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ABSTRACT Recent developments concerning the nature of bivalve filter feeding are reviewed and
interpretations of data are examined. No convincing evidence was found for: (1) a function of mucus in
the normal feeding mechanism; (2) sorting of suspended particles according to food value; (3) low rates
of water processing in nature; (4) physiological control of water pumping and filtration efficiency
according to nutritional needs. Recent findings are consistent with the view that the capacity for water
processing is evolutionarily adapted to the concentrations of suspended food, primarily phytoplankton,
that prevail in the biotope during the productive seasons of the year. 'Scope for growth’, computed from
measurements of the energy balance parameters, is extensively used to assess effects of environmen-
tal factors, including pollutants, on the physiology and energetics, particularly of mussels. Estimates
tend, however, to underrate the values they are believed to reflect due to neglect of negative effects of
the experimental conditions on the filter-pump. Possible effects of the experimental conditions on
filtration rates should therefore be established before a calculated 'scope for growth’ can be extrapo-
lated to the habitat which the experiment simulates.
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INTRODUCTION

In a critical review of the literature on bivalve filter
feeding (Jorgensen 1990), [ concluded (1) that retained
particulate matter that served as food normally is car-
ried in suspension in surface currents on the gills to the
mouth and down the oesophagus. Higher concentra-
tions of suspended particles in the ambient water elicit
secretion of mucus. Particles that become entangled in
mucus are transferred along rejection tracts to the
mouth palps, converted into pseudofaeces and ejected.
(2) When mucus is produced, the chance of particles
being caught, and thus ejected as pseudofaeces,
depends upon size, shape and other physical charac-
teristics of the particles, and not quality, i.e. food value.
(3) Water pumping and filtration efficiency are basi-
cally autonomous processes, reflecting physical prop-
erties of the filter-pump, and they are not subject to
physiological regulation at the organismic level, e.g.
according to nutritional needs. Feeding in filter-feed-
ing bivalves is thus an automatized process, retention
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of particulate matter being determined by the capacity
of the pump and concentration of food in the ambient
water. (4) The basic behavioural repertoire of filter-
feeding bivalves spans from closed to fully open valves
accompanied by extended mantle edges and siphon(s).
The behaviour reflects the environmental conditions.
Under optimal conditions the filter-pump processes the
ambient water at its full capacity. Suboptimal environ-
mental conditions, including very low or high concen-
trations of suspended particles, particularly phyto-
plankton, lack of oxygen and foul water, cause
reduction of the valve gape and retraction of mantle
edges and siphons, correlated with reduced water
pumping. (5) The capacity for water processing 1s evo-
lutionarily adapted to the concentrations of suspended
food, primarily phytoplankton, that prevail in the
biotope during the productive seasons of the year.
During such periods the capacity for water processing
enables the bivalve to more or less fully exploit its
potential for growth, reproduction and/or deposition of
glycogen, that is, the production potential.
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This view of the nature of bivalve filter feeding is
contrary to widely held beliefs according to which
mucus plays a role in normal feeding, sorting of parti-
cles is according to food value and filtration rates are
controlled according to nutritional needs. The assump-
tion that bivalve filter feeding is physiologically regu-
lated still prevails in the literature (e.g. Hawkins &
Bayne 1992, Stenton-Dozey & Brown 1992, Willows
1992, Bayne et al. 1993, Navarro & Iglesias 1993, Wild-
ish & Saulnier 1993, MacDonald & Ward 1994, Navarro
et al. 1994, Kreeger et al. 1995, Prins et al. 1995).
Recent developments in the field have therefore been
reviewed and interpretations of data examined.

MECHANISM OF PARTICLE RETENTION

Particle retention in suspension-feeding bivalves
implies transfer of particles from the current entering
the interfilamentary spaces to the current along the
frontal surface of the filaments. In bivalves with well
developed latero-frontal cirri, these have traditionally
been ascribed the function of straining the particles
from the through-current and passing them on to the
frontal ciliary tract. The function as filters was sup-
ported by Dral's (1967) observations of the pattern of
beating of the cirri through the translucent valves of
small undisturbed Mytilus edulis, and it seemed finally
established when scanning electron microscopy
showed the strikingly filter-like structure of the indi-
vidual cirrus (Moore 1971, Owen 1974). Particle cap-
ture by mechanical filtration is, however, incompatible
with other observations, such as disagreement be-
tween dimensions of the filters and efficiency of parti-
cle retention (Mehlenberg & Riisgdrd 1978), high
frictional resistance of the filters to water flow (Jor-
gensen 1981la), and insignificant contribution of the
cirral resistance to system characteristics (Jergensen et
al. 1988). It was therefore suggested that the mecha-
nism of particle retention was basically of fluid
mechanical nature (Jergensen 1981a, 1990).

Recent video recordings of particle trajectories near

edulis have further elucidated the nature of particle
capture, particularly the role played by the latero-
frontal curri (Nielsen et al. 1993, Riisgard et al. 1996). In
serotonin-stimulated preparations of filaments with
normally beating cilia, particles in the through-current
could be observed to be stopped at the level of the
latero-frontal cirri and to be transferred to the frontal
current by the active beat of a cirrus. The capture
mechanism was further analysed by estimates of the
relative importance of the flow paths through and
around the cirral filters, based on calculated frictional
pressure drops across the tilter. It was indicated that

during normal ciliary activity the through-current dri-
ven by the lateral cilia mainly passed around the lat-
ero-frontal cirri in an oscillating unsteady 3-dimen-
sional pattern, with little flow leaking through the
filter-like net of branching cilia of the cirri.

This flow pattern is consistent with the efficiency
with which particles of decreasing size are retained by
the gills. Although the distance between the branching
cilia of a cirrus is about 1 um, only particles above
about 4 um are completely retained (Meohlenberg &
Riisgdrd 1978). It is thus suggested that there may
never be an open flow path wider than about 4 pym and
that smaller particles may escape capture with increas-
ing probability the smaller the particles.

Notably, particle capture in the bivalve gill is a
process governed by low-Reynolds-number fluid
mechanics where it is not crucial whether a particle is
transferred with the fluid being moved by the latero-
frontal cirri or in fact comes into contact with the cirri,
because inertia effects and slip velocity between parti-
cle and fluid are negligible. This means that the cap-
ture of a neutrally buoyant moving particle entails
moving water that surrounds the particle (Riisgéard et
al. 1996).

