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CERASTODERMA EDULE (LINNE, 1758)

JOSE L. RUEDA " AND AAD C. SMAAL?

'"Marine and Estuarine Ecology Unit, Department of Zoology and Entomology, The University of
Oueensland, Brisbane Qld 4072, Australia; “Netherlands Institute for Fisheries Research (RIVO), P. O.

Box 77, 4400 AB Yerseke, The Netherlands

ABSTRACT The pre-ingestive selection of microphytobenthic algae by the cockle Cerastoderma edule was studied in comparison

with diets containing the pelagic diatom Phaeodactvlum tricornutum. Treatments with the different diets covered a range of seston

concentrations and organic content similar to field conditions. Rejection rates of C. edule exposed to the different treatments were

significantly correlated with the concentration of total particulate matter. No significant differences in total rejection rates were found
between pelagic and benthic diets. Organic rejection rate was sigmiicantly correlated with particulate organic matter of the treatments
and no significant differences were found between both diets. Selection efficiency was sigmificantly correlated with particulate organic

malter concentration in both diets and no significant differences were found between the diets. Analysis of the pseudofeces composition
by flow cytometry from cockles exposed to a mixed diet of microphytobenthic algae and P. tricornutum. showed a preferential
ingestion of the pelagic diatom. Benthic species, such as small pennates and Navicula sp., were preferentially ingested in comparison

to larger microphytobenthic species. The largest microphytobenthic species, Cvlindrotheca sp.. was significantly rejected. In general,

C. edule 1s an opportunistic filter feeder that takes advantage of both pelagic and benthic algal cells.
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INTRODUCTION

Filter feeding bivalves are able to sort particles with their gills
and labial palps (Kiorboe & Mghlenberg 1981, Newell & Jordan
1983, Newell et al. 1989, Ward et al. 1993) resulting in preferential
ingestion of organic material and rejection of inorganic particles in
pseudofeces. This preingestive selection has also been observed
within phytoplankton with preferential ingestion of some groups of
algal cells, both benthic and pelagic (Shumway et al. 1985, Bou-
grier et al. 1997, Baker et al. 1998). Preingestive selection of
particles may be influenced by their chemical composition or by
their size and shape.

Some studies about preingestive selection in bivalves have
been carried out by using microscopic technigues to compare wa-
ter and biodeposits or stomach contents in different species ot
deposit or filter feeder bivalves (Hummel 1985, Kamermans 1994,
Shumway et al. 1987). Flow cytometry offers opportunities for the
analysis of algal cells in experiments on the feeding behavior of
bivalves (Shumway et al. 1985, Bougrnier et al. 1997, Baker et al.
1998). Differential selection of various algal species has been dem-
onstrated, using flow cytometric techniques by Peirson (1983) in
the scallop Argopecten irradians (Lamarck 1819) and by Shum-
way et al. (1985) in Ensis directus (Conrad 1843), Ostrea edulis
Linné, 1758, Placopecten magellanicus (Gmelin, 1791) and Arc-
tica islandica (Linné, 1767). Shumway et al. (1985) showed that
the flat oyster Ostrea edulis fed with a mixture of three algae of
similar size (Phaeodactyvlum tricornutum, Prorocentrum minimum,
and Chroomonas salina) preferentially ingested the dinoflagellate
Prorocentrum minonum. In contrast, Cucci et al. (1985) have
shown that individuals of Mvtilus edulis Linné, 1758 fed with a
mixed diet of the diatom Phaeodactvium tricornutum, the di-
noflagellate Prorocentrum, and the cryptomonad flagellate
Chroomonas salina, showed no differential ingestion of cells from
suspension. Bougrier et al. (1997) found differences in the pre-
ingestive selection of different algal cells (mainly pelagic) by
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Mytilus edulis and Crassostrea virginica (Gmelin, 1791) and re-
lated to differences in the shape of the algal cells. Recently Loret
et al. (2000) have shown preferential ingestion of nanotlagellates
and cryptophytes by the bivalve Pinctada margaritifera (Linne,
1 758). by applying in situ HPLC techniques.

