Marine Biology (1998) 131: 283-292

© Springer-Verlag 1998

J. E. Ward - J. S. Levinton - S. E. Shumway - T. Cucci

Particle sorting in bivalves: in vive determmatlon of the pallial organs

of selection

Received: 4 June 1997 / Accepted: 23 January 1998

Abstract Benthic particle feeders are exposed to a food
supply varying in both quantity and quality. Previous
studies have shown that bivalve molluscs deal with such
fluctuating particle regimes in a variety of ways, in-
cluding adjustments in pumping and ingestion rates, and
selective rejection of non-nutritive particles as pseudo-
feces. The actual site of particle selection within the
pallial cavity, however, has remained a topic of specu-
lation. During August 1995 and January and August
1996, we exposed the oysters Crassostrea virginica
(Gmelin) and C. gigas (Thunberg), and the mussel My-
tilus trossulus Gould to a mixture of ground, aged
Spartina alterniflora Loisel and 51m11ar-31zed phyto-
plankton at three concentrations (10%, 10%, 10° particles
ml™"). We then examined the ctenidia and labial palps by
means of endoscopy and sampled, in vivo, the particu-
late material from various ciliated tracts, and analyzed
the samples with a flow cytometer. We found that in
oysters, the ctenidia are responsible for particle sorting,
whereas the labial palps play an accessory role in particle
selection, or function to control the volume of material
to be ingested. In mussels, however, the ctenidia play
little role in particle selection and simply transport
particulate matter to the palps for further processing.
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We suggest that selection by the ctenidia of oysters is a
function of their architecture (plicate, heterorhabdic).

introduction

Suspension feeders are exposed to a food supply varying
in quality and quantity on both spatial and temporal
scales. They encounter food particles that are small,
easily dispersed, not much denser than the surrounding
medium, and often mixed with non-nutritious or some-
times toxic particles of the same size. Past studies have
demonstrated that many groups of benthic and plank-
tonic particle feeding organisms (e.g., polychaetes,
crustaceans, bryozoans, echinoderms, bivalves) may re-
spond to such particle mixtures by altering capture and
ingestion rates, and rejecting undesirable particles prior
to ingestion (Taghon 1982; Miller 1984; Taghon and
Jumars 1984; Rassoulzadegan et al. 1984; Strathmann
1987; Cowles et al. 1988; Gallager 1988; Okamura 1990).
In particular, the compensatory strategies used by adult
bivalve molluscs to maximize energy gain under variable
seston conditions have been well studied. For example,
previous studies on bivalve molluscs have documented
selective ingestion of particulates based on particle size
(Defossez and Hawkins 1997) and quality (e.g., Lo-
osanoff 1949; Kierboe and Mghlenberg 1981; Newell
and Jordan 1983; Shumway et al. 1985; Newell et al.
1989; Prins et al. 1991; MacDonald and Ward 1994;
Pastoureaud et al. 1996; Bougrier et al. 1997). Mecha-
nisms for particle selection are thought to include one or
more of the following: preferential retention on the cte-
nidia, preferential sorting on the ctenidia or labial palps,
and preferential sorting in the gut (e.g., Newell and
Jordan 1983; Shumway et al. 1985; Newell et al. 1989).

Although previous reports have demonstrated that
many bivalve species can sort and preferentially ingest
particulate matter, several aspects of particle selection
remain undefined such as the actual site of selection, or
which pallial organs are involved in the selective process.
In all previous studies, selection was determined by
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collecting bivalve pseudofeces after it was expelled from
the pallial cavity so the organs responsible for its pro-
duction could not be determined. Histological studies
and observations of surgically altered specimens suggest
that the labial palps are the major site of particle selec-
tion in bivalves (Kellogg 1915; Menzel 1955; Nelson
1960; Galtsoff 1964; Jargensen 1966). The ctenidial fil-
aments of some species bear frontal cilia that beat in
opposite directions, however, and some workers have
speculated that the ctenidia are also involved in particle
selection (Allen 1921; Atkins 1937; Nelson 1960; Ribelin
and Collier 1977; Barillé 1994). No studies have con-
clusively determined the location of particle selection in
any living, intact species.

In the present study we examined particle selection in
three species of bivalves, the oysters Crassostrea virgin-
ica and C. gigas, and the mussel Mytilus trossulus. We
chose these species because their ctenidial structures al-
lowed us to make predictions about particle selection.
Mussels have a flat, homorhabdic ctenidium. Their
ctenidial filaments bear frontal cilia that, for the most
part, transport particles ventrally (Ward et al. 1993).
Therefore, we hypothesized that in mussels the ctenidia
contribute little to the selective process and the labial
palps are the main organ of selection. In contrast, oys-
ters have a plicate, heterorhabdic ctenidium with prin-
cipal and ordinary filaments. The principal filaments
bear cilia that transport particles towards the dorsal
ciliated tracts. The ordinary filaments bear two types of
frontal tracts, (1) coarse frontal cirri that transport
particles towards the ventral ciliated grooves, and (2)
fine frontal cilia that transport particles towards the
dorsal ciliated tracts (Ribelin and Collier 1977). Particle
processing is more extensive on the ctenidia of oysters,
and particles can be transported in opposite directions
on the same filament (Ward et al. 1994). Therefore, we
hypothesized that in oysters the ctenidia contribute sig-
nificantly to the selective process; the labial palps could
also be an organ of selection.

Our goals were to define which pallial organs (cteni-
dia, labial palps) are involved in particle selection and to
determine the relative contribution of these organs to the
selective process for two natural particles at different
concentrations. Unlike previous studies, we examined
particle selection in vivo in intact bivalves making it
possible to sample various locations in the pallial cavity
while the bivalve was actively feeding.