ROLE OF MUCUS

In a series of papers, Beninger, Ward and their
coworkers have dealt with the role of mucus in feeding
in suspension-feeding bivalves. Early microanatomical
and histological studies of the pallial organs in the scal-
lop Placopecten magellanicus disclosed an abundance
of mucocytes on gill filaments, labial palps and lips
which suggested a role in ingestion of food particles
(Beninger et al. 1988, 1990a, b). Moreover, a histologi-
cal examination of the buccal and oesophageal regions
of P. magellanicus and 4 other suspension-feeding
bivalves showed the presence of mucus and mucus-
particle masses in the peribuccal and buccal regions
and in the oesophagus, even in non-fed animals. Thus,
abundant mucus was observed in the oesophagus of
specimens of P magellanicus which had heen held
without feeding for over 2 mo, and the oesophagus of
dry-stored oysters Crassostrea virginica contained sig-
nificant amounts of mucus. It therefore seemed that a
considerable basal amount of mucus is continuously
produced and ingested, regardless of particle concen-
tration in the external medium (Beninger et al. 1991).

Subsequent video-endoscopic studies further cor-
roborated the role of mucus in suspension-feeding
bivalves (Ward et al. 1991, 1993, 1994, Beninger et al.
1992, 1993). The observations confirmed that on the
plicate gills of scallops and oysters, suspended parti-
cles in the through-current are mainly directed toward
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the plical troughs and trapped in the ciliary currents
over the principal filaments, consistent with capture
and post-capture handling of suspended particles by
means of fluild mechanical mechanisms. However,
when the particles arrived in the dorsal tract they were
no longer freely suspended but were carried toward
the mouth in a sludge of low-viscosity mucus. Particles
transported on the ordinary filaments of the plicate
gills and on the filaments of the Mytilus edulis gill
were transported to the ventral margins adhering to
high-viscosity mucus and incorporated in a continuous
mucus cord extending onto the mouth palps.

According to these authors, their endoscopic obser-
vations showed that mucus plays an important role in
the normal feeding process of undisturbed bivalves. But
it is not quite clear what should be the role of secondar-
ily embedding particles that are already entrapped in
the surface currents on the gills by fluid mechanical
forces. These forces are strong enough to prevent freely
swimming flagellates from escaping from the currents
(Jergensen 1976). Various statements, however, sug-
gest that Beninger, Ward and their coworkers under-
rate the particle-entrapping forces that act in the ciliary
currents. It is thus stated that ‘suspended particles on
the principal filaments and in the dorsal tracts are pro-
tected by anatomical conduits that may prevent particle
dispersion’ (Ward et al. 1993). Further, feeding path-
ways on the scallop gills ‘consist of semi-enclosed
spaces (principal filaments, dorsal tracts, oral groove
and peribuccal region, oesophagus), and this corre-
sponds to the dominance of low-viscosity mixed secre-
tion MPS on all the epithelia. However, the rejection
pathway of the gills is totally open (ordinary filament
plicae and ventral tract) and this corresponds to the
prevalence of high-viscosity acid MPS mucocytes and
secretions in these regions’ (Beninger et al. 1993).

Beninger et al. {1993) were, moreover, suspicious of
our finding (see Jorgensen 1990) that captured parti-
cles are transported in suspension in the ciliary cur-
rents. They refer to the finding as ‘a theoretical argu-
ment' that is based on low Reynolds numbers, which
need to be ascertained in light of the recent demon-
stration 'that many benthic suspensiovores actually
feed wusing structures operating at Iintermediate
Reynold’s {sic] numbers (Shimeta & Jumars 1991)." But
our descriptions of particle transport in the ciliary cur-
rents are based on observations, not theory. Moreover,
Shimeta & Jumars (1991) dealt with Reynolds numbers
that apply to particle capture by encounters with cylin-
drical collectors, and which therefore are irrelevant in
bivalve feeding for a decision of whether 'water cur-
rents can and do suffice to transport particles destined
for ingestion' (Beninger et al. 1993).

Ward et al. (1993) considered findings made on
preparations of bivalve gills that retain and transport

particles in free suspension as artifacts. But they failed
to consider the possibility that the manipulation
involved in the endoscopy and insertion of a wedge to
prevent closing of the valves itself stimulated mucus
secretion on the pallial structures. Their observations
do, however, suggest such a possibility. Beninger et al.
(1992) thus also observed that scallops that were held
at low particle concentrations (1 to 10 particles pl™!) in
the external medium eventually accumulated volumi-
nous masses of mucus, which presumably ended as
pseudofaeces. The authors interpreted the observa-
tions as suggesting that the high rate of mucus produc-
tion 'was not induced by the particle concentrations
per se, but rather by the scallop's capacity to ingest the
particle slurry’ (Beninger et al. 1992). But it is well
established that the capacity of the digestive tract of
suspension-feeding bivalves greatly exceeds the parti-
cle loads that may arise at low particle concentrations,
even when the water-processing capacity is fully uti-
lized. The production of pseudofaeces was observed
after the scallops had been held at the low concentra-
tions for several hours, consistent with a gradually
increased stimulation of mucus secretion correlated
with protracted endoscopy. The mucus gland system
on the bivalve gills is very sensitive to mechanical
stimulation (Jergensen 1981b).

The observations of Beninger, Ward and their co-
workers are thus consistent with the view that suspen-
sion feeding in bivalves is based on fluid-dynamic
mechanisms independently of mucus. Small amounts
of mucus may be carried in suspension in the surface
currents to the mouth and ingested, whereas larger
amounts of mucus are rejected as pseudofaeces (see
Jorgensen 1990).

PARTICLE SORTING

Bivalves that feed on suspensions of plankton algae
mixed with high concentrations of silt may sort algae
from silt for preferential ingestion of the food particles
(Kiprboe et al. 1980, Kisrboe & Mpghlenberg 1981,
Newell & Jordan 1983). Jergensen (1981b, 1990) sug-
gested that sorting depends upon the ability to simul-
taneously ingest particles in suspension and eliminate
mucus-bound particles as pseudofaeces. Presumably,
the chance of suspended particles on the gills in the
surface currents being caught in mucus depends both
on the amounts of mucus produced in response to par-
ticle load and on size, shape and surface properties of
the particles. According to this hypothesis, particle
sorting for ingestion or rejection is a physical process
that is correlated with secretion of mucus for the pro-
duction of pseudofaeces. The view still predominates,
however, that particles can also be sorted according to
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quality as food. It has, moreover, been suggested that
particle sorting may take place in the absence of pseu-
dofaeces production. Sorting according to quality
implies physiological regulation. There are, however,
no obvious mechanisms for such sorting. The evidence
for physiological regulation of particle sorting in sus-
pension-feeding bivalves was therefore examined.

Newell et al. (1989} assessed possible particle selec-
tion in mussels Mytilus edulis, which were held in sea
water from the collection sites, by determining the
rates at which suspended phytoplankton cells and
detritus particles were cleared from the sea water.
Water samples were analyzed by flow cytometry which
distinguished between fluorescent algal cells and non-
fluorescent detritus particles. The analyzer also mea-
sured equivalent spherical diameter of the suspended
particles. Experiments were made over 6 d on 4 to 6
individual mussels. In 5 of the 6 experiments there
were significantly higher clearances of the fluorescent
than of the non-fluorescent particles. In the experiment
where the mean clearances did not differ, the percent-
age of fluorescent cells was only 16.4%, compared
with 20.9 to 33.7 % in the other experiments. The data
therefore indicated 'that a threshold for feeding selec-
tivity occurs: when food quality estimated as percent
fluorescent particles decreased below 20%, the mus-
sels lost their ability to selectively filter out phyto-
plankton from mixed particle assemblages' (Newell et
al. 1989).

