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ABSTRACT: At an approximately 12 000 m? sheltered intertidal bivalve bed in the western part of
the Limfjord, Denmark, the Pacific oyster Crassostrea gigas co-occurs with the blue mussel
Mytilus edulis. The relative significance of the impact of the 2 species on phytoplankton density
during a tidal cycle was estimated by combining field measurements of clearance rates and mod-
elling of the bivalve bed (topography, biomass distribution, temporal and spatial water coverage
and depth). The average density of C. gigas and M. edulis was 35 + 36 and 1001 + 685 ind. m~2,
respectively. The water volume cleared during a tidal cycle was estimated at 45838 m?, of which
C. gigas and M. edulis contributed 9169 and 36 669 m?, respectively. Therefore, M. edulis con-
tributed 4 times as much as C. gigas to the bivalve bed's clearance, and the 2 bivalves were esti-
mated to clear the water volume 1.9 times during each tidal cycle. However, the estimated water
column cleared during low tide is overestimated due to phytoplankton depletion. Hence, it is con-
cluded that the bivalve bed clears the water close to 1 time each tidal cycle. This, together with a
low dry weight of soft parts, indicates that the bivalve bed, in general, is food-limited.

KEY WORDS: Crassostrea gigas - Mytilus edulis - Clearance rate - Field measurements -
Feeding activity - Intertidal bivalve bed

INTRODUCTION

Benthic suspension feeders are of paramount
importance for the benthic—pelagic coupling in coastal
ecosystems (Seed 1976, Dame et al. 1991, Gili &
Coma 1998, Beadman et al. 2004). Their capacity to
remove seston from the water column is essential
for the energy flow in the ecosystem. In eutrophic

*Corresponding author: bvismann@bio.ku.dk

shallow-water estuaries, benthic suspension feeders
can compromise up to 95 % of the total benthic fauna
biomass (Conley et al. 2000). If water current, wind
and waves provide sufficient mixing of the water col-
umn, the seston will be available for the benthic sus-
pension feeders (Dame & Prins 1997, Riisgard et al.
2007), and in such situations, the suspension feeders
may control the phytoplankton biomass (Cloern
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1982). However, in cases of insufficient mixing, the
benthic suspension feeders cannot realize their
potential grazing impact on the phytoplankton (Kos-
eff et al. 1993, Mghlenberg 1995). Besides availabil-
ity, algal concentration is an important parameter for
suspension feeding, as, at both low and high algal
concentrations, bivalves have been shown to reduce
suspension feeding due to partial closure of their
valves (e.g. Riisgard & Randlev 1981, Riisgard 1991,
Dolmer 2000a,b, Strohmeier et al. 2009).

The blue mussel Mytilus edulis (Linnaeus, 1758) is
a prominent suspension feeder and a key species for
the benthic—pelagic coupling in many coastal areas.
In intertidal zones with high lateral advection, such
as the Dutch, German and Danish Wadden Sea, the
seston supplied to these high-energy systems allows
M. edulis to form dense beds (van de Koppel et al.
2008). Within recent years, the non-indigenous Pacific
oyster Crassostrea gigas (Thunberg, 1793) has spread
from intertidal aquaculture sites along the western
coast of northern Europe (Nehls et al. 2009, Troost
2010). C. gigas larvae settle on hard substrate, and as
M. edulis beds are considered the prevailing hard
substrate in these soft-sediment intertidal areas, C.
gigas settles initially on M. edulis beds (Reise 1998,
Wehrmann et al. 2000, Markert et al. 2010). As a con-
sequence, the native M. edulis and C. gigas are in
direct competition for both food and space (Nehls et
al. 2009). In the Wadden Sea area, this has so far led
to a conversion of a large part of M. edulis beds into
C. gigasreefs due to the exponential growth of the C.
gigas population (Diederich et al. 2005). However, no
evidence of C. gigas completely outcompeting native
bivalves has been found (Troost 2010, Holm et al.
2016), and in sheltered estuaries, C. gigas can be
present in the intertidal zone at moderate densities
without showing a significant expansion in popula-
tion density (sensu Reise et al. 2006) and apparently
so far in co-occurrence with M. edulis (Wrange et al.
2010, Holm et al. 2015, 2016).