There is some controversy about the feeding behavior of bi-
valves, especially C. edule, exposed to benthic algae compared
with pelagic algae, or the importance of microphytobenthos as a
food source. Kamermans (1994) found microphytobenthic algae
the stomachs of the filter feeding bivalves Mva arenaria (Linne,
1758), C. edule and M. edulis, although the percentage of their
abundance compared with pelagic algae. was higher in the deposit
feeders Scrobicularia plana (Da Costa, 1778) and Macoma bal-
thica (Linné, 1758). Recently two studies have been done measur-
ing ratios of C and N isotopes in different primary producers and
benthic invertebrates (Kang et al. 1999, Riera et al. 1999). These
studies concluded that €. edule may prefer to ingest microphyto-
benthos and phytoplankton compared with detritus from fragments
of benthic macro-algae and seagrasses or detritus from other ori-
gins. However, Herman et al. (2000), using also stable 1sotopes
ratios, suggested that suspension feeders, such as C. edule and M.
arenaria, depend almost exclusively on pelagic rather than micro-
phytobenthic algae.

The aim of this study is to quantify the pre-ingestive selection
of microphytobenthic algae in comparison with a pelagic species
by the cockle Cerastoderma edule. A mixture of benthic and pe-
lagic micro-algae occurs in the tidal flat environment of this filter
feeder bivalve. The response of cockles exposed to the different
diets was studied separately and also when both diets were mixed
in the water column. In the latter case analysis were done by tlow
cytometry to analyze differential algal cell acceptance or rejection.

MATERIALS AND METHODS

Animals

In total 187 cockles (Cerastoderma edule) were used 1n the
different experiments. Cockles had a shell length of 29.78 mm *
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1.27 (mean #+ standard error) in experiments with microphyto-
benthos and 29.75 mm + 0.46 in experiments with Phaeodactylum
tricornutum);, ash free dry weight was 255.75 mg + 30.15 in ex-
periments with microphytobenthos and 259.87 mg + 20.55 in ex-
periments with P. tricornutum. No signmificant differences were
found in shell length or ash free dry weight of the animals used
both experimental treatments. All individuals were collected from
an intertidal mudflat situated in the Oosterschelde estuary (SW
Netherlands). Experiments were performed in spring 1997 and
summer 1999, in a field laboratory at Jacobahaven (Oosterschelde
estuary—SW Netherlands).

Shell length. dry tissue weight (DW) and ash-free dry tissue
weight for each animal were determined. After measuring the shell
length, animals were immersed in boiling water until the shell was
opened. Soft tissues were excised, dried at 70°C for minimum 43
h in a drying oven and weighed (= dry weight). Ash-free dry
weight is determined as the weight loss after ignition in a furnace
at 520°C for 3 h.

Ihets and Treatments

Two different diets were used in the different experiments:
microphytobenthic algae (Benthic) and cells of Phaeodactyium
tricornution (Pelagic). Microphytobenthic algae were collected in
the Qosterschelde estuary. The top layer of sediment (2-3 mm)
was sampled and after sampling, coarse sediment and microphy-
tobenthos were separated by mixing them in hltered seawater.
After sedimentation of the large particles the water containing
mainly benthic algae (based on observations with microscopy ) was
used for the experimental treatment. The microphytobenthic spe-
cies were benthic diatoms, including species from the genus Nirzs-
chia (length 61 = 11 pm; width 7 = 1 pwm). Navicula (length 46 +
|1 pm: width 22 = 3 wm), Cvlindrotheca (length 81 £ 5 m; width
23 + 2 pm), and small pennate cells (length 30 = 2 pm: width 6
+ | wm). The pelagic diatom P. tricornutum was cultured outdoors
i 10-1 reservoir tanks.

Pelagic and Benthic algae were added separately 1o filtered
seawater in different concentrations (treatments) for both diets
(Table 1). Each treatment was completed by adding silt particles
collected in the same location as cockles and microphytobenthos.
This silt was dried and burmed at 520°C during 4 h for removing
the organic content. A coulter counter was used to determine par-
ticle concentration, which was monitored during the experiment
for differences of the particle concentration from the experimental
treatments. Total particulate matter n the different expenments
ranged from 40.2 mg.l™' to 161.2 mg.l™" and the organic content
ranged from 9.08%-58.91% (see Table 1).