It was not mentioned that the mean clearances were
low, varying from 20 to 70 % of the clearances obtained
in fully open mussels (Mehlenberg & Riisgard 1979).
Further analysis of the data recorded in Table 4 of
Newell et al. (1989) showed that the clearances of non-
fluorescent particles as a percentage of the fluorescent
particles varied significantly with the clearance of the
fluorescent particles, which presumably reflected the
rates of filtration. The relationship between percent-
age retention of non-fluorescent particles and water
filtration could be expressed by the equation Y (%) =
10.8X (1h~' g~ 1) + 102, indicating that retention of non-
fluorescent particles decreased from about 80 % at the
lowest mean filtration rate to about 40 % at the highest
rate. The biological significance of this statistically sig-
nificant relationship is obscure.

Newell et al. (1989) also examined the percentage of
particles cleared in each of the size groups 3-5, 5-8,
8-10 and 10-15 pum for each of the experiments. The
mussels cleared higher percentages of fluorescent par-
ticles than of non-fluorescent particles regardless of
size, except in the experiment with very low filtration
rates, and it was concluded that feeding selectivity
appeared not to be size specific. But Fig. 5 in that paper
shows that in all 5 experiments with selection, 5-8 um
non-fluorescent particles were cleared at higher rates

than 8-10 pm particles, which were again consistently
cleared at higher rates than 10-15 um particles. There
was thus a statistically significant decrease in retention
efficiency of non-fluorescent particles of equivalent
spherical diameter larger than 5-8 pm. The figure
indicates a decrease in retention from about 80% of
5-8 pm non-fluorescent particles to about 40% of
10-15 um particles. It thus remains to be explained by
which mechanisms the water-processing mussel both
varied its selectivity as a function of filtration rate and
leaked detritus particles that increased with increasing
particle size.

A subsequent study (Newell & Shumway 1993)
examined the effect of lower and higher than natural
particle concentrations on selection. Low concentra-
tions of about 10* particles ml~! were obtained by dilu-
tion with filtered sea water, and high concentrations of
about 2 x 10* particles ml™' by adding ashed mudflat
silt or cultured algae. It was observed that mussels
selected algae at the low particle concentrations but
lost the ability to select at the high concentrations,
according to the authors at about the pseudofaeces
threshold where sorting should be transferred from the
gills to the labial palps. It would seem, however, that at
the low rates of water processing, the threshold load
for pseudofaeces might not have been reached at con-
centrations of 2 x 10% particles ml™! Moreover, the
experiments in which significant sorting was absent
were not strictly comparable to natural sea water con-
taining high concentrations of non-fluorescent parti-
cles, because the high concentrations were obtained
by adding mineral particles or algal cells.

Ward & Targett (1989) tested effects of filtrate from
algal cultures on filtration and ability of mussels
Mpytilus edulis to select and preferentially ingest parti-
cles exposed to the filtrates. The particles were 10 pm
spheres of silica, alumina, silane and polystyrene. Fil-
trates from Olisthodiscus luteus and Dunaliella tertio-
lecta significantly reduced the filtration rates, whereas
filtrates from 4 other algal cultures were without effect.
However, all filtration rates were low, corresponding to
about 20% of the capacity as determined by Mehlen-
berg & Riisgard (1979). Particles treated with filtrate
from O. luteus showed negative selection indices,
whereas the results varied with particles treated with
filtrate from D. tertiolecta culture. With 3 types of
spheres there was no selection, whereas silane parti-
cles showed negative selection index and polystyrene
spheres showed positive selection. Such varying
results were also obtained after treatment with filtrates
of e.g. Isochrysis galbana, D. tertiolecta and Tetra-
selmis suecica. It was concluded that 'M. edulis can
select particles based upon epiparticulate chemical
compounds from microalgae’ (Ward & Targett 1989)
The selection indices, however, seldom exceeded 0.10,
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which corresponds to a 5% difference in proportion of
particles in pseudofaeces (or faeces) from particles in
suspension. The effects recorded thus appeared mar-
ginal and erratic.

Urban & Kirchman (1992) examined the effect of
kaolinite on selective feeding in the oyster Crassostrea
virginica. The standard diet contained 10° cells of
Isochrysis galbana ml !, corresponding to 1.8 mg dry
matter 17!, and 20 mg 1" of rice starch. The algae were
labelled with *C and the starch with *H. The concen-
tration of kaolinite was 20 mg I'!. Algae were selected
over starch, moderately in the flow-through experi-
ment and strongly in the static experiment. Addition of
kaolinite practically abolished selection in the flow-
through experiment, and reduced the selection effi-
ciency ratio from a maximum of 11.55 to a maximum of
4.72 in the static experiment. There was also selection
against kaolinite in the flow-through experiment.
According to these authors the ability of the oysters to
differentiate between algae and starch of the same
particle size may suggest sorting based on particle sur-
face chemistry.

It is not clear why selection efficiencies differed in
flow-through and static experiments and why the
selection varied excessively in the static experiment.

The rates at which the oysters cleared the suspen-
sions of algae and starch are not recorded, but calcula-
tions based on the data on specific activities and
ingested and rejected algae and starch gave the unex-
pected result that the volumes of suspension cleared of
algae consistently were substantially lower than the
volumes cleared of starch. The clearances were low.
Thus, in the flow-through experiment the clearance of
starch amounted to about 19% of the water-processing
capacity and algal clearance to about 2 % of the capac-
ity, as found by Riisgard (1988).

MacDonald & Ward (1994) studied etfects of food
quality and particle selectivity in the scallop Pla-
copecten magellanicus in a flow-through system sup-
plied with unfiltered sea water and water enriched
with cells of the diatom Chaetoceros muelleri or with
diatoms and clay particles. They found that clearances
increased with particulate chlorophyll a concentration
of the seston from about 1 1h™ to about 6 1 h™!in a stan-
dard scallop of 15 g dry tissue mass. The scallops were
able to select high-quality chlorophyll a containing
particles. The results were interpreted in terms of opti-
mal foraging theory. The scallops adjusted clearances
to optimize uptake of phytoplankton and produced
pseudofaeces even at low seston concentrations to
improve the quality of the material ingested, thereby
regulating ingestion and maximizing energy intake.
However, under the experimental conditions, the scal-
lops filtered the water at rates that seem to have been
an order of magnitude below the capacity of the the fil-

ter-pump (see below). It therefore seems unwarranted
to draw conclusions concerning physiological control
of feeding from the experiments.