M. edulis has a dry weight-specific clearance rate
of about 7.51h™! g7! (at 10 to 15°C) (Mghlenberg &
Riisgard 1979, Riisgard & Mghlenberg 1979). The dry
weight-specific clearance rate of C. gigas is in the
range of 3 to 6 1 h~! g~! at water temperatures of 15 to
19°C (Bougrier et al. 1995, Haure et al. 2003) and
12 to 17 1 h™! g7! at 25°C (Dupuy et al. 2000). Walne
(1972) found the dry weight-specific clearance rate
(=21°C) of C. gigas and M. edulis to be 9.1 and 3.7 1
h! g‘l, respectively. Also, in similar-sized specimens,
Troost et al. (2009) found no significant difference in
feeding efficiency between the 2 bivalve species.
The maximum adult shell height measured from the

umbo of M. edulisis about 7 cm; for C. gigas, it is nor-
mally 8 to 20 cm, but exceptionally large specimens
can reach 30 to 40 cm (Nehring 2006). Hence, being
a much larger animal and projecting higher up into
the water column than M. edulis, C. gigas could have
a competitive advantage in relation to access to food,
as suggested by Diederich (2006).

Field measurements of suspension-feeding bivalves,
as pointed out by, for example, Beninger (2009) are
highly needed because the role of suspension feed-
ers in nature is difficult to elucidate from physiolog-
ical laboratory studies, which are typically made at
the level of individuals using algal monocultures.
The ecological effect of the 2 species has to be
addressed at the population-level and in the field.
First, it will depend on the present biomass of the 2
species (i.e. size and density of species in the area).
Second, in nature, bivalves feed on a mixture of dif-
ferent algal species and other organic and inorganic
particles, upon which C. gigas and M. edulis, along
with other bivalve species, have been shown to per-
form preferential capture and absorption mediated
by extrinsic as well as intrinsic factors (Shumway et
al. 1985, Ward & Shumway 2004, Beninger et al.
2008, Pales Espinosa et al. 2010). In addition, in
dense bivalve beds, inter- and intraspecific interac-
tions may cause cascade effects (e.g. shell closure),
affecting the overall suspension-feeding capacity of
the population. In field studies of clearance rates,
several techniques have been used (e.g. Vismann
1990, Prins et al. 1996, Cranford & Hill 1999, Dolmer
2000b, Pouvreau et al. 2000, Grizzle et al. 2006,
Saurel et al. 2007, Hansen et al. 2011). In the pres-
ent study, we used the technique developed by
Hansen et al. (2011) to study the clearance rate of
populations of C. gigas and M. edulis in the inter-
tidal zone of a sheltered bivalve bed. Our study site
is characterized by very low tidal current and small
tidal amplitude, resulting in limited daily renewal of
particulate food for the grazers. Hence, the bivalves
are hypothesized to be food-limited. The aims of the
present study were to estimate the population (area-
specific) feeding activity and to compare clearance
rates of C. gigas and M. edulis to estimate their
integrated impact on the phytoplankton during a
tidal cycle. The above objectives were achieved by
combining measured clearance rates with detailed
modeling of the bivalve bed topography, spatial
biomass distribution and temporal water coverage.
The results are discussed in terms of species' re-
sponses to the environment and realized bivalve
bed clearance in relation to their theoretical clear-
ance potential.
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MATERIALS AND METHODS
Study area

The present study was conducted on a bivalve bed
of co-occurring populations of Crassostrea gigas and
Mytilus edulislocated in a sheltered intertidal area off
Agger Tange in the western part of the Limfjord, Den-
mark (56°43.3'N, 8°15.4'E) (Fig. 1). The bank area
(approximately 12000 m?) is characterized by very
low tidal current and small peak-to-peak amplitude.
C. gigas was introduced in the area for aquaculture
purposes for a couple of years in the early 1970s
(Jensen & Knudsen 2005) and has since been present
in moderate densities (Holm et al. 2015, 2016). Data
were collected during field expeditions in 2009 (17-20
June) and 2010 (31 May—4 June). In 2009, sampling
was conducted along 5 transects, each 225 m long. A
sampling grain of 0.25 m? is commonly utilized in sur-
veys and studies of bivalve beds on sand and mud
flats (e.g. Diederich et al. 2005, Kristensen & Borg-
strem 2005, Nehls et al. 2006, Biittger et al. 2011);
thus, this sample grain was adopted in the present
study. It was dropped every 15 m by randomly assign-
ing a direction and distance (0—10 m) (n = 106).

In 2010, a virtual 40 x 40 m grid was superimposed
on the study site using GIS software (ESRI ArcMap,
version 10.1), and sample points were randomly gen-
erated within each grid cell; in addition, 3 smaller
fractions of the bivalve bed were sampled to capture
small-scale changes (n = 155). Sample points were
selected by randomly assigning a direction and dis-

- &
S

—56°40°'N

tance every 5 m in the longitudinal direction of the
bivalve beds (Fig. 1). No samples were collected in
the northern part of the bivalve bed, as it was used
for another experiment. In each sample point, the
depth was measured and all bivalves were collected.