Analysis of Particulate Matter

Water samples of the different treatments were collected from
the control chamber (without ammal) at the start of the expernnment
and before collection of the biodeposits. Total particulate matter
(TPM: mg.l ") was determined by filtering one liter sample onto
pre-weighed and pre-ashed Whatman GF/C filters, rinsing with
ammonium formate and drying at 70°C (minimum 24 h). Particu-
late inorganic matter (PIM: mg.1™") was estimated from the same
filters as the weight after ignition during 3 h at 450°C. Particulate
organic matter (POM) resulted from the difference of TPM and
PIM. In all weight measurements an electronic balance was used
which determined the nearest .01 mg. Dietary composition was
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TABLE 1.

Characteristics of the different experiments for each diet and
treatment. Concentrations of total particulate matter (TPM:
mg - 17'), particulate organic matter (POM: mg - I'"), particulate
inorganic matter (PIM: mg - 17") and percentage of organic matter
from the seston (% OM),

Treatment TPM POM PIM OM
code (mg-1") (mg 17" (mg-1") (%)
Diet with Phaeodactvlum tricormutum
Ip 45.9() .44 4446 9.08
2p 55.32 29.56 25.76 5343
3p 58.82 508 S0).64 13.9]
ap 83.64 24 88 58.76 2975
Sp 92,40 17.00 75.40 18.40
bp 95.28 3232 62.96 3392
p 125.84 15.04 110.80 11.95
sp 152.34 17.66 134.68 11.59
Diet with Microphytobenthos
I'm 45.68 28.68 200.00) 58.92
2m 53.92 10.10 43.82 18.73
im 712.52 13.76 58.76 18.97
4m 76.44 30.72 45.72 40.19
5m 80196 25.04 52.92 34.63
fim 8748 34 .24 53.24 19,14
Tm Q8 .4() 2098 7.42 21.32
N 161.20 37.92 123.28 23.52
Mixed diet
1 mx 51.56 200,80 30.76 4().34
2my 59.52 17.42 42.10 2927
imx 28.05 5.87 2218 20.92

characterized in terms of organic content by weight (%OM =
POM x 100/TPM), POM and TPM.

Experiments with Separate Diets

A flow-through system was used 1n all experiments. The water
containing the different treatments was pumped to the experimen-
tal chambers from a diet-reservoir (300 L) in which a mixer and an
air pump promoted the resuspension of particles. Peristaltic pumps
(Watson Marlow) were used for pumping the water to the indi-
vidual experimental chambers. The animals were placed individu-
ally in chambers of 300-ml volume and one chamber was used as
a control for sedimentation of particles. The flow in all chambers
during the experiments was between 3 and 4 I/h, and the concen-
tration of particles in the outflow of the chambers containing ani-
mals was always more than 70% compared with the control cham-

ber (without animals).

Collection of pseudofeces started after an acclimation period of
3 h to each treatment. Pseudoteces rejected during 3-h periods
were collected 2 to 3 times separately for each individual. Pseu-
dofeces samples were filtered on preweighed Whatman GF/C fil-
ters and measured according to the same procedure as described
for samples of the diets. Rejection rates (mg.h ") of total (RR),
organic (ORR) and inorganic (IRR) particulate matter were calcu-
lated. Rates were standardized to an equivalent 500 mg ash free
dry tissue cockle by calculating the expression Ys = Ye (0.5/We)",
where Ys: rate of standard-sized cockle: Ye: uncorrected physi-
ologic rate; We: measured ash free dry weight of experimental
animal; b: allometric coefficient for clearance rate of cockles (b =
(0.57; Urrutia 1997, Smaal et al. 1997).
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Selection efficiency (SE) was calculated using the values tor
organic fraction of seston (f = POM/TPM) and pseudofeces (p =
ORR/RR) from the different experiments. Values were calculated
as: SE = (1-(p/f)) x 100.