Materials and methods

Crassostrea virginica (Gmelin) were obtained from the Cornell
Cooperative Extension Hatchery, Southold, New York, USA
during September 1995 and transported to sea water facilities at
Southampton College, New York. Crassostrea gigas (Thunberg)
and Mytilus trossulus Gould were obtained from Westcott Bay
Farms, San Juan Island, Washington, USA, during July 1995 and
1996, respectively, and were transported to sea water facilities at
Friday Harbor Laboratories, Washington. Bivalves were main-
tained in ambient, flowing sea water until they were prepared for
observation.

In order to investigate the site of particle selection within bi-
valves, two different methods were used: (1) traditional particle
depletion experiments, and (2) feeding assays combined with
endoscope-directed, in vivo sampling. In all experiments, two dif-
ferent natural particle types were delivered to the bivalves. The first
was the cryptophyte Rhodomonas lens Pascher et Ruttner (6 to
13 um in length). This microalga was obtained from the Provasoli-
Guillard Center for Culture of Marine Phytoplankton (clone
CCMP-739), and was grown in f/2 media at 18 °C under constant
light (Guillard 1975). The second particle type was ground, aged
Spartina alterniflora Loisel. Dried S. alterniflora wrack was col-
lected from beaches above mean high water around Flax Pond
marsh, located in Old Field, Long Island, New York, USA. Indi-
vidual shoots were cleaned of debris, cut into 20 to 25 cm pieces,
placed in a blender with 0.45 pm filtered (Millipore) sea water and
processed for 10 to 15 min. The resulting suspension was sieved
through a 20 pum, nylon screen to obtain a final particle distribution
(3 to 20 um) overlapping that of the R. lens cultures. Particle sus-
pensions were prepared by diluting the stock solutions of micro-
algal cultures and ground S. alterniflora with filtered sea water
(0.45 pm) to form suspensions with a total particle concentration of
10°, 10* and 10° particles ml™' (0.6 to 26.0 mg 1'). In some ex-
periments, the bivalves were delivered only one particle type at a
time (no choice), whereas in other experiments the bivalves were
delivered a mixture of the two particle types in near equal pro-
portions (choice). Particle suspensions were maintained at the same
temperature as that in the ambient, flowing seawater system.

Particle depletion assays

In order to compare our results to those of previous studies on
particle selection in bivalves, we conducted a series of particle de-
pletion experiments using traditional methods (e.g., Shumway et al.
1985). Juvenile bivalves (2 to 4 cm in shell height) were cleaned of
fouling material and placed in individual plastic containers (500 to
700 ml). The containers were filled with the mixed Rhodomonas
lens/Spartina alterniflora particle suspension at concentrations of
10* to 10° particles ml™'. The suspension in each container was
gently aerated and maintained at ambient temperature conditions
(12 to 20 °C, depending on season). Control vessels were left
without bivalves to correct for microalgal cell division and settling
during experiments. Experiments lasted for 0.5 to 1.0 h, depending
upon the size of the bivalve and the volume of the container.
During the experiments, water samples were taken periodically and
analyzed using flow cytometry to determine feeding activity. Par-
ticle concentrations were not allowed to fall below approximately
70% of the original value. At the end of the experiment, pseudo-
feces were collected and analyzed using flow cytometry (see below).
Experimental bivalves were then opened, their tissues were sepa-
rated from the shell, blotted with a paper towel, and dried to
constant weight at 65 °C.

Endoscopic observations and in vivo sampling assays

Adult bivalves (9 to 13 cm in shell height) were prepared for
endoscopy using methods of Ward et al. (1993) and Ward et al.
(1994). Specimens were scrubbed to remove debris and encrusting
organisms from their valves. A small section of shell was trimmed
from the inhalant margin of the upper and lower valves without
damaging the underlying mantle margins. Trimming produced a
narrow opening in the shell, which provided more freedom of
movement for the optical insertion tube (OIT) of the endoscope
and prevented the shell edges from damaging the OIT when the
specimen adducted its valves. After preparation, the bivalves were
isolated from other specimens and supplied with flowing or static,
aerated sea water at the same temperature and salinity as that of
the primary holding system. In static systems, sea water in each
container was replaced regularly, and bivalves were fed a daily
maintenance ration of cultured microalgae. Bivalves were allowed
to recover for at least 1 d after preparation, and they usually began
repairing their shells shortly after the recovery period.
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Endoscopy was performed following methods described previ-
ously (Ward et al. 1991: Beninger et al. 1992). During endoscopic
examination, bivalves were placed in an aerated, assay chamber
(1.0 liter) filled with sea water at ambient temperature. Individual
bivalves were exposed, in succession. to each of the three particle
concentrations for 0.5 to 1.0 h depending on the feeding activity of
the specimen. Particle concentration in the assay chamber was
monitored during the exposure period using an electronic particle
counter, and the chamber flushed with additional volumes of the
appropriate suspension when needed.

To control for changes in gut fullness as the bivalves were ex-
posed to successive particle concentrations, the order of delivery of
the three concentrations was changed for every other specimen. To
increase particle concentration, the assay chamber was flushed with
the next higher concentration suspension. To decrease particle
concentration. the assay chamber was first flushed with 0.45 pm
filtered sea water before adding the next lower concentration sus-
pension.