Topography of the bivalve bed and temporal
water coverage

The topography and tidally induced change in
water coverage of the bivalve bed were modelled
based on data from 2010. The depth of the water
column (i.e. reference depth) was measured every
10 min for 5 d using 2 pressure gauges (DST centi-
TD, Star Oddi). The pressure gauge measurements
were calibrated with measurements on a vertically
positioned ruler, converting changes in pressure
to changes in water depth (linear regression: water
depth [cm] = 893.48 x pressure [bar| — 381.84; n = 63;
r2=0.93). The water depth was then adjusted to Dan-
ish Vertical Reference 1990 (Bahl 2006) by relating
the measurements at Agger Tange with a measuring
station at Thyboren (3.5 km away) and corrected for
the temporal delay in the high and low tide peak
between the 2 locations (1 h 20 min). The water
depth was measured across the entire bivalve bed
(n = 155). Correcting these measurements according
to the reference depth allowed the topography of the
bivalve bed to be interpolated (resolution 1 x 1 m) by
using the inverse distance weighting (IDW) method
with standard GIS software (ESRI ArcMap, version
10.1). Finally, the modelled topography
of the bank was combined with the
tidally induced oscillation in water depth
to determine the temporal emersion and
submersion of the bivalve bed.

Bivalve density

In each sample, all specimens of C.
gigas and a minimum of approximately
100 specimens of M. edulis were ran-
domly collected. In 2010, care was
taken not to sample at the same posi-
tions (resolution +3 m) which had been
sampled in 2009. The density (ind. m™2)
of C. gigas and M. edulis (n = 1028 and

300 Meters 29519, respectively) within each sam-

Fig. 1. Study area (SA) off Agger Tange in the western part of the Limfjord
estuary, Denmark (56°43.3'N, 8°15.4'E)

ple was recorded. The shell heights of
all C. gigas were measured. The shell
height of M. edulis was measured on
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randomized subsamples. The randomization of M.
edulis subsamples was achieved by one person mak-
ing a series of numbered M. edulis piles (approx. 100
individuals in each) and a second person picking 2
random numbers corresponding to the piles to be
included in the subsamples. All shell heights were
measured from the umbo to the longest diameter
(nearest millimeter), using an electronic caliper.

Shell height to dry weight of soft parts

Individuals of C. gigas and M. edulis (2009: n = 30
and 115, respectively; 2010: n = 180 and 193, respec-
tively) in each sample taken for bivalve density
analysis were randomly subsampled. The randomiza-
tion of C. gigas subsamples was achieved by one per-
son assigning numbers to all individual C. gigas and
a second person picking random numbers corre-
sponding to the C. gigas to be included in each sub-
sample. The randomization of M. edulis subsamples
was achieved by one person making a series of num-
bered M. edulis piles (approx. 10 individuals in each)
out of 1 unused pile from the shell height measure-
ment and a second person picking random numbers
corresponding to the piles to be included in the sub-
samples. As in many other field studies, we had to
freeze (—18°C) all subsamples prior to our return to
the laboratory. Therefore, it should be noted that dry
weights in the present study do not represent dry
weights as measured from fresh samples. When re-
turned to the laboratory, samples were heated at
105°C until constant dry weight (DW, g) (sensu Mo &
Neilson 1994). After drying, samples were allowed to
cool in a desiccator for 30 min before dry weight (g)
was determined. The allometric coefficient (b) and
exponent (a) relating shell height to dry weight of soft
parts of the 2 species were analyzed by linear regres-
sion analysis on log-transformed data and non-linear
regression on raw data to identify the regression model
to be used for the conversion of shell heights into dry
weight of soft parts (see ‘Statistics’ in this section).

Spatial distribution of Crassostrea gigas and
Mytilus edulis on the bivalve bed

The present study represents the first attempt to
analyse the spatial distribution of C. gigas and M.
edulis at Agger Tange. Therefore, the parameters
shaping the spatial distribution of the 2 bivalves are
unknown. The density of C. gigas and M. edulis out-
side the bivalve bed is very low, and it was therefore

presumed that water depth is an important parame-
ter in shaping the distribution of the 2 bivalves on the
bed. However, a rigorous post hoc analysis would be
necessary to refine the data. The present study rep-
resents a first attempt to estimate the influence of
small tidal fluctuations on a mixed intertidal bivalve
bed, using a field indicator of feeding activity.

The area-specific biomass (g DW m™) for each
sampling point, collected in 2010, was calculated
using the shell height to dry weight relationships
obtained for C. gigas. For M. edulis, the shell height
was determined for a fraction of individuals in a sam-
ple point. After estimating the combined biomass of
the fraction, the total area-specific biomass was
extrapolated for the sampling point. Finally, the bio-
mass of the 2 species in each sample point was inter-
polated (IDW) to produce biomass estimates (resolu-
tion 1 x 1 m) of the 2 species on the bivalve bed.