Kamermans (1994} compared species composition of
microalgae in the ambient water and in the stomachs
of 5 intertidal deposit- and suspension-feeding bi-
valves: Macoma balthica, Scrobicularia plana, Ceras-
toderma edule, Mya arenaria and Mytilus edulis.
Stomach contents showed high similarity with the sur-
rounding water, consistent with lack of selection of
food particles.

RATES OF WATER PROCESSING IN NATURE

It is usually assumed that filtration rates which are
measured in fully open suspension-feeding bivalves
in the laboratory also apply to undisturbed animals in
nature. In recent years, however, this assumption has
been questioned. Thus, Doering & Oviatt (1986), in
studies of gross sedimentation of “C labelled carbon
in outdoor mesocosm tanks stocked with clams Mer-
cenaria mercenaria, found that sedimentation was far
below that expected by clams that processed the
water at their full capacity. Gross sedimentation, how-
ever, agreed with rates based on data for clams that
filtered natural suspensions of particulate matter. It
was therefore concluded that filtering models founded
on high rates of filtration exaggerated the role of sus-
pension-feeding bivalves in controlling phytoplankton
biomass. The rates of filtration of natural suspensions
were, however, measured by placing individual clams
in flow-through systems (Hilbert 1977, Doering & Ovi-
att 1986). The clams were thus not acclimated, buried
in their normal sediment, which may explain the low
filtration rates obtained. They corresponded to about
20 to 30% of the pumping rates measured in clams
that had established themselves in an aquarium,
buried in a 20 cm deep layer of sand (Coughlan &
Ansell 1964). Also, Riisgdrd (1988) obtained relatively
low pumping rates in M. mercenaria kept outside
their substratum.

Filtration rates in the giant scallop Placopecten mag-
ellanicus have been measured or estimated both in the
laboratory and in nature, but the results are not easily
reconciled. MacDonald & Thompson (1986) estab-
lished the relationships between body size and rates at
which scallops cleared natural sea water of suspended
particles down to an equivalent spherical diameter of
2 pm. The particles counted thus extended down into
the range where efficiency of retention rapidly
declines in pectinids (Mghlenberg & Riisgard 1978,
Riisgard 1988, Cranford & Grant 1990). Clearances
therefore underestimated pumping rates. Clearances
were low, ranging from 0.62 to 1.32 1 h™* g%,
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Subsequent studies have been made on giant scal-
lops of different sizes, but mass-specific clearances
could be estimated from the allometric relationship
established from the data of MacDonald & Thompson
(1986). Cranford & Grant (1990) obtained mean clear-
ances of algal cultures of about 4 I h™! g!, whereas
suspensions of powdered kelp and of sediment were
cleared at the low rate of about 11 h™! g'!. Grant &
Cranford (1991) confirmed the high clearances of
algae, whereas suspensions of sediment and aged kelp
were cleared at low rates. Further studies (Cranford &
Gordon 1992) compared the rates at which the scallops
cleared pure suspensions of Tetraselmis suecica, algal
suspensions mixed with bentonite, and natural seston
from the habitat. The scallops filtered algal suspen-
sions at a rate of about 4 1 h™' g7'. Admixture of small
amounts of bentonite increased the rate to about 51 h™!
g~!, whereas natural seston was filtered at the low rate
of about 1.51h ! g~'. The results were taken to confirm
Doering & Oviatt's (1986) observation that filtration
rates measured in the laboratory in unnatural suspen-
sions overestimate rates in nature.

The rates at which Placopecten magellanicus filtered
suspensions of algae agreed with rates measured in
other pectinids, e.g. 5to 7 1 h'! g°! in Argopecten irra-
dians (Chipman & Hopkins 1954, Riisgard 1988) and 61
h™! g'! in Chlamys hastata (Bernard & Noakes 1990).
Notably, C. hastata pumped natural sea water at the
rate of 8.7 1 h™! g7, as measured with a thermistor
flowmeter (Meyhofer 1985). High rates of water pump-
ing in pectinids, therefore, are not dependent upon the
scallops filtering suspensions of algae or other unnat-
ural suspensions. It is unclear why so many experi-
ments have resulted in low filtration rates of natural
seston.

Cranford & Hargrave {1994) addressed the question
of the rates at which Placopecten magellanicus process
the ambient water in nature by a new approach in
which scallops were exposed to natural particle fluxes,
placed in a sediment trap that collected separate sam-
ples over a tidal cycle. Ingestion and absorption rates
were calculated from the rates of biodeposition and
proportions of absorbed and nen-absorbed compe-
nents of the seston and faeces. Filtration rates could
not be determined, but the observed ingestion rates
agreed with rates predicted from the low filtration
rates recorded by MacDonald & Thompson (1986).

The low ingestion rates were correlated with an
exceptionally high mean absorption efficiency of
ingested organic matter, which amounted to 78%
(range 63 to 869). Mean chlorophyll a content of the
organic matter was about 1 mg g™', corresponding to
about 10% phytoplankton at a content of 1% chloro-
phyll a. Cranford & Grant (1990) found that Placopec-
ten magellanicus absorbed algae with an efficiency of

~70%. The biodeposition experiments of Cranford &
Hargrave (1994) therefore suggested a digestibility of
the organic detritus component that was at least as
high as that of the phytoplankton.

In a commentary on filtration rates in nature, Powell
et al. (1992) plotted reported measurements of filtra-
tion rates in suspension-feeding bivalves on size. They
made the interesting observation that 2 distinct trends
existed in the data, one predicting a filtration rate
about 3 times higher than the other. The 2 trends were
independent of species and technique used. There was
no explanation for the bimodal nature of the filtration
rate versus size dependency, but these authors sug-
gested a physiological switch as a potential explana-
tion. The 2 levels of filtration rate were used in a model
for population dynamics and energy flow in a popula-
tion of oysters Crassostrea virginica. It was found that
the model simulation agreed with measurements
obtained from the field population only if the low filtra-
tion rates were used. Using the high rates resulted in
too high productivity. It was therefore concluded that
the 'low gear would appear to be the standard setting
for feeding in the field. Perhaps the high gear is typi-
cally used for gamete release, for instance, or for clear-
ing debris from the mantle cavity’ (Powell et al. 1992).

Zurburg et al. (1994) studied the in situ uptake of
suspended particulate material by oysters Crassostrea
gigas and mussels Mytilus edulis by installing 10 m
long plexiglass tunnels over the beds in the tidal zone
in the Bay of Marennes-Oléron, France. The rate at
which the water was cleared was calculated from the
water flux through the tunnel and exponential decline
in chlorophyll a concentration. In 2 experiments,
performed in May, means and ranges in clearance
throughout a tidal cycle were 7.66 (0 to 18.76) 1 h™! ¢!
and 5.50 (0to 16.78) 1 h™! g°!, respectively, in the oyster
bed, and 2.47 (0 to 4.77) Lh ' g”' and 2.36 (0 to 5.22) 1
h™! g~!in the mussel bed. The oysters thus cleared the
water at rates that corresponded to capacities mea-
sured in the laboratory, whereas mean rates in the
mussels were only about one-third laboratory values.