Experiments with a Mixed Diet

In these series of experiments, cockles were exposed to a mixed
diet and the same flow through system described in the previous
paragraph was used. The diet contained a mixture of microphyto-
benthic algae and the diatom P. tricornutum (size 17 + 2 pm). The
different size of this pelagic species, and its fluorescence charac-
teristics make it clearly distinguishable from the microphyto-
benthic species used (sizes between 30 + 2 pm and 81 = 11 pm).
Individuals were acclimated 3 h to the mixed diet and pseudoteces
produced by each animal were collected during periods of 1 h.
Sample analysis by flow cytometry was done directly after the
experiment. Another series of samples of pseudofeces was col-
lected in the experiment for selection efficiency measurements.

Algal composition of diet and pseudofeces was analyzed using
a flow cytometer (EurOPA: European Optical Plankton Analyser).
Standard beads (1.07 pm, Duke Scientific, USA) were used for
calibration and optical adjustments of the EurOPA instrument. A
529 nm and 633 nm laser were used for excitation. Laser hght is
scattered when a particle traverses the laser beam and i1s measured
in forward and perpendicular (PLS) direction. Laser hght irradiat-
ing autotrophic phytoplankton is partly emitted as fluorescence.
Fluorescence emission excited by the green laser 1s measured in
the red (FGR) and orange (FGO) bandwidth. The number of par-
ticles processed in the flow cytometric analysis was 5,000 and
20.000. Only data derived by FGR-triggering (i.e., fluorescent
particles) were used to distinguish between groups of particles
with different optical characteristics. The grouping or clustering of
data was calculated by using the software program Matlab ver-
sion 1.0

The algal species studied are easy to distinguish in the scatter
plots of the graph representing FGR and PLS data. The star-shaped
form of Phaeodactylum tricornutum occupied a large area with
values of PLS. between 1,500 and 2,200, and values of fluores-
cence FGR in general below 2,200 and above 1.900. Microphyto-
benthos were composed with mainly four subgroups (related to the
most abundant species). The benthic diatom species with lower
FGR and lower PLS was Navicula sp.. together with a group of
small pennate cells, which could not be identified with values of
PLS (1,800-2.300) and FGR (1.900-2.200). Nitzchia species had
a higher PLS value (2,400-2.500) and higher FGR (2.500-2,700).
Cvlindrotheca species displayed the highest PLS (almost 2.500)
and the highest FGR (almost 3,000).

To examine the degree of acceptance or rejection of particle
types (pelagic or benthic algae), we calculated an electivity index
(EI) (Jacobs et al. 1974), modified by Baker et al. (1998), as
follows:

ElI=—[(P-S)/((P+5)—(2*P*S))]

where P is the particle ratio in the pseudofeces and S 1s the particle
ratio in the suspension. Electivity index can range trom —1.0 to 1.0.
A positive EI for a given particle type indicates preferential imges-
tion (depletion of the particle type in the pseudofeces compared
with the suspension). and a negative EI indicates rejection (enrich-
ment of a particle type in the pseudofeces compared with the
SUSpeEnsion).

Subsamples of the diet and pseudofeces were also hixed mn
Lugol's and the algal composition was determined using micro-
scopic techniques for determination i addition to the flow cytom-
eter results.

Statistics

All statistical tests were performed using the program SYSTAT
for PC version 9.0. Multiple stepwise regression analyses were
used to test for significant relationships between physiologic rates
and parameters of the treatments. Analysis of covariance was used
for comparing the rejection rates and selection efficiencies of
cockles with the different diets. Electivity indices were compared
with zero using a one-sample, two-tailed. nonparametric Wilcoxon
signed-rank test. These analyses test the null hypothesis that se-
lectivity of a particular type is equal to zero (no sorting). A (-
student test was used to compare concentrations of the different
algal species in samples of the diet and pseudoteces.

RESULTS
Response to Diets

Data about quality and quantity of the experimental treatments
are shown in Table 1. All treatments were above pseudofeces
threshold and the obtained physiologic values with the different
diets and treatments have been listed in Table 2. Multiple stepwise
regression analyses indicated a significant positive relationship
between rejection rate (RR) and total particulate matter (TPM)
from the treatments of both diets (Fig. 1; Table 3). The model
rejected parameters POM and %OM. Analysis of covariance in-

TABLE 2.