Clearance rate

The clearance rates of undisturbed C. gigas or M.
edulis were measured in the field (2009 and 2010)
using the open-top chamber technique developed by
Hansen et al. (2011). The open-top chamber was
made out of a 49 cm diameter PVC tube 80 cm high.
At deployment, the chamber was positioned 5 to
10 cm down in the soft sediment and enclosed 1886
cm? of soft-sediment seafloor together with the asso-
ciated fauna and overlying water column. During
deployment, the enclosed water was thoroughly
mixed by an air lift supplied with compressed air
from a SCUBA tank. Fluorescence, temperature and
salinity of the enclosed water column were continu-
ously monitored (4 Hz) with a CTD (SBE 19plus, Sea-
Bird Electronics) (for further details, see Hansen et al.
2011). At deployment, the water depth present in the
open-top chamber was measured. Depending on
ambient tide and wind surge, water depth in the
deployments varied from 20 to 40 cm, corresponding
to ~40 to 80 1 being enclosed by the chamber. To
ensure that only one of the bivalve species was pres-
ent in the chamber, we either removed the unwanted
species or collected the target species and con-
structed monospecies plots. In the case of the latter,
the plot was left for acclimatization for at least 24 h
before deployment of the chamber and initiation of
clearance rate measurements.

Fluorescence was used as a proxy for algal concen-
tration, and the decrease in fluorescence over time
was used as an indirect estimate of bivalve clearance.
In the laboratory, this recording technique has been
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shown to give reliable results (Riisgard 2001, Peter-
sen et al. 2004). However, in the field, seston contains
an assembly of different phytoplankton species,
which might not all be retained 100% by bivalves
(e.g. picophytoplankton). Proportional to the amount
of chlorophyll contained in the picophytoplanktonic
fraction, the calculated clearance rates will be more
or less underestimated (Williams 1982). In the study
area, the proportion of picophytoplankton is low dur-
ing early spring (0—4 %), increases to a maximum of
7% in June and stabilizes at 4 % for the rest of the
growth season (H. H. Jakobsen pers. comm.). There-
fore, in the present study, the proportion of pico-
phytoplankton present made our estimates to some
degree underestimated. In addition, C. gigas and M.
edulis both retain phytoplankton species larger than
4 to 7 pm with 100 % efficiency (Mghlenberg & Riis-
gard 1978, Barillé et al. 1993, Strohmeier et al. 2012);
thus, in the present study, the clearance activity of
the 2 species can be compared. In the deployments,
the number of individuals present, in relation to the
chamber water volume, gave sufficient decreases in
fluorescence within 20 to 30 min for reliable clear-
ance rate calculations (see Hansen et al. 2011). The
blank clearance rate in ambient seawater was deter-
mined using the decrease in fluorescence as a func-
tion of time in 4 deployments without bivalves in the
chamber. Individual clearance rate (CR;, 1 h™!) was
calculated according to Coughlan (1969) and cor-
rected for blank clearance rate:

v .ln(&)

CRi:—
t-n C,

(1
where V = volume of the chamber (1), t = time of
measurement (h), n = number of individuals in the
chamber and C; and C; = fluorescence (V) at time 0
and ¢ (average fluorescence for the first and last 30 s,
i.e. each 120 data points of the deployment).
Because clearance rates vary with temperature, the
measurements in each deployment were standard-
ized to the overall mean temperature of the 2 field
expeditions (17°C). The temperature-standardized
individual clearance rates (CRy, 1 h™!) were calcu-
lated according to the equation:

17—T0)

CR; = CRi'Qlo( 10 (2)

where Qo = temperature coefficient, arbitrarily set
to the value 2; and T, = observed mean temperature
during each deployment (°C).

After each deployment, the shell height of all
bivalves present in the open top chamber was meas-
ured using a digital caliper. The mean dry weight of

soft parts for each bivalve species was estimated
using the appropriate allometric height-to-weight
relationships from the present study. To estimate the
area-specific clearance rate (CRy,, 1 h m™2), all clear-
ance rates were standardized to the mean area-
specific density and dry weight of soft parts of the 2
species according to the equation:

DWavg

CRya = -CRy - d @)

o
where DW,,, = mean dry weight of soft parts in the
study area (g), DW, = observed mean dry weight of
soft parts in the deployment (g), and d = observed
average bivalve density in the study area (ind. m™2).