Prins et al. (1994) employed the same experimental
set-up to estimate rates at which a semi-natural mussel
bed filtered water from the Dutch Wadden Sea,
pumped through the plexiglass tunnel. Clearances
varied seasonally, but mean values were consistently
low, from 1to21h ' g7' It was concluded that ... clear-
ance rates of undisturbed mussels under natural condi-
tions may be much lower than the natural capacity’
(Prins et al. 1994). However, the rates calculated are
mean rates at which the mussels along the bed cleared
the water flowing through the tunnel. These values
would correspond to the pumping rates of the mussels
only if all mussels along the bed had the exhalant aper-
tures facing the open water Butin a mussel bed, mus-
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sels aggregate and some of them will inhale water that
has been more or less depleted of suspended matter by
admixture of exhalant water from neighbouring mus-
sels. The mean clearances measured therefore under-
estimate pumping rates. This underestimate should
vary inversely with the density of the mussels. Notably,
calculations based on data from from Tables 1 & 5 in
Prins et al. (1994) indicated that there was a significant
negative correlation between biomass of the mussel
bed and clearance. In the experiments of Zurburg et al.
{1994), the clearances calculated for the oysters pre-
sumably reflected the true pumping rates because of
the negligible interference between individuals, in
contrast to the situation in the mussel bed.

The experiments of Prins et al. (1994) and Zurburg et
al. (1994) assessed the effects of the water-processing
activity of mussel beds on the water flowing over the
beds. They also contributed to elucidating the toler-
ance of mussels to suboptimal feeding conditions. The
fact that the mussel bed persisted at a mean rate of
clearing the ambient water of food particles which cor-
responded to one-fifth or less of the pumping capacity
illustrates the range of food levels that are compatible
with survival of mussels.

Prins et al. (1995) carried out a 4 wk experiment in
May-June with mesocosms which were filled with
water pumped directly from the Oosterschelde estuary
(The Netherlands) and stocked with different densities
of young mussels Mytilus edulis, with the objective to
explore the relationships between mussel grazing and
phytoplankton biomass, and to assess primary and sec-
ondary production. The mean rates at which the mus-
sels cleared the water in the mesocosm tanks varied
from 32% of the volume d~! with a mussel population
of 160 individuals to 5% d~! with 20 mussels. The
clearance values varied greatly during the course of
the experiment with maximum rates obtained around
Day 20. The rates decreased strongly during the last 4
to 5 d of the experiment. The changes in clearance
showed no significant relation with concentration or
composition of the phytoplankton or other parameters
describing particle concentrations. The individual
clearance values did not vary with the number of mus-
sels in the mesocosms, and the 20 mussels showed the
lowest mean rates of clearing the water of phytoplank-
ton. Mean rates were, however, consistently low in all
the mesososms, seemingly on the order of one-fifth the
capacity of the filter-pump. Prins et al. (1995) ‘hypoth-
esize that the variation in clearance rates during the
experiments was the result of acclimation and of
responses to changes in food concentration and
quality.” This assumption seems inconsistent with the
lack of relationship between clearance and phyto-
plankton composition and concentration, and with low
growth rates despite high food concentrations. From

the data on daily increases in body mass listed in
Table 3 in Prins et al. (1995) it can be estimated that the
specific growth rates varied from about 3 to 5% d™! At
optimal conditions, growth rates in mussels of the sizes
used in the experiment, about 0.1 g body mass, amount
to about 10% d=! (see below).

The suggestion that suspension-feeding bivalves do
not exploit the capacity of the filter-pump in nature and
that this capacity should thus be larger than needed for
normal growth and reproduction is inconsistent with
more directly established relations between food con-
centration, filtration rate and growth. Thus, in mussels
Mytilus edulis, exploitation of the potential for growth
in the laboratory depended upon full utilization of the
water-processing capacity at algal concentrations that
corresponded to the highest levels in nature during the
productive seasons of the year (Kierboe et al. 1981, Riis-
gard & Randlev 1981, Riisgard 1991, Clausen & Riis-
gard 1996). Notably, at very high algal concentrations
mussels grew at low rates, correlating with low rates of
water filtration (Tenore et al. 1973, Winter 1974, 1976,
Winter & Langton 1976). Riisgard (1991) showed that
mussels responded to concentrations of algae Rhodo-
monas baltica higher than 10° cells ml~! by reduced fil-
tration rates that did not vary with algal concentrations
from 1.5 to 4 x 10% cells ml~". It was suggested that sub-
optimal growth in the laboratory at very high algal con-
centrations and strongly reduced ventilation might be
due to reduced metabolism, preventing exploitation of
the growth potential despite high ingestion rates (Jor-
gensen et al. 1986, Riisgard 1991).

Richardson et al. (1984) compared growth rates in
the laboratory with growth rates in nature in spat of the
queen scallop Chlamys opercularis. Growth In nature
was measured in spat cages and in the laboratory in a
flow-through system. The scallops grew at normal
rates at concentrations of Tetraselmis suecica of about
1 to 3.3 x 10% cells ml™!, whereas growth was signifi-
cantly reduced at 13 x 10° cells ml™". It was suggested
that the lower growth rate at the high algal concentra-
tions might be the result of both decreased filtration
rate and assimilation efficiency. The finding is, how-
ever, also consistent with an effect of a low ventilation
of the mantle cavity on the diffusive oxygen uptake
(Jergensen et al. 1986). The finding of the same growth
rates in the spat cages in nature as at optimal concen-
trations of algal concentration in the laboratory indi-
cated that the high rates of water processing in the
fully open scallops also applied in nature.

Coutteau et al. (1994) studied the relations between
algal ration, feeding and growth of juvenile Tapes
philippinarum held in a recirculating system to which
algal culture was added twice a day. In feeding exper-
iments with Chaetoceros neopracile, filtration rates
were constant at initial algal concentrations up to
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about 2 x 10* cells ml™!, but decreased to low levels at
higher concentrations up to 10° cells ml™! Growth rates
increased with increasing filtration rates, eventually to
decrease again when daily rations resulted in decreas-
ing filtration rates, despite continued high intake rates
of algae. The pattern, therefore, is again consistent
with an inhibitory effect on growth of low rates of ven-
tilation of the mantle cavity.

Ambient hydrodynamics

A number of investigations have dealt with the role
played by ambient hydrodynamic conditions on the
function of the filter-pump and on feeding and growth
in bivalves kept in recirculating flumes. Filtration rates
were determined from the rates at which the bivalves
cleared the water pumped through the flumes of nat-
ural seston and/or added algal cultures (Wildish &
Miyares 1990, Cole et al. 1992, Grizzle et al. 1992, But-
man et al. 1994).