During the assays, the ventral ciliated grooves and dorsal cili-
ated tracts of the ctenidia were observed. as well as the junction
between the ctenidia and labial palps. In addition, we collected
samples in vivo using a micropipet connected to a low-flow peri-
staltic pump (ca. 50.0 pl min~'). The sampling pipet was mounted
on a micromanipulator and positioned with the aid of the endo-
scope. In this way, samples could be taken from various locations
on the ctenidia and labial palps. and the sampling process could be
observed directly and recorded on videotape. Samples of post-
capture particulate material were collected from the ventral grooves
and dorsal tracts of the ctenidia, and from between the lamellae of
the labial palps (palp slurry). In addition, pseudofeces were col-
lected from the bottom of the assay chamber following procedures
of traditional selection experiments (e.g., those described below).
This material may have been produced by the ctenidia, labial palps,
or both organs. Finally, water samples were taken periodically
from the assay chamber during in vivo sampling to determine the
proportion of particle types available to the bivalve. At the end of
the experiment, samples were analyzed using flow-cytometry (see
below).

Analyses of samples and data

Flow-cytometry was used to enumerate particle abundance in all
samples (water, pseudofeces. ventral grooves, dorsal tracts, etc.).
Particles were differentiated based on their optical properties by
means of a FACScan bench top flow-cytometer (Becton Dickinson,
San Jose, California) equipped with a 15 mW, 488 nm, air-cooled
argon laser. Detection of microalgal cells was derived from chlo-
rophyll fluorescence (>650 nm) and phycoerythrin fluorescence
(560 to 590 nm) emissions. All other particles (i.e., Spartina al-
terniflora) were detected by the simultaneous measurements of their
forward scatter (FSC) and 90° light scatter (SSC) optical properties.
All particles between 3 and 35 um were enumerated based on the
forward scatter (a sizing parameter) signal from polystyrene mic-
rospheres (3.15 pm). Prior to analysis, each sample was vigorously
agitated on a vortex mixer to disrupt particle aggregates. The
volume of sample analyzed was calculated gravimetrically by
weighing the sample (mg) immediately before and after analysis.
Samples were run at low (ca. 30 ul min~"') or high (ca. 50 pl min™")
flow rates, depending on initial particle concentration. The photo-
multiplier detectors were in logarithmic mode, providing four de-
cades of signal detection, and signal peak integrals were measured.

Data obtained from flow cytometry allowed us to determine the
proportion of Rhodomonas lens and Spartina alterniflora particles
in the samples. Particle depletion data were used to calculate
clearance rates of the bivalves after methods of Coughlan (1969).
Rates were then standardized to a 1.0 g dry tissue mass. Relative
clearance rates for S. alterniflora particles and R. lens cells were
calculated separately for each specimen. Clearance rates for the two
particle types were then compared using paired t-tests (Zar 1984).

In order to examine particle selection for or against the two
particle types, we calculated a modified electivity index (EI) (Jacobs
1974; Bayne et al. 1977). This index was defined as:
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where r is the proportion of Rhodomonas lens cells in the post-
capture samples (ventral groove, dorsal tracts, pseudofeces. etct),
and p is the proportion of cells in the water samples (pre-capture,
food supply). A positive EI indicates an enrichment of R. lens in the
sample compared to the water, whereas a negative EI indicates an
enrichment of Spartina alterniflora particles in the sample com-
pared to the water. In order to better demonstrate the efficiency of
particle selection, sorting efficiency (SE: Iglesias et al. 1992; Mac-
Donald and Ward 1994) was calculated as:

SE = (Sg/Wg) — 1,

where S is the fraction of R. lens cells in the sample and W is the
fraction of R. lens cells in the water. This index represents the
percentage increase or decrease in R. lens cells of the samples
compared to that of the food supply.

Calculated Els for samples were compared for each particle
concentration using Kruskal-Wallis tests followed by appropriate
nonparametric multiple comparison tests (Tukey, Dunnett; Zar
1984). Nonparametric procedures were used because data were not
normally distributed. The null hypothesis for choice assays was
that the Els did not vary significantly among samples. Electivity
indices obtained for pseudofeces from depletion experiments were
compared to zero using a one-sample, t-test (two-tailed; Zar 1984).
The null hypothesis for depletion assays was that the electivity
indices of pseudofeces were equal to zero (i.e., no selection). In all
statistical tests a significance level of o = 0.05 was used.

Results

Data from the particle depletion experiments indicated
that clearance rates of Mytilus trossulus for both parti-
cles were not statistically different when delivered a
mixed particle regime (Fig. lA;n = 5to 7, p > 0.05).
In contrast, Crassostrea gigas had significantly lower
clearance rates for Spartina alterniflora particles than for
Rhodomonas lens cells (Fig. 1B; n = 6to 10, p < 0.02).
Based on these results, electivity indices and sorting ef-
ficiencies were calculated using water samples taken
periodically from the experimental chambers during in
vivo sampling, or taken at the end of the depletion ex-
periments. Using this type of sampling scheme, we
controlled for changes in the proportion of S. alterni-
flora and R. lens particles in the chambers due to dif-
ferential retention of these two particle types by the
bivalves.

Analysis of the pseudofeces produced by juvenile bi-
valves during depletion experiments at 10° particles ml™'
confirmed that Mytilus trossulus and Crassostrea gigas
have a similar capacity for particle selection. Pseudo-
feces from both species were selectively depleted of
Rhodomonas lens cells compared to the food supply, and
calculated EIs were significantly less than zero
(M. trossulus: mean EI = —0.52 = 0.26 SD; C. gigas:
mean EI = -0.55 £ 0.11 SD;n = 6to 7, p < 0.01).