Chl a analysis

During the field expeditions, 10 water samples
were taken in triplicate from the well-mixed water
column in the open-top chamber. The samples were
immediately pressure-filtrated using a 60 ml dis-
posable syringe equipped with a 25 mm diameter
0.2 pm pore size GF/F filter in a filter capsule. The
filter was placed in a 20 ml glass scintillation vial
filled with 5 ml 96 % ethanol as the extraction sol-
vent (sensu Wasmund et al. 2006) and kept in the
dark at ambient field temperature (maximum 6 h).
When returned to the laboratory, the filters were
stored at —20°C until further processing some weeks
later. The pigment was extracted overnight in 96 %
ethanol. The extract was filtrated (0.2 pm pore size),
and the chl a concentration was measured spec-
trophotometrically according to Strickland & Parsons
(1972). Linear regression of the chl a concentration
(ng 1I"Y) and the fluorescence signal (V) recorded by
the CTD at the time of water sampling was made.
The regression (chl a [ug 17} = 1.8734 - V - 1.2 [r? =
0.99; n = 10]) was used to convert in situ fluores-
cence to chl a concentration.

Estimation of the bivalve bed clearance

The modelled topography of the bank and changes
in water depth (in 5 cm depth intervals) during a tidal
cycle were used to estimate the total water volume
over the bank (1 h intervals). Combining this with the
modelled biomass of the 2 bivalve species gave an es-
timate of the presence in each water depth interval
during a tidal cycle. The estimated total water volume
available for the bivalves was calculated for each
water depth interval. In the present study, it was not
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possible to collect the extensive data needed to estab-
lish a temporal and 3-dimensional spatial model of the
development in water movement during a tidal cycle.
Therefore, the bivalve bed clearance during a tidal
cycle was estimated by assuming that the water cov-
ering the bivalve bed area was renewed once each
hour. A provisional evaluation of the typical water
speeds based on our own observations of horizontal
advection of suspended sediment during a tidal cycle
was in the range of 0.05 to 0.15 cm 5™}, which supports
the above assumption. The total water volume cleared
during a tidal cycle was calculated by summation of
the obtained clearance for each time interval.

Statistics

SigmaPlot 12.5 (Systat Software) was used to check
data for normality and homoscedasticity and then to-
gether with PAST 3.12 (Hammer et al. 2001) to per-
form statistical analysis. Mean values of water tem-
perature, salinity and shell height of the 2 bivalve
species for each of the 2 sampling years were com-
pared by t-tests (temperature and salinity data were
normally distributed and variances were homogeneous)
or Mann-Whitney U-tests (data for shell heights were
non-normally distributed and variances were hetero-
geneous). The mean area-specific clearance activity
of the 2 bivalve species was compared by Mann-
Whitney U- tests (data were non-normally distributed
and variances were heterogeneous). Linear regressions
relating shell height to dry weight followed the proce-
dure recommended by Boldina & Beninger (2016) to
test if the best linear unbiased estimator (BLUE) con-
ditions were fulfilled. The bias on estimated parame-
ters obtained by linear regressions (log-transformed
data) was compared to non-linear regressions on raw
data with likelihood analyses following Xiao et al.
(2011). The effect size of differences in mean values
and regression estimators was calculated using Co-
hen's D. Mean values are given with +1 SD, and the
significance level for all tests was set at o0 = 0.05.

RESULTS

Environmental parameters

Mean water temperatures during the 2009 and
2010 field expeditions were 14.8 + 0.3 and 18.5 +
1.6°C, respectively, and were significantly different
between years (t-test: p = 0.003, t = -4.727, df = 6).

Daily temperature during the clearance measure-
ments increased in the range of 1.1 to 7.4°C due to
weather conditions and solar radiation. Mean salini-
ties for the 2 expeditions were 33.5 + 0.1 and 33.0 +
0.8, respectively, and mean chl a concentrations were
46 + 1.0 and 3.9 = 0.7 ng 17!, respectively. Mean
water depths and peak-to-peak tidal amplitudes at
the study area were 16 + 15 and 25 + 3 cm, respec-
tively. The development in bivalve bed water cover-
age during a tidal cycle showed that at low tide,
approximately 40 % of the bivalve bed was emerged
(~4700 m?) and at high tide, the bed was 100 % sub-
merged (Fig. 2). The cover and volume of water on
the bivalve bed and biomass of Crassostrea gigas and
Mytilus edulis in each depth interval were modeled
for each hour during a tidal cycle. The results at low
tide, average sea level and high tide are shown in
Fig. 3.

Bivalve density and shell height to dry weight
relationships

The mean density of C. gigas in the study area was
35 + 36 m™2 (118 samples; 1028 individuals), with a
mean shell height of 8.4 + 2.4 cm, equivalent to an
individual average dry weight of 2.20 + 1.50 g. The
mean density of M. edulis was 1001 + 685 m™2 (118
samples; 29519 individuals), with an average shell
height of 4.1 + 0.5 cm, equivalent to an individual
mean dry weight of 0.31 + 0.07 g. The standard devi-
ation of the mean densities reflects the very high
degree of spatial heterogeneity of both species in the
study area.