The most comprehensive studies were by Wildish
and his coworkers on the combined effects of food con-
centration and flow velocity in the giant scallop Pla-
copecten magellanicus. The rates at which suspen-
sions of the alga Chroomonas salina were cleared
increased with increasing velocity to maxima that
increased with algal concentrations up to 10% cells ml™.
At higher velocities, filtration rates again decreased
(Wildish et al. 1992). Decreasing filtration rates were
correlated with reduction of the area of the exhalant
opening Valve opening also varied with algal concen-
tration up to an optimum at 103 cells ml"' (Wildish &
Saulnier 1993).

The results were interpreted in terms of homeo-
rheostat control of filtration/feeding in the glant scal-
lop, the control of valve opening serving to optimize
filtration responses (Wildish & Saulnier 1993). It
seems, however, doubtful whether the results of the
experiments justify a hypothesis of physiological con-
trol of filtration and feeding in the scallops In
response to environmental changes in flow velocity
and seston concentration. The unimoedal relationships
found between filtration rate and flow velocity thus
seemed to result from the experimental conditions.
The initial increase in filtration rate with increasing
flow velocity presumably reflected decreasing recir-
culation of water in the flume (Hildreth & Crisp 1976,
Riisgard 1977), so that the rates of water pumping
might actually have been independent of flow veloc-
ity up to the velocities that inhibited pumping rates.
This interpretation is consistent with the finding of
exhalant areas that did not vary with flow velocities
up to 10 cm s!. Moreover, the algal concentrations
used, 10! to 10° cells ml"! of sand-filtered sea water,

were not representative of normal environmental ses-
ton composition and concentrations, and the finding
of a maximum area of the exhalant opening at a con-
centration of 10" algal cells ml”~' may be incidental.

The size-specific rates at which the scallops cleared
the algal suspensions are not stated. But the data on
the area of the exhalant opening in the various experi-
ments indicate that pumping rates may have been Jow
even under the most optimal conditions. Thus, the area
of the exhalant opening at the optimal concentration of
10% cells ml™! was about 38% of the maximum ob-
served, compared with 20 to 23 % at lower and higher
concentrations, all measured at flow velocities of about
9to 10 cm s~ (Wildish & Saulnier 1993, Table V). In the
series of experiments on the relationship between flow
velocity and area of the exhalant opening, in scallops
fed at an algal concentration of 10* cells ml™!, the mean
areas amounted to 40-60 % of the maximum at optimal
flow velocities between about 7 and 10 cm s™' (Wildish
& Saulnier 1993, Table II}.

The suggestion that rate of water processing is not
affected by the ambient hydrodynamic conditions up
to critical flow velocities was supported by the finding
that growth rates of giant scallops placed in flumes and
supplied with unfiltered natural sea water were the
same at flow velocities between about 1 and 7 cm s7!
(Wildish & Saulnier 1992).

PHYSIOLOGICAL CONTROL OF SUSPENSION
FEEDING?

Most current studies on feeding in suspension-feed-
ing bivalves are based on the view that feeding is
physiologically regulated to maximize net energy
gains in response to variations in quantity and quality
of suspended matter in the environment (Bayne et al.
1987, 1988, 1989, Hawkins & Bayne 1992, Willows
1992). In order to explore the physiological processes
in detail, Bayne et al. (1993) studied teeding in mus-
sels Mytilus edulis held in trays with recirculating sea
water to which were added different rations of algal
culture and ashed silt. It was concluded that the
responses to changes in the food environment com-
prised physiological adjustments which resulted in
higher net rates of absorption than would have been
predicted from the assumption of a non-compensatory
feeding behaviour.

Fig. 1 in Bayne et al. (1993) indicates, however, that
the mussels cleared the suspensions at rates that
amounted to only about one-fifth of the capacity of the
filter-pump (Mehlenberg & Riisgdrd 1979). Moreover,
clearances were substantially higher on Day 12 than
on Day 2 of the experiment, independently of the com-
position of the suspended matter. The difference in
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results between acute and acclimated conditions may
thus reflect degrees of acclimation to the experimental
conditions rather than physiological adjustments.

Hawkins et al. (1996) continued the study of re-
sponses to composition of suspended matter in mus-
sels, which were filtering sea water throughout natural
tidal cycles in the Basin of Marennes-Oléron, France.
Physiological processes of feeding were monitored in
individual mussels which were placed in trays and fed
sea water that was pumped from the site of acclimation
at rates of 150 to 200 ml min~*. The rates were mea-
sured of water cleared, particulate matter retained
(filtration rate) and pseudofaeces produced. Further
parameters determined were net organic selection
efficiency, net organic ingestion rate, net organic
absorption rate, net absorption efficiency of filtered
organics, net absorption efficiency of ingested organ-
ics, and organic content of ingested matter. The
responses were related to total particulate matter in
suspension and organic content, using multiple linear
regression to establish any separate effects of quantity
and quality of the suspended particulate matter.

The results were interpreted in terms of a remark-
able short-term physiological plasticity whereby con-
tinuous interrelated adjustments combined to maintain
rates of nutrient acquisition independent of short-term
fluctuations in seston composition’ (Hawkins et al.
1996).

More ‘mechanistic’ interpretations of the findings
are, however, at hand. Thus, Figs. 3 & 4 in Hawkins et
al. (1996) indicate that it was the increasing rejection of
filtered matter with increasing filtration rates that pro-
vided the basis for an increasing selection efficiency.
Selection efficiency should also be expected to in-
crease with increasing organic fraction of the seston
because with increasing seston concentrations and
pseudofaeces production, algal cells captured in the
surface currents on the gill filaments are more likely to
remain in suspension, and thus to be ingested, than are
detritus particles (Jeargensen 1990). The faster increase
in selection efficiency of seston with higher organic
content is consistent with the higher content being
found at neap tides when the seston concentrations
were low but the chlorophyll a and thus algal concen-
trations were high (Prou et al. 1994). Again, the inte-
grated activity of the gill mechanisms may account for
the organic selection without implying unknown phys-
iological mechanisms.

A decreasing net absorption efficiency from ingested
organics with decreasing organic content of ingested
matter is consistent with low digestibility of ingested
organic matter at low selection efficiency. As organic
content of ingested matter increased with filtration rate
and selection efficiency, net absorption efficiency from
ingested organics increased with ingestion rate corre-

lated with the increased digestibility of organic content
to be expected at preferential selection of algae for
ingestion.

Clearance increased linearly with seston concentra-
tions from a mean value of about 11 h™! in a standard
1 g mussel at a concentration of 10 mg 17! to 4.51h™" at
100 mg I"!, or from about 10 to 60% of the capacity. It
is not clear why in the experiment of Hawkins et al.
(1996) clearances increased with seston concentration.