Obvious differences existed in the way in which the
two particle types were transported by the ctenidia of
oysters. Material in the dorsal tracts appeared to be red-
brown in color, whereas material in the ventral grooves
was more straw colored. These observations suggested
that a higher proportion of Rhodomonas lens cells were
present in the dorsal tracts, and a higher proportion of
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Fig. 1 Mytilus trossulus, Crassostrea gigas. Clearance rates
(mean + SD) of bivalves feeding on a mixture of Spartina alterniflora
particles and Rhodomonas lens cells at different concentrations. A
M. trossulus. Relative clearance rates for the two particles were not
statistically different at either concentration (p > 0.05). B C. gigas.
Relative clearance rates for S. alterniflora particles were significantly
lower than clearance for R. lens cells at all concentrations (p < 0.02)

Spartina alterniflora particles were present in the ventral
grooves (Fig. 2). Crassostrea gigas appeared to show a
similar sorting preference when R. lens cells or S. al-
terniflora particles were delivered separately. Qualita-
tively, it appeared that a higher concentration of R. lens
cells was transported in the dorsal tracts when delivered
alone, and a higher concentration of S. alterniflora
particles was transported in the ventral grooves when
delivered alone. In the mussel, M. trossulus, there was no
obvious color difference in the transport tracts; the

dorsal tracts transported very little material, and the -

ventral groove appeared to transport a mix of both
particles.

Analysis of samples by flow-cytometry confirmed our
qualitative observations. Electivity indices of in vivo and
pseudofeces samples from Crassostrea virginica and
C. gigas were very similar; dorsal tract samples
were enriched with Rhodomonas lens, whereas ventral

groove and pseudofeces samples were enriched with
Spartina alterniflora particles (Fig. 3). For both oyster
species, at all assay concentrations, mean Els of material
in the dorsal tracts were significantly higher than ‘mean
Els in the ventral grooves (Fig. 3; C. virginica: n = 4,
p < 0.05; C. gigas: n = 6, p < 0.05). Electivity indices
of pseudofeces samples from both species, at 10* and 10°
particles ml™'; were statistically indistinguishable from
the ventral groove samples (Fig.3; n =4 to 6,
p > 0.05). Mean sorting efficiencies for C. virginica in-
dicated an enrichment of R. lens cells in the dorsal tracts
of 50 to 60%, and a depletion of R. lens cells in the
ventral grooves of 45 to 77% (Table 1). Similarly, mean
sorting efficiencies for C. gigas indicated an enrichment
of R. lens cells in the dorsal tracts of 47 to 187%, and a
depletion of R. lens cells in the ventral grooves of 64 to
82% (Table 1).

In contrast, Els of samples from the ventral grooves
of Mytilus trossulus were close to zero at all three par-
ticle concentrations (Fig. 4), suggesting that the com-
position of material in the groove was similar to that of
the food supply. Selection by the ctenidia of M. trossulus
was examined further by comparing mean EI of the
ventral groove material among all three bivalve species.
Electivity indices of oysters were significantly different
from those of the mussel at all concentrations (Fig. 4;
n=4to 6, p < 0.05), except for C. virginica at 10
particles ml™' (Fig. 4, n = 4 to 6, p > 0.05).

To further examine particle selection in Crassostrea
gigas, exposed to 10 to 10° particles ml™', samples of
material taken from between the labial palp lamellae
(posterior region) were compared to material from the
dorsal tracts of the ctenidia and material rejected as
pseudofeces. Electivity indices of the palp slurry samples
indicated an enrichment of Rhodomonas lens in this area
relative to the food supply (Fig. 5). Statistical compari-
son of Els of the three samples indicated that the com-
position of material between the palps and in the dorsal
tracts was significantly different from that in the pseu-
dofeces (Fig. 5; n = 5 to 7, p < 0.05). There was no
significant difference in Els, however, between material
in the palp slurry and material in the dorsal tracts
(Fig. 5, n = 5to 7, p > 0.05).

Discussion

Particle depletion experiments provided two important
pieces of information about our experimental protocol.
First, Crassostrea gigas has significantly lower clearance
rates for Spartina alterniflora particles than for Rhodo-
monas lens cells (Fig. 1). This difference was probably
caused by a lower retention efficiency for the S. al-
terniflora particles, which had a broader size distribution
(3 to 20 pm) than that of R. lens (6 to 13 pm). In general,
particle retention efficiency of oysters decreases rapidly
from about 100% for 6 pm diameter particles to about
50% or less for 2 um particles (see Newell and Langdon
1996), although this can be adjusted by the oyster in
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Fig. 3 Crassostrea virginica, C. gigas. Electivity indices (EL
mean = SD) of samples taken in vivo from the ctenidia (ventral
groove, dorsal tract), and from the pseudofeces of two oyster species
feeding on a mixture of Spartina alterniflora particles and Rhodomonas
lens cells at three concentrations. Within each concentration, sample
indices with the same lower case letter are not significantly different
(p > 0.05), whereas different letters indicate a significant difference
between samples (p < 0.05). A negative EI indicates a depletion of
R. lens cells, whereas a positive EI indicates enrichment of R. lens cells
in the sample. A C. virginica. At all concentrations, Els of the ventral
groove were significantly different from those of the dorsal tract. EI of
pseudofeces at 10* was significantly different from that of the dorsal
tract. B C. gigas. At all concentrations, Els of the ventral groove were
significantly different from those of the dorsal tract. EI of pseudofeces
at 10° was significantly different from that of the dorsal tract
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species. Our data suggest that the ctenidia of M. tros-
sulus non-selectively transport particles to the ventral
grooves.