Physiological response of cockles with the different diets and
treatments: Selection efficiency (SE: %), rejection rate of
pseudofeces (RR: mg - h™'), organic rejection rate (ORR: mg - h™')
and inorganic rejection rate (IRR: mg - h™'). Mean value + standard
error. Number of measurements (n).

Treatment SE RR ORR IRR
code (%) mg-h™ (mg-h™") (mg-h') n
Diet with Phaeodactvium tricornutum
Ip 49+65 293x1.7 26+03 268x14 f
2p 46.1 £43 38372 10820 275=%£55 10)
ip 139+94 223+6.2 24+0.7 199=x5.5 6
dp 3Ib.8+93 243+50 59+19 184=x3.1 12
Sp 04325 543+55 89+07 453=x49 16
bp 41922 4585x17 01+06 36723 12
p 26.1 £34 96487 34+x06 Bs0xs.1 ty
8p 145+26 803+55 8.0+07 723+49 1()
Diet with Microphytobenthos
lm 319+41 34729 138511 209=x272 12
2m 18.7+94 17.2=x3.1 26+03 14629 6
im 13.1+96 274=49 431206 232+44 £
4m 349+2.4 427+x1.6 11.1+04 31.6+1.5 S
Sm 143 +25 T0D9+45 162 +1.1 547 3.7 12
fyim 43.1+35 479+64 10:1 =05, 3T T=57 1)
7m 225+19 508+68 RZ+1.0 42758 |6
®m 37577 91.0x132 136202 774=+x130 6
Mixed diet
l mix 25.1 4.4 = - 10)
2mx 156+3.5 - = - §
Imx 66+ 1.6 - = y
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Figure 1. Rejection rate (mg - h™') of pseudofeces as a function of the
seston concentration in both diets. Pelagic: Results for treatments with
Phaeodactylum tricornutum (line). Benthic: Results for treatments with
microphytobenthos (dotted line). Vertical bars indicate standard er-
ror. See Table 2 for number of measurements,

dicated that there were no significant differences between the diets
(Y = 0.256; P > 0.05).

Organic rejection rates (ORR) were only significantly corre-
lated to the particulate organic matter (POM) (Fig. 2. see Table 3),
with TPM and %OM as nonsignificant parameters related to ORR.
According to the regressions obtained in each case no significant
differences were found between both diets (/t/ = 1.136; P > 0.03).

Multiple stepwise regression analysis indicated a significant
positive relationship between selection efficiency (SE) and par-
ticulate organic matter (POM) (after log transformation) in both
diets (Fig. 3 see Table 3). Although lower values ot SE were
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obtained with the benthic diet, analysis of covaniance indicated that
there were no significant differences between diets (/t/ = 0.791: P
> ().05).

Response to a Mixed Diet

Selection efficiency values as a function of POM concentration
(see Fig. 3) were generally lower for the mixed diet of pelagic and
benthic cells. Higher values of SE were registered at higher values
of particulate organic matter.

Flow cytometer results showed significantly lower cell concen-
trations (expressed as %-age) in pseudofeces in comparison to the
diet composition (Fig. 4), and therefore significant positive elec-
tivity indices (EI) (acceptance). For both diets, differences of algal
concentration in pseudofeces and diet were significant using a
t-student test (Pelagic: DF = 12, t = 14.09. P < 0.001; Benthic:
DF = 12.t = 4.86. P < 0.01). However, the EI of cockles was
significantly higher for pelagic (Elg,,,.,. = 0.31 = 0.01, mean *
standard error) than for benthic cells (Ely . = 0.20 £ 0.03,
mean + standard error), indicating a preferential acceptance of the
Pelagic rather than the Benthic component of the mixed diet. A
lower El for the benthic species was due to differences in the
acceptance or rejection of the different benthic species within the
Benthic group (Fig. 5). The smallest benthic species, such as Na-
vicula sp. and the group of small pennates, were significantly
ingested. displaying higher EI values than larger species such as
Nitzchia sp. However, Cvlindrotheca sp.. the largest species, was
significantly rejected, resulting in a negative EI value.

DISCUSSION

Production of pseudofeces of cockles was sigmificantly related
to the seston concentration in both diets. This relationship between

TABLE 3.