Navarro, Iglesias and their coworkers (Iglesias et al.
1992, Navarro et al. 1992, 1994) extended the studies
of relations between quantity and quality of suspended
matter on feeding in suspension-feeding bivalves to
cockles Cerastoderma edule. In the studies of Navarro
et al. (1992), the cockles were fed suspensions of sur-
face sediment from the habitat mud-flat. In agreement
with these authors’ belief that the feeding rate is phys-
iologically regulated, the rates at which the cockles
cleared the suspensions were fitted into an exponential
function of concentration of particulate matter. The
tabulated data showed, however, that clearances,
adjusted to 200 mg cockles and measured after 2 d of
acclimation, did not vary with particle concentration
up to 9 mg 17! of dry matter, and after 10 d acclimation
there was no significant effect on clearance of seston
concentrations up to the highest concentrations of
about 17 mg I"'. The data thus did not warrant the con-
clusion that clearance decreased exponentially with
particle concentration, which was the basis for the
physiological interpretation of the data.

Subsequent works (Iglesias et al. 1992, Navarro et al.
1994) analysed the effect on feeding of enriching the
organic content of silt by mixing with the alga Tetra-
selmis suecica. Again, clearances were related to parti-
cle concentrations through exponential equations,
which according to these authors indicated a clear
dependence of clearance on both particle concentration
and composition of the suspended matter. Direct read-
ing of the basic data provided a less clear picture. Thus,
there was no significant difference between clearances
at low and medium concentrations. The relationships
between concentration and clearance thus depended
upon low clearances at the high particle concentrations,
amounting to about 20 mg 1! silt. It may be questioned
whether exponential equations based on 3 points in
relationships between particle concentration and
clearance are biologically meaningful.

The data presented in these 3 papers seem consis-
tent with rates of water processing independent of par-
ticle concentration up to threshold levels that varied
with the composition of the suspended particles, the
level being lower the larger the proportion of algae in
the mixture.

Stenton-Dozey & Brown (1992) studied feeding by
the rock-pool bivalve Venerupis corrugatus in the con-
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viction that a relationship established 'between clear-
ance rate and algal concentration in the laboratory
provides little insight into the feeding dynamics of
bivalves in their natural environments." The studies
were therefore made on clearance and retention effi-
clency of natural suspended particles in relation to
tidal availability. It was found that at low tide the clams
filtered out 5 to 9 um particles at maximum rates of 2.3
to 3.11h ' ¢!, whereas at high tide 8 to 13 um particles
were cleared at the fastest rates (3.2to 4.4 1h ' gl). It
was concluded that 'V. corrugatus makes maximum
use of a natural resource which changes rapidly in its
quantity, quality and spectrum of particle sizes within
the short period of a tidal cycle' by adjusting clear-
ances and retention efficiencies to the tides (Stenton-
Dozey & Brown 1992). The question of adjustments in
the energy budget of the clam to tidal food availability
was postponed to a subsequent paper {Stenton-Dozey
& Brown 1994).

This study confirmed the significantly higher clear-
ance of water sampled at high tide than at low, and
correlated with full extension of the siphons and open
valves. Elevated growth efficiencies at high tide were
realized not by changes in absorption efficiency, respi-
ration or excretion, but by an increase in clearance,
resulting in greater net organic ingestion at high tide.

In their 1992 paper, Stenton-Dozey & Brown inter-
preted their results in terms of optimal foraging theory
as applied to mussels by Bayne, Hawkins and their
coworkers. In their 1994 paper the data are 'discussed
with reference to the recent debate on whether pro-
duction potential in a bivalve is determined by innate
physiological processes (Hawkins et al. 1985, Bayne et
al. 1989, Bayne & Hawkins 1990) or simply by the rate
at which the filtration mechanism processes particulate
material (Joergensen 1990} (Stenton-Dozey & Brown
1994).

Stenton-Dozey & Brown (1994) ended their discus-
sion by concluding that their data ‘are insufficient to
support convincingly either argument although indi-
rect evidence is in favour of Jergensen's approach.
Nonetheless it is important to realise that in future
research the filter-pump activity must be measured at
full capacity to determine a bivalve's maximum growth
potential before introducing variations in the environ-
ment (season, silt load, particle concentration) that
may change this capacity.’

‘SCOPE FOR GROWTH' VS RATE OF GROWTH

Most studies of matter and energy balance in filter
feeding bivalves have focused on energy available for
growth or the ‘scope for growth’, computed from mea-
surements of filtration rate, assimilation efficiency and

respiration rate. Estimated 'scope for growth' has been
used extensively in studies of effects of environmental
factors, including pollutants, on the physiology and
energetics, particularly of the mussel Mytilus edulis
(Bayne & Widdows 1978, Widdows 1978, 1985a, b,
1993, Bayne & Worrall 1980, Widdows et al. 1984,
1995 Anonymous 1987, Widdows & Johnson 1988,
Tedengren et al. 1990, Riisgard 1991).

Filtration rates are determined from the rates at
which mussels clear suspensions of cultured algae or
natural suspensions of particles. Measurements of
assimilation efficiency are based on the assumption
that all ingested inorganic particulate matter passes
the digestive tract, so that assimilation of the organic
components can be calculated from the change in pro-
portion of organics from ingested particulate matter to
faeces, as described by Conover (1966). Respiration
rate is determined from the amounts of oxygen con-
sumed.

The studies generally imply that the measured para-
meters in the energy equation may be extrapolated to
nature and that the calculated ‘scope for growth’
reflects the energy balance under normal environmen-
tal conditions. Possible effects of the experimental con-
ditions are thus disregarded, despite the fact that filter-
feeding bivalves, including Mytilus edulis, are very
sensitive to mechanical manipulation or changes in
their environment. In order to estimate possible effects
of the experimental conditions on the established
energy budgets, calculated values for ‘scope for
growth' should therefore be compared with growth in
nature, as related to the environmental conditions in
the habitat.

It is well known that growth of mussels in nature
varies strongly with season, with location within a
mussel bed, with level occupied in the tidal zone, as
well as with geographic location.

With respect to geographic variation in growth rate,
it is of particular interest that this variation seems to
be predominantly phenotypically determined (Wid-
dows et al. 1984, Tedengren et al. 1990, Sterling &
Okumus 1994, 1995). The results of reciprocal trans-
plantations of mussels from Baltic and North Sea pop-
ulations are particularly striking. In the low salinity
Baltic Sea (7%o0), mussel growth is slow and the maxi-
mum size is only about one-third of that reached at
the higher salinity (28%.) in the North Sea. After
acclimatization, the reciprocally transplanted mussels,
however, grew at rates similar to those of native
mussels at each site (Kautsky et al. 1990) The mussels
were suspended in the water at both sites and were
thus feeding on the untaxed food sources. Fig. 3 in
Kautsky et al. (1990) shows that in the North Sea,
mean growth rates in shell length over the period
July-October was about 9 mm mo™!, both of the na-
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tive and transplanted mussels, compared with only
3.3 mm mo~! in the Baltic Sea.

A subsequent study (Tedengren et al. 1990) investi-
gated to what extent the physiological differences
between the populations from the Baltic Sea and the
North Sea are environmentally induced or genetically
determined. The physiological parameters measured
were respiration and feeding rates, absorption effi-
ciency and ammonia excretion from which data for
‘'scope for growth’ was calculated.