The role of the ctenidia of bivalves in particle selec-
tion has been debated for many years (Nelson 1923,
1960; Yonge 1926; Atkins 1937; Menzel 1955; Newell
and Jordan 1983; Ward et al. 1994). In oysters, sorting
of particles based on size and other criteria has been
inferred from the heterorhabdic nature of the ctenidium
(principal and ordinary filaments) and the two ciliated
tracts on the frontal surface of the ordinary filaments
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Fig. 4 Mytilus trossulus, Crassostrea virginica, C. gigas. Electivity
indices (EI, mean £+ SD) of samples taken in vivo from the ventral
grooves of the ctenidia of three bivalve species delivered a mixture of
Spartina alterniflora particles and Rhodomonas lens cells at three
different concentrations. Within each concentration, sample indices
with the same lower case letter are not significantly different
(p > 0.05), whereas different letters indicate a significant difference
between samples (p < 0.05). A negative El indicates a depletion of
R. lens cells, whereas a positive EI indicates enrichment of R. lens cells
in the sample. Els of material in the ventral groove of C. virginica and
C. gigas were significantly different from those of M. trossulus at all
concentrations, except for C. virginica at 10° particles ml™'

that beat in opposite directions. Manipulative studies —
using juvenile oysters with transparent shells, surgically
altered adults, or isolated ctenidia — have produced
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Fig. 5 Crassostrea gigas. Electivity indices (EI, mean £+ SD) of
samples taken in vivo from the ctenidia (dorsal tract) and labial palp
(palp slurry), and from the pseudofeces. Oysters were delivered a
mixture of Spartina alterniflora particles and Rhodomonas lens cells at
10* to 10° particles ml™'. A negative EI indicates a depletion of R. lens
cells, whereas a positive EI indicates enrichment of R. lens cells in the
sample. Els of the dorsal-tract and palp-slurry samples were
significantly different from EI of the pseudofeces (p < 0.05). No
significant difference was found between Els of the dorsal-tract and -
palp-slurry samples (p > 0.05)



Table 1 Crassostrea virginica, C. gigas. Sorting efficiencies calcu-
lated for samples taken in vivo from the ctenidia (ventral groove,
dorsal tract), and from the pseudofeces of oysters feeding on a
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mixture of Spartina alterniflora particles and Rhodomonas lens cells
at three concentrations. Sorting data are presented as means = SE.
C. virginica, n = 4; C. gigas,n = 6

Species, Sorting efficiencies (%)

i

sample type

10° 10°
(particles ml™ N (particles ml™ b

10°
(particles ml™")
C. virginica
Ventral groove =77 = 11
Dorsal tract 50 + 35
Pseudofeces -
C. gigas
Ventral groove -64 + 14
Dorsal tract 187 + 58

Pseudofeces -

—45 £ 20 —48 + 24
59 £ 14 53 £ 10
-62 + 8 =22 + 14
82 + 4 —-67 £3
52 £ 11 47 £ 8
—42 + 34 -48 + 11

conflicting results concerning particle selection by the
ctenidium (cf., Allen 1921; Nelson 1923; Menzel 1955;
Bernard 1974). In addition, using flow-cytometry tech-
niques several workers have reported that Ostrea edulis
(Shumway et al. 1985), Crassostrea virginica (Bougrier
et al. 1997), and Mytilus edulis (Newell et al. 1989;
Bougrier et al. 1997) preferentially retain certain species
of microalgae on the ctenidia, sometimes at particle
concentrations below the levels known to induce pseu-
dofeces production. The mechanisms involved in this
discrimination, however, have yet to be determined.
Despite inconsistent observations of particle selection by
the ctenidia, current thinking suggests that in oysters,
small, more-desirable particles enter the plical troughs
and are carried by the principal filaments to the dorsal
ciliated tracts; larger, less-desirable particles are more
likely to be captured by the ordinary filaments. On the
ordinary filaments, the fine frontal cilia are thought to
trap smaller, more-nutritious particles and to transport
them to the dorsal tracts, whereas large, less-nutritious
particles are transferred to the coarse frontal cirri and
transported to the ventral grooves. Based on in vivo
observations, Ward et al..(1994) found no evidence for
particle selection by ctenidium of the oyster C. virginica,
but this study used polystyrene beads treated with mic-
roalgal metabolites, and not natural particles. The
present study clearly indicates that selection of natural
particles by the ctenidium does occur.

Our study is the first to support conclusively the
concept of particle selection by the ctenidia of oysters.
Although particle size may be a factor in sorting by the
ctenidium (see Allen 1921; Yonge 1926; Nelson 1960),
our results suggest that size played little role in the
separation of Spartina alterniflora particles from
Rhodomonas lens cells in either oyster species. The size
distribution of S. alterniflora completely overlapped the
distribution of R. lens cells, and the relative distribution
of S. alterniflora particles in the water, dorsal tracts, and
ventral grooves was similar. These results indicate that
the same proportions of small, medium, and large
S. alterniflora particles were found in both tracts and the
water.

Defossez and Hawkins (1997) have demonstrated
that particle size can be a factor in selective rejection of
particulate matter by bivalves, and suggest that size-
dependent rejection may be the factor controlling se-
lection between organic (typically smaller) and inorganic
(typically larger) particles by bivalves. They also suggest
that incomplete separation of particles in pseudofeces
has confounded the issue of size selection in previous
studies. In our study we obtained excellent disaggrega-
tion of particles in our samples, which yielded size—fre-
quency distributions similar to those in the water at the
time of sampling. Complete disaggregation of particle
masses in our study was facilitated by two factors.
First, material in the dorsal tract is not bound in cohe-
sive mucus and is easily dispersed. Second, flow-cyto-
metry requires only small amounts of material for
analyses, so mucous-bound material (e.g., ventral
groove material and pseudofeces) can easily be diluted
and dispersed.

