bjernsen et al. 1988). Most reports on
mussel grazing on bacteria are based on laboratory ex-
periments using cultured strains of bacteria that are 1
order of magnitude larger than those in natural bacter-
ial populations (Birkbeck & McHenry 1982). We there-
fore assume that the lower bacterial abundance found
in the present study above the mussel bed was caused
by ingestion of bacteria in association with particles
(Wildish & Kristmanson 1984), but this needs to be
verified under controlled laboratory conditions. Bac-
terial biomass can thereby be a potentially important
food source for mussels, since bacteria constitute a
large heterotrophic pelagic carbon pool in the Limfjord
(Andersen & Segrensen 1986).

Through their grazing activities, the mussel popula-
tions recycle nutrients to the water column as waste
products. In the present study, excretion of nutrients by
mussels exceeded the consumption by osmotrophic or-
ganisms, and an accumulation of ammonium, phos-
phate, and silicate was observed <1 m above the mus-
sel bed during the stratified periods (Table 2). The
recycled nutrients are released to the nutrient-depleted
phytoplankton community in the upper water column
during wind- or wave-generated mixing events (Mgh-
lenberg 1995). This probably caused the significantly
higher ammonium concentrations at the surface com-
pared with the sand bed. This replenishment of nutri-
ents favours fast-growing species such as diatoms,
thereby performing bottom—up control of the pelagic
system (Riemann et al. 1988). Conversely, the higher
silicate concentrations above the sand bed were inter-
preted as reflecting resuspension of settled diatoms.

Effects of mussel bed on zooplankton

The availability of bacterial production to higher
trophic levels depends on the magnification of the
average cell size up through the microbial food web
(roughly 1 order of magnitude for each trophic level).
In contrast to bacterial cells, the succeeding links in the
food web (i.e. heterotrophic flagellates and ciliates) are
of a size that is efficiently retained by mussels (Mgh-
lenberg & Riisgaard 1978). So far most research on
microbial food webs has considered the trophic link to
mesozooplankton, while trophic coupling with benthic
suspension feeders has received much less attention.
To our knowledge, the present study is the first report
describing in situ observations of zooplankton vertical
distributions above a mussel bed. In general, there was
a statistically significantly lower abundance of ciliate
and heterotrophic dinoflagellates above the mussel
bed than above the bare sand. Heterotrophic flagel-

lates also contributed to the carbon requirements of
Geukensia demissa and Mytilus edulis in grazing
experiments, although assimilation efficiency of flagel-
lates was lower than for phytoplankton (Kreeger &
Newell 1996). The role of pelagic protists as a link
between picophytoplankton and the filter-feeding
bivalve Crassostrea gigas was documented by Le Gall
et al. (1997) and Dupuy et al. (1999), who concluded
that the protozoan community significantly contributes
to the food supply of C. gigas.

Hitherto, most research has focused on the implica-
tions of suspension-feeding bivalves on phytoplankton
and the lower limit of the retention spectra, although
the recent work of Davenport et al. (2000) has demon-
strated that mussels easily ingest mesozooplankton
(<100 pm) in the laboratory and occasionally larger
animals (300-600 pm). Herein we have documented a
statistically significantly lower abundance of trocho-
phores, bivalve larvae, nauplii and copepodites in 7
out of 20 cases above the mussel bed than at the refer-
ence site—most markedly on 28 May (Table 5). Proto-
zooplankton and bivalve larvae seemed more vulnera-
ble to predation than either trochophores or copepods
on most days. Bivalve larvae were however more
abundant higher in the water column above the mussel
bed than in the sand bed, illustrating that some of the
larvae can survive here. The escape success of differ-
ent zooplankton above a mussel bed and the interfer-
ence by turbulence was investigated using a dynamic
model which showed that enhanced turbulence con-
siderably increased the grazing impact on all size
classes (Maar et al. 2007, this volume). Hence, the
suspension feeder Mytilus edulis has the potential to
exploit all size classes of zooplankton as long as these
are accessible (e.g. when the supply of zooplankton is
mediated by turbulent mixing of the water column
caused by physical forcing of the system). In the labo-
ratory, mussels fed on a mixture of phyto- and zoo-
plankton (rotifers) had a 2 times higher growth than
mussels fed on phytoplankton alone (Wong & Levinton
2004). The importance of microzooplankton in the in
situ diet of mussels is not known, but outside the main
phytoplankton blooms, heterotrophic prey contributes
significantly to the plankton biomass in coastal waters
(Andersen & Segrensen 1986) and potentially consti-
tutes an important trophic link to the benthic grazers
in marine ecosystems in shallow estuaries such as the
Limfjord.

Ecological consequences
The present investigation documents a diverse

trophic interaction between suspension-feeding bi-
valves and the pelagic food web. First, although the
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suspension-feeding bivalves remove plankton from
the water column above them, they recycle nutrients
back to the water column as waste products. In addi-
tion, mussels also impact the zooplankton community
indirectly through reduction in the abundance of their
plankton prey, and directly by preying on other zoo-
plankters and thereby eliminating pelagic competitors.
Consequently, mussels have a very diverse role in
shallow water ecosystems, where they mediate nutri-
ent cycling and exert a bottom-up control on the
pelagic food web. Hence, mussels have the potential to
simultaneously regulate the pelagic food web by per-
forming both bottom-up and the top—down control.
The relative importance of these 2 mechanisms
strongly depends on the interplay between zooplank-
ton swimming potential, benthic filtration capacity and
the physical regime.
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