Except for the linear regression on log-transformed
data for C. gigas 2009 (Fig. 4A), the rest of the linear
regressions fulfilled the BLUE conditions. For C.
gigas 2009, the only criterion not met was linearity of
residuals when plotted against the fitted dry weight
(LOESS function). In addition, the residuals of the
linear regression for M. edulis 2009 (Fig. 4C) was not
normally distributed (Shapiro-Wilks statistics: p =
0.003), but this is not a part of BLUE. When compar-
ing the estimated parameters obtained from the lin-
ear regressions (on log-transformed data) with those
from the non-linear regressions (on raw data), the
likelihood estimates (Akaike's information criterion,
AIC) showed that the linear regressions had the low-
est bias on the estimated parameters compared to the
non-linear regressions. In the case of C. gigas 2009,
which did not fulfill the BLUE conditions, the AIC-
norm/AIC-log was 9.1. From the above, the linear
regressions on log-transformed data were used to
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Fig. 2. Modeled temporal water coverage during a tidal cycle at Agger Tange,
Limfjord, Denmark. The water coverage at +12 h was equal to +11 h and has
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describe the relationships between
shell height and dry weight for both
bivalve species and years. The slopes
of the shell height-to-weight relation-
ships of C. gigas and M. edulis (Fig. 4)
were for both species significantly dif-
ferent between the 2 yr (t-test: p =
0.0001, t = 3.9, df = 206 and p <
0.00001, t=5.6, df = 304, respectively).
The effect size of the slopes between
years for C. gigas was medium (D =
0.73), and for M. edulis, it was small
(D =0.39). Conversions of shell height
to dry weight of soft parts in all de-
ployments were made using the ap-
propriate equation for the species and
year.

The mean shell height of bivalves
present in the deployments of the open
top chamber in 2009 was 10.4 + 2.8 cm
(n=38)and 4.1 £+ 1.0 cm (n = 862) for
C. gigas and M. edulis, respectively. In
2010, the mean shell height in deploy-
ments was 9.2 + 3.7 cm (n = 71) and
3.8+1.2cm (n=1148) for C. gigas and
M. edulis, respectively. The mean shell
height between years for C. gigas
showed a small effect size (D = 0.37)
and was not significantly different
(Mann-Whitney rank sum test: p =
0.28, T =2262). The mean shell height
for M. edulis between years showed a
small effect size (D = 0.27), although
it was significantly different (Mann-
Whitney U-test: p < 0.001, T =
924 224). According to the height-to-
weight relationships, the mean dry
weight of C. gigas and M. edulis in
2009 was 3.73 = 0.28 and 0.258 =
0.008 g, respectively. In 2010, the
mean dry weight of C. gigas and M.
edulis was 1.21 + 0.11 g and 0.207 +
0.017 mg, respectively.

Area-specific clearance rate

At ambient chl a concentrations
(2-5 ng 17'), the average area-specific
clearance rate was 138.6 + 32.7 1 h!
m~2 (n = 18) and 447.2 + 97.8 1 h"! m~?
(n = 16) for C. gigas and M. edulis,
respectively (Fig. 5). The difference in
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Fig. 3. Development in time and space of submerged bivalve bed area (upper panels), water column volume (middle panels)
and biomass of Crassostrea gigas (grey bars) and Mytilus edulis (black bars) (lower panels) at low tide, average sea level and
high tide at Agger Tange, Limfjord, Denmark

average area-specific clearance rate between C. gigas
and M. edulis showed a large effect size (D = 4.23)
and was significantly different (Mann-Whitney U-test,
T =375, p =0.001).

Bivalve bed clearance

The clearance rate of the bivalve bed during a
tidal cycle was estimated taking into account
changes in water depth, cover of submerged area
and depth distribution of the 2 bivalve species
(Fig. 3). The 2 species shared the same vertical dis-
tribution (Fig. 3). At high tide, the entire bivalve
bed was fully submerged, and the water volume
cleared by the bivalve bed was estimated at 3873 m?®
h7!, of which C. gigas and M. edulis contributed 763
and 3110 m® h™!, respectively (Fig. 6). At high tide,

the 2 species were estimated to clear the available
water column volume 1.1 times an hour (Fig. 6). At
low tide, 40 % of the bivalve bed was emerged, and
the total clearance rate of the bed decreased to 2667
m?® h7!, of which C. gigas and M. edulis contributed
552 and 2115 m® h7!, respectively (Fig. 6). At low
tide, the entire bivalve bed was estimated to clear
the overlying water column 5.2 times an hour
(Fig. 6). Integrating for each hour during a tidal
cycle, the bivalve bed showed a total clearance of
45838 m? of which C. gigas and M. edulis con-
tributed 9169 and 36 669 m?, respectively. The inte-
grated water volume available to the bivalves dur-
ing the tidal cycle was estimated at 24 394 m®. Thus,
integrated over a tidal cycle, the 2 bivalves were
estimated to clear the water volume 1.9 times, of
which C. gigas and M. edulis contributed 0.38 and
1.5 times, respectively.
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DISCUSSION