In the mussel, Mytilus trossulus, the ctenidia seem to
play little or no role in particle selection, but the pseu-
dofeces were significantly depleted of Rhodomonas lens
cells. These results suggest that the labial palps are the
main sorting organ in mussels. The role of the labial
palps in particle selection by oysters is less clear. When
oysters were delivered 10* and 10° particles ml™"', there
was no significant difference between Els of the ventral
groove material and Els of the pseudofeces. This indi-
cates that the proportional depletion of R. lens cells in
the pseudofeces was similar to that in the ventral groove,
and suggests that no further selection of material oc-
curred (Fig. 3; Table 1). Similarly, Els of particulate
matter between the labial palps (palp slurry) were not
significantly different from EIs of material in the dorsal
tracts. This indicates that the proportional enrichment
of R. lens cells in the dorsal tract material was similar to
that between the palps, and again suggests that no fur-
ther selection occurred (Fig. 5).

Our results imply that the labial palps of oysters play
little role in particle sorting, and are contrary to the
currently accepted view of the labial palps as organs of
selection (e.g., Kiorboe and Mghlenberg 1981; Newell
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and Jordan 1983; Newell and Langdon 1996). There are
several possible reasons, however, why we did not ob-
serve an enhancement of the quality of material by the
labial palps. First, the pseudofeces of oysters collected
from the bottom of the assay chambers could have been
produced by complete rejection of mucous strings from
the ventral grooves of the ctenidia, as described by Ward
et al. (1994). Second, the slurry sampled from between
the palp lamellae was collected near the posterior por-
tion of the labial palps. It is possible that particle se-
lection (e.g., enrichment of Rhodomonas lens cells)
occurs gradually along the entire length of the palps,
resulting in enhanced quality near the buccal region.
Unfortunately, collection of material from the buccal
region resulted in excessive disturbance of the oyster and
could not be accomplished. Based on our findings, we
suggest several possible functions of the labial palps in
oysters, and perhaps other bivalves with heterorhabdic
ctenidia: (1) the labial palps are not involved in particle
selection, but act to reduce the volume of material in-
gested, as proposed by Bernard (1974) and Foster-Smith
(1978); (2) the palps are an accessory sorting organ en-
hancing the quality of material to be ingested via con-
tinual, but gradual selective rejection of particles as
material is carried anteriorly towards the buccal region;
or (3) the palps play a more significant role in particle
selection under particle regimes more complex than
those tested in our study.

Although we determined the anatomical sites of
particle selection in several bivalve species, the actual
mechanism(s) of selection and the criteria upon which
particles are sorted, remain unknown. For particles of
the same size, hypothesized criteria include particle
shape, density, chemical composition, or surface prop-
erties. Particle chemistry can play a significant role in
triggering acceptance or rejection of particulate matter
in the blue mussel, Mytilus edulis (Ward and Targett
1989). This suggests that contact chemoreception of epi-
particulate metabolites is involved in the observed par-
ticle selection by bivalves. Such chemically mediated
particle selection has been demonstrated for certain
species of zooplankton (Poulet and Marsot 1978;
Rassoulzadegan et al. 1984; Huntley et al. 1986; Van
Alstyne 1986; Cowles et al. 1988; Uye and Takamatsu
1990). In bivalves, however, chemosensory cells have yet
to be conclusively identified on the pallial organs (i.e.,
ctenidia and labial palps) involved in the selection pro-
cess. Surface properties of particles, such as electrostatic
charge, also could account for some of the selection of
particles by bivalves. The electrostatic charge and den-
sity of particles has been shown to affect capture effi-
ciency in bivalve larvae (Gallager et al. 1988; Solow and
Gallager 1990), and in other zooplankton that capture
particles at low Reynolds numbers (Gerritsen and Porter
1982; LaBarbera 1984; Monger and Landry 1990). The
role of electrostatic charge, density, and wettability of
particles in the selection process of adult bivalves is not
clear (N.M. Targett, N.H. Vrolijk, and J.E. Ward, un-
published data).

Suspension-feeding bivalves process and ingest
thousands of particles per second (Jergensen 1966;
Foster-Smith 1975), and most species retain particles
with a diameter of =5 pm with 90 to 100% effi¢iency
(Mghlenberg and Riisgard 1978; Jorgensen et al. 1984;
Riisgard 1988). Therefore, particle selection must be a
rapid, continual process operating on various functional
levels. We suggest that morphological differences in the
ctenidia of different bivalve species reflect functional
differences in the ability for particle selection. Species
whose ctenidia possess ciliary tracts that beat in op-
posing directions (e.g., heterorhabdic ctenidia of oysters
and scallops) have evolved a mechanism for bi-direc-
tional transport of material and particle selection on the
ctenidia. Species whose ctenidia lack such an arrange-
ment of ciliary tracts must rely exclusively on the labial
palps for particle selection. '

Endoscope-directed, in vivo sampling combined with
flow-cytometry is a powerful technique for elucidating
the mechanisms of selection in living, intact bivalves. In
future studies we will examine further the role of the
ctenidia and labial palps of bivalves in particle selection
of a wider range of natural particulates, and determine
some of the physical and chemical factors mediating the
selection process.

Acknowledgements We thank G. Rivara and the Cornell Cooper-
ative Extension Hatchery for the supply of Crassostrea virginica,
Westcott Bay Farms for the supply of Crassostrea gigas and My-
tilus trossulus, and G. Wikfors (NMFS) for supplying us with
various batches of microalgal cultures. This research was funded by
a grant from the National Science Foundation (OCE-9416943 and
Research Experiences for Undergraduates supplemental funds),
and a Faculty Research Grant from Salisbury State University
(JEW). We appreciate this support.