Stepwise multiple regression analyses of physiological parameters of Cerastoderma edule with total particulate matter (TPM: mg - 17'),
particulate organic matter (POM: mg - 1), particulate inorganic matter (PIM: mg - I"') and percentage of organic matter from the different
diets (% OM), se: standard error.

Pelagic diet

Benthic diet

Coeflicient se r P Coefficient se re P

Rejection rate (RR)

Terms retained 0.73 <().(}] 0.72 <(1.01
Constant 7.97 =().01 -1.67 <001
TEM ()64 (.16 <(}.01] (.58 (.14 <().01

Terms rejected
POM
% OM
TPM x POM

Organic rejection rate (ORR]

Terms retained (.63 <().05 (.68 <(1.01
Constant 2.45 <().01 .27 <().01
POM (.24 (.08 <().0)5 0,41 0.11 <().01

Terms rejected
TPM
% OM
TPM x POM

Selection efficiency (SE)

Terms retained (.67 <().01 0.82 <().005
Constant —28.85 <().(}] —-33.49 <().005
Log POM 19.92 5.46 <0.01 19.94 3.85 <(.0035

Terms rejected
Log TPM
Log % OM




SELECTIVE FEEDING IN CERASTODERMA EDULE H2

| mPelagic f}
15 - : O Benthic .

Organic rejection rate (mg. h')

. ic& .

0 10 20 30 40
Particulate organic matter (mg. I")

Figure 2. Organic rejection rate of pseudofeces (mg - h™') as a function
of the organic seston concentration in both diets. Pelagic: Results for
treatments with Phaeodactvlum tricornutum (line). Benthic: Results for
treatments with microphytobenthos (dotted line). Vertical bars indi-
cate standard error. See Table 2 for number of measurements.,

RR and the seston concentration has been observed in several
studies and rates were comparable with our outcomes (Iglesias et
al. 1992, Navarro & Widdows 1997, Urrutia 1997). Similarly. the
rejection rate of organic matter increased with organic content of
seston. At a constant clearance rate, filtration rate ncreases al
increasing seston concentrations and the digestive system reaches
maximum capacity, hence pseudofeces production increases.
Together with the production of pseudofeces. selection of or-
ganic material occurs prior to ingestion. Selection efficiency (SE)
values found in our experiments were very similar to values docu-
mented for C. edule under comparable conditions of food quahty
(Iglesias et al. 1992, Urrutia 1997). The response by the cockle to
the pelagic diet did not differ significantly from the benthic diet.
The SE maximizes in C. edule as a response of an increment in the
organic content in the diet (Iglesias et al. 1992, Urrutia 1997)
reaching a maximum value in our study of 40%. This maximum
value of gross SE (measurements based on the organic content of
pseudofeces) for the cockle is similar to those obtained in previous

B Falagic

| O Benthic | + ; {,

A Mix | i

Selection efficiency (%)

T 1

30 40

Particulate organic matter (mg. I}

Figure 3. Mean values of selection efficiency (%) as a function of the
organic seston concentration in each dietary condition. Pelagic: Re-
sults for treatments with Phacodactylum tricornutum (line). Benthic:
Results for treatments with microphytobenthos (dotted line). Mix: Re-
sults for treatments with a mixed diet. Vertical bars indicate standard
error. See Table 2 for number of measurements.
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Figure 4. Percentages of the different algal cells, from the total num-
her of particles, both in the diet and the pseudofeces. Pelagic: Phaeo-
dactvium tricornutum. Benthic: Microphytobenthic algae Vertical bars
indicate standard error, In all measurements n = 14,

studies using pelagic algae as a food source (Iglesias et al. 1992,
Urrutia 1997). The percentage of organic matter in the different
treatments covered a range between 10%—60%. Several authors
(lglesias et al. 1992, Urrutia 1997) have described a decrease of the
SE in C. edule exposed to treatments above 50% organic content.
The decrease of SE values obtained in treatments containing
Benthic algae could be related to a lower acceptance or the pret-
erential rejection of some benthic species as it has been found with
Nitzchia sp. and Cylindrotheca sp.