An important underlying parameter for field popu-
lation clearance rates is the degree of activity of the
individuals comprising the population. For popula-
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(A) Total clearance and (B) the number of times the

water column is cleared of a bivalve bed of co-occurring
Crassostrea gigas (dark grey) and Mpytilus edulis (white)
during a tidal cycle at Agger Tange, Limfjord, Denmark
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tions of Mytilus edulis, field observations have shown
that the proportion of the population actively clear-
ing the water depends on the chl a concentration
(Dolmer 2000b). At ambient chl a concentrations
(1-4.5 ng chl a 1Y), Dolmer (2000b) observed that 33
to 75 % of an M. edulis population was actively clear-
ing the water. For populations of Crassostrea gigas, a
mean feeding time activity of 73 % and a mean respi-
ratory time activity of 97 % have been reported by
Haure et al. (2003), and an in situ respiratory time
activity in the range of 44 to 82 % has been found by
Bougrier et al. (1998). Under the assumption that (1)
clearance rates found in literature for the 2 species
represent individual maximal rates and (2) active
specimens clear the water at the maximal rate (sensu
Jorgensen 1996), the active proportion of the popula-
tions in the present study can be estimated. In the
case of C. gigas from the Marennes-Oléron basin,
France, the allometric relationship between clear-
ance rate and dry weight of soft parts at 15°C has
been found to be CR = 4.921W%%3% where W = DW
(Bougrier et al. 1995). The mean dry weight of C.
gigasin the present study was 2.2 g, and according to
Bougrier et al. (1995), an oyster of this size should
have a clearance rate of 7.5 1 h™!, which with the
observed mean density at Agger Tange (35 ind. m™2)
corresponds to a theoretical area-specific population
clearance rate of 263 1 h™' m~2. At ambient chl a con-
centrations, we estimated the mean area-specific
clearance rate at ~1391h~! m=2, which corresponds to
53 % of the population being active. This is in good
accordance with the mean feeding time activity of
73 % observed by Haure et al. (2003).

The same calculations can be made for the M.
edulis population using the allometric relationship
CR = 7.45W%5¢ found by Mghlenberg & Riisgard
(1979). According to the allometric equation, M.
edulis with the observed mean dry weight (0.31 g)
has a mean clearance rate of 3.4 1 h™!, which at the
observed mean density (1001 ind. m™2) corresponds
to an area-specific population clearance rate of
3443 1 h™! m™2. A similar mean area-specific popula-
tion clearance rate (3675 1 m™2 h™!) is reached when
extrapolating the bed consumption rate found by
Fréchette et al. (1989) to the M. edulis density found
in the present study. At ambient chl a concentrations,
we found the mean area-specific clearance rate of M.
edulis to be ~447 1 h~' m~2, which corresponds to only
about 13 % of the population being active. Compared
to the observations made by Dolmer (2000b), the M.
edulis activity level at ambient chl a concentrations
at Agger Tange seems quite low. One possible expla-
nation could be that Dolmer (2000b) made his obser-

vation on populations situated at 7.5 m water depth
compared to the present study, where the average
water depth was merely 16 + 15 cm. In such a shallow
location, changes in environmental conditions (e.g.
water movement, suspended inorganic particles) and
depletion of phytoplankton are likely to be more fre-
quent and to affect the population response, leading
to relatively lower activity.

Depletion of phytoplankton and formation of a
near-bottom concentration boundary layer above
bivalve beds often occurs (Fréchette et al. 1989, Prins
et al. 1997, Dolmer 2000a, Riisgard et al. 2006). To
what degree the boundary layer develops depends
on current speed and turbulent mixing of the water
column (Lassen et al. 2006, van Duren et al. 2006).
When the boundary layer is established, bivalve
clearance decreases the phytoplankton concentra-
tion in the boundary layer, and when phytoplankton
is depleted, the bivalves will close the valves and
stop clearing the water (Dolmer 2000b, Newell et al.
2001, Riisgard et al. 2006, Strohmeier et al. 2009). At
Agger Tange, both very low water depth and very
low velocities prevail, and near-bed algal depletion is
expected to be a common phenomenon and very
likely to contribute to the observed low clearance
activity of the bivalve bed. In addition, at low tide, we
estimated the bivalve bed to clear the water column
approximately 5 times, which we consider to be an
overestimate caused by bivalve inactivity due to
severe algal depletion during low tide.