References

Allen WR (1921) Studies of the biology of freshwater mussels.
Experimental studies of the food relations of certain Unionidae.
Biol Bull mar biol Lab, Woods Hole 40: 210-241

Atkins D (1937) On the ciliary mechanisms and interrelationships
of Lamellibranchs. Part II: sorting devices on the gills. Q J1
microsc Sci 79: 339-373

Barillé L (1994) Observations of feeding structures involved in
preingestive mechanisms in the Japanese oyster Crassostrea
virginica. Haliotis, Paris 23: 125-137

Barillé L, Prou J, Heral M, Bourgrier S (1993) No influence of food
quality, but ration-dependent retention efficiencies in the Jap-
anese oyster Crassostrea gigas. J exp mar Biol Ecol 171: 91-106

Bayne BL, Widdows J, Newell RIE (1977) Physiological mea-
surements on estuarine bivalve molluscs in the field. In: Keegan
BF, Céidigh PO, Boaden PJS (eds) Biology of benthic organ-
isms. Pergamon Press, Oxford, pp 57-68

Beninger PG, Ward JE, MacDonald BA, Thompson RJ (1992) Gill
function and particle transport in Placopecten magellanicus
(Mollusca: Bivalvia) as revealed using video endoscopy. Mar
Biol 114: 281-288

Bernard FR (1974) Particle sorting and labial palp function in the
Pacific oyster Crassostrea gigas (Thunberg, 1795). Biol Bull mar
biol Lab, Woods Hole 146: 1-10

Bougrier S, Hawkins AJS, Heral M (1997) Preingestive selection of
different microalgal mixtures in Crassostrea gigas and Mytilus
edulis, analysed by flow cytometry. Aquaculture, Amsterdam .
150: 123-134



Coughlan J (1969) The estimation of filtering rate from clearance of
suspensions. Mar Biol 2: 356-358

Cowles TJ, Olson RJ, Chisholm SW (1988) Food selection by
copepods: discrimination on the basis of food quality. Mar Biol
100: 41-49

Defossez JM, Hawkins AJS (1997) Selective feeding in shellfish:
size-dependent rejection of large particles within pseudofaeces
from Mytilus edulis, Ruditapes philippinarum and Tapes dec-
ussatus. Mar Biol 129: 139-147

Foster-Smith RL (1975) The role of mucus in the mechanism of
feeding in three filter-feeding bivalves. Proe malac Soc Lond 41:
571-588

Foster-Smith RL (1978) The function of the pallial organs of bi-
valves in controlling ingestion. J mollusc Stud 44: 83-99

Gallager SM (1988) Visual observations of particle manipulation
during feeding in larvae of a bivalve mollusc. Bull mar Sci 43:
344-365

Gallager SM, Langdon CJ, Stolzenbach KD, Davis L, Stoecker
DK (1988) High-speed video analysis of particle capture by a
ciliated suspension feeder. EOS Trans Am geophys Un 69:
p 1086

Galtsoff PS (1964) The American oyster, Crassostrea virginica
(Gmelin). Fishery Bull Fish Wildl Serv US 64: 1-480

Gerritsen J, Porter KG (1982) The role of surface chemistry in filter
feeding by zooplankton. Science 216: 1225-1227

Guillard RR (1975) Culture of phytoplankton for feeding marine
invertebrates. In: Smith WL, Chanley MH (eds) Culture of
marine invertebrate animals. Plenum Publishing, New York,
pp 29-60

Huntley M, Sykes P, Rohan S, Marin V (1986) Chemically medi-
ated rejection of dinoflagellate prey by the copepods Calanus
pacificus and Paracalanus parvus: mechanism, occurrence and
significance. Mar Ecol Prog Ser 28: 105-120

Iglesias JIP, Navarro E, Alvarez Jorna P, Armentia I (1992)
Feeding, particle selection and absorption in cockles Cerastod-
erma edule (L.) exposed to variable conditions of food concen-
tration and quality. J exp mar Biol Ecol 162: 177-198

Jacobs J (1974) Quantitative measurement of food selection.
Oecologia 14: 413-417

Jorgensen CB (1966) Biology of suspension feeding. Pergamon
Press, New York

Jorgensen CB, Kierboe T, Mghlenberg F, Riisgird HU (1984)
Ciliary and mucus-net filter feeding, with special reference to
fluid mechanical characteristics. Mar Ecol Prog Ser 15: 283-292

Kellogg JL (1915) Ciliary mechanisms of lamellibranchs with de-
scription of anatomy. J Morph 26: 625-701

Kierboe T, Mghlenberg F (1981) Particle selection in suspension-
feeding bivalves. Mar Ecol Prog Ser 5: 291-296

LaBarbera M (1984) Feeding currents and particle capture mech-
anisms in suspension feeding animals. Am Zool 24: 71-84

Loosanoff VS (1949) On the food selectivity of oysters. Science 110:
p 122

MacDonald BA, Ward JE (1994) Variation in food quality and
particle selectivity in the sea scallop Placopecten magellanicus
(Mollusca: Bivalvia). Mar Ecol Prog Ser 108: 251-264

Menzel RW (1955) Some phases of the biology of Ostrea equestris
Say and a comparison with Crassostrea virginica (Gmelin).
Publs Inst mar Sci Univ Tex 4: 69-153