In this study, we have documented the selection and acceptance
of microphytobenthos as a benthic food source by the cockle.
However, pelagic algae were accepted preferentially when mixed
with microphytobenthic species. Moreover, only some microphy-
tobenthic species were preferentially accepted by C. edule. Micro-
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Figure 5. Electivity indices (EI) for the different microphytobenthic
species, as separate species or as a group, relative to the total concen-
tration of particles. The studied species are small pennate cells (SmP),
Navicula sp. (Nav), Nitzchia sp. (Nit), Cylindrotheca sp. (Cyl) and the
benthic group (All), which includes all microphytobenthic species.
Vertical bars indicate standard error. * Indices significantly different
than zero (P < 0.05). In all measurements n = 14.
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phytobenthos seems to represent a food source in several species
of bivalves and its importance for filter feeding bivalves has been
addressed previously. Kamermans (1994) found relations between
aleal composition of the water column (30% were resuspended
benthic diatoms) and the stomach contents of the bivalves C. ed-
wle, Mva arenaria and Mytilus edulis in the western Wadden Sea.
She concluded that selection of algae by the bivalves was absent
based on comparison of water and stomach samples. Recently two
studies measured ratios of C and N 1sotopes in different primary
producers and benthic invertebrates (Kang et al. 1999, Riera et al.
1999). These studies concluded that C. edule preferentially in-
gested microphytobenthos and phytoplankton compared with de-
tritus from benthic macro-algae or sea grasses fragments. How-
ever, Herman et al. (2000) indicated that C. edule depends basi-
cally on pelagic algae as a food source and benthic algae hardly
contribute to the metabolism. Our experiment showed a differen-
tial pre-ingestive selection by C. edule of the ditferent benthic
species. This may explain the actual controversy about microphy-
tobenthos as a food source for suspension feeders. More detailed
information about acceptance and/or rejection of single microphy-
tobenthic algal species i1s needed to clarify the actual controversy.

Results obtained in this study, vsing flow cytometry tech-
niques, showed a preferential ingestion of Pelagic over Benthic
species and a differential selection of the benthic species. Within
the Benthic group. some species such as Cyvlindrotheca sp. was
rejected in significantly higher concentrations than small pennates
or Navicula sp. The mixed composition of the benthic diet 1s a
feature that resembles the natural conditions where C. edule lives
and a preferential selection of some species may occur also n the
field. Studies on sorting of food in bivalves using flow cytometry
to determine the preferences within mixed samples are scarce
(Cucci et al. 1985, Shumway et al. 1985, Chrétiennot—Dinet et al.
1991, Bougrier et al. 1997, Baker et al. 1998). Cucci et al. (1985)

did not observe preingestive selection in mussels fed with a diet of

a diatom, a dinoflagellate and a cryptomonad. However, Bougrier
et al. (1997) observed in the ovster Crassostrea gigas (Thunberg,
1793) that a preferential ingestion of flagellates species occurred
compared with diatom species. Moreover, Baker et al. (1995) ex-
amined the ability of zebra mussels Dreissena polvmorpha (Pallas,
1771) to preferentially ingest or reject various phytoplankton spe-
cies in the Hudson River (New York). In their study, zebra mussels
selected more efficiently small algal cells, such as cyanobactena,
explaiming the changes in the Hudson River phytoplankton com-
munity in the last decade.

Accepted benthic species by C. edule had smaller and similar
sizes (Navicula sp.: measured size 46 £ 11 pm: small pennates:
measured size 30 = 2 wm) than the significantly rejected species
such as Cvlindrotheca sp. (measured size 81 £ 5 wm). Therefore,
a possible relation may be found with a preferential ingestion or
rejection of those algae and their size. Nevertheless. preingestive
selection of algae in bivalves could also be related to chemical
characteristics (e.g., taste of the particles) or to morphologic char-
acteristics (e.g.. shape of the particles). In this context. Shumway
et al. (1990) discussed that not only size is an important factor mn
the preingestive selection of particles but also mucoid trapping and
chemoreceptors. Chrétiennot—Dinet et al. (1991) reported that the
relative ingestion or rejection was not dependent on the size of the
aleae in C. gigas and M. edulis. Bougrier et al. (1997) reported
similar results on those bivalves and no relation was found be-
tween preimngestive selections of algal species with their size. Mac-
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Donald and Ward (1994) showed that rejection 1s not dependent on
particle size in the scallop Placopecten magellanicus.