The population of C. gigas was estimated to be far
closer to realize its theoretical clearance potential
than M. edulis and has, due to size, a higher indi-
vidual feeding rate (data not shown). However, due
to higher density, M. edulis contributed most to the
overall bivalve bed clearance activity. Concerning
size, it should be noted that the allometric relation-
ships for C. gigas were significantly different be-
tween years (Fig. 4). Whether the difference merely
reflects the relatively low number of animals included
in the 2009 measurement is not known. However, it
should be noted that winter 2009-2010 was harsh
and with sea ice, which resulted in up to 25 % mortal-
ity in the study area (Strand et al. 2012). This might
potentially have affected the 2010 allometric rela-
tionship, in terms of both shell height and condition
of the surviving specimens. In the present study,
it was estimated that the bivalve bed cleared the
available water column 1.9 times during a tidal
cycle. Even though this estimate is based on field-
measured clearance rates combined with modelling
of the changes in time and space of water depth, sub-
merged bivalve bed area and depth distribution of
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the 2 species over a tidal cycle (Figs. 3 & 6), the over-
estimation for the low tide period led us to the
conclusion that the available water volume was most
likely cleared close to 1 time during a tidal cycle.

The above, combined with the low water depth at
the study site, strongly suggests that the bivalve bed
is food-limited. This is supported by Holm et al.
(2015), who studied the same bivalve bed and found
that the condition index of C. gigas at Agger Tange is
in the lower range of what, for example, Diederich
(2006) measured in the Wadden Sea, where C. gigas
has established large populations. Therefore, Holm
et al. (2015) conclude that C. gigas at Agger Tange
is in a relatively poor nutritional state, which most
likely reflects a limited food availability. For M. edulis
at Agger Tange, Holm et al. (2015) suggest that the
low food availability could explain the lack of spat
settlement during their study period.

If our estimation of the bivalve bed clearance had
only been based on the area-specific clearance rates
found by the field measurements and the average
water depth (16 cm), the 12000 m? large bivalve bed
would have been estimated to clear 91 385 m® during
a tidal cycle, of which C. gigas and M. edulis would
have contributed 21 622 and 69 763 m?, respectively.
Thus, with an area of 12000 m? and a water depth of
16 cm, the available water volume is 1920 m?, and the
bivalve bed would have been estimated to clear the
water column 48 times during a tidal cycle. This
clearly demonstrates that in intertidal areas, field
measurements of clearance rates have to be accom-
panied by detailed knowledge of the spatial distribu-
tion of bivalves and the temporal development in
water depth, submerged bivalve bed area and depth
distribution of the bivalve species to arrive at a reli-
able estimate of the bivalve population impact on the
water column.

CONCLUSIONS

Although the Crassostrea gigas specimens had a
higher individual clearance rate and were more
active than specimens of the much smaller Mytilus
edulis, due to its higher abundance, the latter con-
tributed 4 times as much to the total bivalve bed
clearance. We observed a relatively low clearance of
the water column by C. gigas and M. edulis in the
intertidal zone of a sheltered estuary, reflecting that
only a fraction of the 2 bivalve species present in the
study area were actively clearing the water. We con-
cluded that the available water volume is cleared
close to 1 time during the tidal cycle. The observed

low clearance is a response to low algal concentra-
tion, low turbulence and depletion of phytoplankton.
This strongly suggests that all available particulate
food, brought in by the tide, is utilized and that the
bivalve bed in general is food-limited. The food limi-
tation is most likely the reason why the 2 species co-
occur in the area, and for C. gigas, one of the possible
reasons is that it still was in the phase of establish-
ment and had not entered an invasive phase at the
time of the present investigation. Concerning the
estimation of the clearance activity of the bivalve
bed, it should be noted that the spatial distribution
analysis performed in the present study is novel in
the sense that the parameters shaping the spatial dis-
tribution of the 2 bivalve species are unknown.

The measured population clearance rates of the 2
bivalves deviated significantly from published labo-
ratory measurements. In the field, physical condi-
tions constantly fluctuate, and measurements made
at the population level represent an overall mean
value of the individuals' responses integrated for the
time of measurement. In contrast, laboratory studies
are typically made on individuals, which are fed
monocultures of algae known to be retained with
100 % efficiency. Therefore, results obtained in the
field display a higher degree of variability, but dis-
tinct patterns can still be observed.
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