Miller DC (1984) Mechanical post-capture particle selection by
suspension and deposit feeding Corophium. J exp mar Biol Ecol
82: 59-76

Mpghlenberg F, Riisgdrd HU (1978) Efficiency of particle retention
in 13 species of suspension feeding bivalves. Ophelia 17: 239-
246

Monger BC, Landry MR (1990) Direct-interception feeding by
marine zooflagellates: the importance of surface and hydrody-
namic forces. Mar Ecol Prog Ser 65: 123-140

Nelson TC (1923) The mechanism of feeding in the oyster. Proc Soc
exp Biol Med 21: 166-168

291

Nelson TC (1960) The feeding mechanism of the oyster. II. On the
gills and palps of Ostrea edulis, Crassostrea virginica and
C. angulata. J Morph 107: 163-203

Newell CR, Shumway SE (1993) Grazing of natural particulates by
bivalve molluscs: a spatial and temporal perspective. In: Dame
RF (ed) Bivalve filter feeders in estuarine and coastal ecosystem
processes. NATO ASI Series, Vol. G33. Springer-Verlag, Ber-
lin, pp 85-148

Newell CR, Shumway SE, Cucci TL, Selvin R (1989) The effects of
natural seston particle size and type on feeding rates, feeding
selectivity and food resource availability for the mussel Mytilus
edulis L., 1758 at bottom culture sites in Maine. J Shellfish Res
8: 187-196

Newell RIE, Jordan SJ (1983) Preferential ingestion of organic
material by the American oyster Crassostrea virginica. Mar Ecol
Prog Ser 13: 47-53

Newell RIE, Langdon CJ (1996) Mechanisms and physiology of
larval and adult feeding. In: Kennedy VS, Newell RIE, Eble AF
(eds) The eastern oyster Crassostrea virginica. Maryland Sea
Grant, College Park, Maryland, pp 185-229

Okamura B (1990) Particle size, flow velocity, and suspension-
feeding by the erect bryozoans Bugula neritina and B. stoloni-
fera. Mar Biol 105: 33-38

Pastoureaud A, Heral M, Prou J, Razet D, Russu P (1996) Particle
selection in the oyster Crassostrea gigas (Thunberg) studied by
pigment HPLC analysis under natural food conditions. Oceanol
Acta 19: 79-88

Poulet SA, Marsot P (1978) Chemosensory grazing by marine ca-
lanoid copepods (Arthropoda: Crustacea) Science 200: 1403—
1405

Prins TC, Smaal AC, Pouwer AJ (1991) Selective ingestion of
phytoplankton by the bivalves Mvytilus edulis L. and Cerasto-
derma edule (L.). Hydrobiol Bull 25: 93-100

Rassoulzadegan F, Fenaux L, Strathmann RR (1984) Effect of
flavor and size on selection of food by suspension-feeding plu-
tei. Limnol Oceanogr 29: 357-361

Ribelin BW, Collier A (1977) Studies on the gill ciliation of the
American oyster Crassostrea virginica (Gmelin). J Morph 151:
439-450

Riisgard HU (1988) Efficiency of particle retention and filtration
rate in 6 species of Northeast American bivalves. Mar Ecol
Prog Ser 45: 217-223

Shumway SE, Cucci TL, Newell RC, Yentsch CM (1985) Particle
selection, ingestion and absorption in filter-feeding bivalves.
J exp mar Biol Ecol 91: 77-92

Solow AR, Gallager SM (1990) Analysis of capture efficiency in
suspension feeding: application of nonparametric binary re-
gression. Mar Biol 107: 341-344

Strathmann RR (1987) Larval feeding. In: Giese AC, Pearse JS,
Pearse VB (eds) Reproduction of marine invertebrates. Vol. 9.
Blackwell Scientific Publications, Palo Alto, pp 465-550

Taghon GL (1982) Optimal foraging by deposit-feeding inverte-
brates: roles of particle size and organic coating. Oecologia 52:
295-304

Taghon GL, Jumars PA (1984) Variable ingestion rate and its role
in optimal foraging behavior of marine deposit feeders. Ecology
65: 549-558 ’

Uye S, Takamatsu K (1990) Feeding interactions between plank-
tonic copepods and red-tide flagellates from Japanese coastal
waters. Mar Ecol Prog Ser 59: 97-107

Van Alstyne KL (1986) Effects of phytoplankton taste and smell on
feeding behavior of the copepod Centropages hamatus. Mar
Ecol Prog Ser 34: 187-190

Ward JE, Beninger PG, MacDonald BA, Thompson RJ (1991)
Direct observations of feeding structures and mechanisms in
bivalve molluscs using endoscopic examination and video image
analysis. Mar Biol 111: 287-291

Ward JE, MacDonald BA, Thompson RJ, Beninger PG (1993)
Mechanisms of suspension feeding in bivalves: resolution of



292

current controversies by means of endoscopy. Limnol Oceanogr
38:265-272

Ward JE. Newell RIE. Thompson RJ, MacDonald BA (1994) In
vivo studies of suspension-feeding processes in the eastern
oyster Crassostrea virginica (Gmelin). Biol Bull mar biol Lab,
Woods Hole 186: 221-240

Ward JE. Targett NM (1989) Influence of marine microalgal me-
tabolites on the feeding behavior of the blue mussel Mytilus
edulis. Mar Biol 101: 313-321

Yonge CM (1926) Structure and physiology of the organs of
feeding and digestion in Ostrea edulis. J mar biol Ass UK 14:
295-386

Zar JH (1984) Biostatistical analysis, 2nd edn. Prentice-Halj, Inc.,
Englewood Cliffs, New Jersey