The cockle. C. edule, preferentially accepted small benthic dia-
toms such as small pennates and Navicula sp.. both also with an
elliptical smooth shape, and rejected others such as Cvlindrotheca
sp.. which has a larger size and large lateral spicules. The actual
mechanisms whereby particles are selected on the gills and the
labial palps have been studied vsing endoscopy (Ward et al. 1991,
Ward et al. 1993) but not much information 1s known about their
relation with morphologic characteristics of the particles. Bougrier
et al. (1997) indicated that a differential rejection or ingestion of
diatom and flagellate species might depend on their shape and
flexibility, with a preferential rejection of species with inflexible
spicules or the presence of a non-flexible membrane (1.e., silicate
frustule), which may hamper the pass through the gill filter. Some
authors (Shumway et al. 1985, Bougrier et al. 1997) have also
detected a preferential ingestion of flagellates in comparison to
diatoms and have speculated that the presence of the sihicate frus-
tules from the diatoms may appear as mineral particles to sensory
receptors of the labial palps. According to this hypothesis the
preferential selection of the pelagic diatom P. tricornutum could be
influenced because benthic species are. generally, attached to silt
particles and it may be possible that some species will have more
chance to be rejected as inorganic particles by C. edule.

In this study, similar values of selection efficiency were regis-
tered when C. edule was exposed to Pelagic and Benthic treat-
ments, and lower values obtained in mixed treatments. Riera and
Richard (1995) have reported in C. gigas a preferential ingestion of
benthic diatoms and detritus compared with phytoplankton in shal-
low estuarine waters. But they also reported that €. gigas had a
preferential ingestion of phytoplankton, when compared with
benthic diatoms and detritus, in deeper waters from the same bay.
Shumway et al. (1987) found a preferential ingestion of benthic
algae by P. magellanicus collected from deep-water populations,
however individuals from shallow water populations seemed to
ingest more pelagic than benthic algae. Gut contents of P. magel-
lanicus generally reflected available organisms in the immediate
habitat. The preingestive selection of algae in some filter feeding
bivalves. such as C. edule. could be adapted to the composition and
the percentages of the different species available in the water col-
umn. The preferential ingestion of benthic species in comparison
with pelagic species has been observed in the mussel M. edulis n
conditions with low concentrations of pelagic algae n the water
column (Prou et al. 1994). In our experiments, microphytobenthos
is selected at the same efficiency as P. rricornutum in nonmixed
treatments. In a mixture of pelagic and benthic species. the rejec-
tion of microphytobenthos is higher and this could be related to the
dominance of the pelagic algae in the diet. Preingestive selection
of benthic compared with pelagic species has been studied previ-
ously in the oyster C. gigas by using the flow cytometry technique
(Bougrier et al. 1997). In those experiments oysters preferentially
ingested pelagic species than benthic species, in a domimnant pe-
lagic species treatment. Baker et al. (1998) observed that the se-
lectivity of different phytoplankton species by the zebra mussel
Dreissena polymorpha differed depending on the complexity of
the offered suspension,

Summarizing, the pre-ingestive selection of benthic algae by C.
edule is similar and nonsignificantly lower than the pre-ingestive
selection of pelagic species, when benthic and pelagic species are
not mixed. This situation of maximum presence of benthic diatoms
in the seston could be similar to environmental characteristics of
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tidal flat areas with high resuspension rates of benthic diatoms, or
seasons with low pelagic productivity (e.g., autumn and winter),
However, acceptance of benthic algae is lower, compared with
pelagic, and not equal for the different components of the benthic
group when mixed in a pelagic dominant treatment. These condi-
tions may be present during warm periods of the year (e.g.. spring
and summer) when phytoplankton blooms occur in their natural
environment. C. edule may be considered as an opportunistic filter
feeder that may take advantage of certain algal species. both pe-
lagic and benthic, in relation to their availability in the field.
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