In an experiment (Tedengren et al. 1990) with mus-
sels 12 mo after the transplantation from the Baltic Sea
to the North Sea, 'scope for growth' did not differ be-
tween native and transplanted mussels. But in a subse-
quent experiment with mussels 1 mo after transplanta-
tion, 'scope for growth' was only high in the native
mussels, whereas the energy balance was negative in
the transplanted mussels, correlating with low feeding
rates and absorption efficiency. These authors sug-
gested that the physiological differences between the
2 groups of transplanted mussels resulted from the dif-
ferent length of the acclimatization periods. This sug-
gestion is, however, not supported by the data on
growth during the acclimatization period. According to
Table 1 in Tedengren et al. (1990), the mean length of
the native mussels increased from 11.0 + 1.5 mm (SE)
to 21.0 £ 0.4 mm, or 10 mm, during the 1 mo of acclima-
tization, compared with an increase from 5.5 + 1.0 to
20.7 £ 0.5 mm, or 15.2 mm, in the mussels transplanted
from the Baltic Sea. Moreover, the dry shell-free body
mass was 50 + 3 mg in the native mussels, compared
with 61 + 9 mg in the transplanted mussels. Body mass
at the time of transplantation is not stated, but may be
estimated from the relationship previously found be-
tween shell length and dry body mass of Baltic mussels
(Kautsky 1982, Fig. 12). According to this relationship,
the transplanted mussels grew at a rate of 12 to 13%
d™!, compared with 5.5% d' in the native mussels. The
results were thus consistent with catch-up growth in
growth-retarded mussels. Catch-up growth in mussels
has previously been indicated (Jorgensen 1992).

There were substantial genetic differences between
the Baltic and the North Sea mussels, but these differ-
ences seemed to be maintained by differential selec-
tion correlated with the different salinities in the 2
environments, a selection that did not affect the poten-
tial for growth (Johannesson et al. 1990).

The inherent potential for growth may thus be about
the same in the different north European populations
of mussels, so that actual growth rates reflect environ-
mental conditions. In order to assess possible effects of
environmental conditions, this potential for growth
should therefore be known.

Clausen & Riisgard (1996) established the relation-
ship between food concentration and growth in 25 to

30 mm long Mytilus edulis of about 100 mg body mass.
The mussels were fed for 9 to 14 d on pure suspensions
of Rhodomonas cells, or algae plus silt in concentra-
tions of about 5 mg 1'. The specific growth rate
increased with increasing food concentration to a max-
imum value of about 9.5%, d~!, irrespective of the rela-
tively high concentrations of silt added to the water
The concentration of algal cells needed for maximum
growth was about 4400 cells ml"' or 0.32 mg organic
matter 1"' Also, high algal concentrations of about
12000 cells ml™!, or 0.88 mg organic matter 1'!, resulted
in full exploitation of the growth potential, correlated
with high ingestion rates. But filtration rates and pre-
sumably also assimilation efficiencies were reduced
(Riisgard 1991, Clausen & Riisgard 1996).

The results corroborated earlier findings of growth in
Mytilus edulis under optimal conditions (Kigrboe et al.
1981, Riisgdrd & Poulsen 1981, Riisgdrd & Randlev
1981, Hamburger et al. 1983). Specific growth rates of
about 10% d°! applied to mussels of about 0.1 g body
mass, but rates of about 2% d™! were indicated even in
1 g mussels (Hamburger et al. 1983). Specific growth
rates of these orders may therefore be used to assess to
which extent the inherent potentials for growth in
mussels have been exploited under experimental con-
ditions or in nature.

Clausen & Riisgdrd (1996) compared the growth of
mussels in nature with the results obtained in the labo-
ratory by transferring mussels to net bags, which were
suspended in a Danish fjord for 17 to 28 d during May
and June. The mean specific growth rate was about
6% d~! in the 3 experiments performed. The concen-
trations of chlorophyll a in the water varied between
about 2 and 7 ug 1!, corresponding to concentrations
of Rhodomonas cells between about 2000 and
6000 cells ml™', or 0.15 to 0.44 mg organic matter 17"
The median value of chlorophyll a concentration in
27 Danish fjords and coastal waters during the produc-
tive seasons of the year was 5.1 ug 1! (Sand-Jensen et
al. 1994}, corresponding to 6400 Rhodomonas cells
ml!, or 0.46 mg organic matter 1'!, Phytoplankton con-
centrations in Danish waters thus seem to approach
concentrations needed for the exploitation of the
growth potential in mussels.

‘Scope for growth’, as calculated from physiological
parameters, may be compared with directly deter-
mined growth in mass when both are expressed in
terms of the mass specific growth rate. In the following,
values for 'scope for growth’ in mussels are converted
to specific growth rates by using the conversion factor
of 4.9 cal, or 20.5 J, per mg dry body mass (Dare &
Edwards 1975).

Widdows et al. (1995), in a physiological and toxico-
logical investigation of mussels from 26 coastal sites
from the Shetland Islands to the Thames estuary (UK),
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calculated ‘scope for growth' from the energy balance
established in mussels of about 0.5 g dry body mass,
which were placed in clean off-shore sea water with
culture of the alga Phaeodactylum tricornutum added
to a concentration of 9000 cells ml . At the unpolluted
northern sites, ‘scope for growth' corresponded to
growth rates up to 2.7% d°', the rates declining
towards the south to about 0.5% d'. The decline in
growth rates was correlated with a decrease in clear-
ances from about 7-8 to about 2-4 Lh™t g%

Other studies showed that the physiological
responses of mussels that were transplanted 12 mo
previously from a site with a high growth rate to a site
with a low growth rate did not differ from the native
mussels, confirming that the different performances of
the mussels reflected environmental rather than ge-
netic differences.

In other transplantation experiments, mussels were
collected from a site (Exmouth, S. Devon, UK) with the
low 'scope for growth' of 8.55 + 1.66 {mean + 95% CI)
J h™! g7}, corresponding to a growth rate of 1.0% d'.
These mussels were placed in wire mesh cages and
kept for 2 wk in clean sea water, to allow byssal attach-
ments to form before the cages were suspended from
10 off-shore light vessels in the North Sea. After 6 wk
exposure to the new environment, the cages were col-
lected and physiological measurements were made
under the standard conditions. There was little effect
of the transplantation on the performances, and mean
values of 'scope for growth' varied from about 8.9 to
about 14.9 J h'! g7, corresponding to growth rates of
about 1.0 to 1.7 % d~!. It was thus indicated that 2 mo of
exposure to an unpolluted environment did not nor-
malize feeding and growth in the mussels.

Calculated growth rates of the native and trans-
planted Exmouth mussels were relatively high, corre-
lating with low respiration rates. In the mussels from
the 26 coastal sites, the mean respiration rates varied
from 15.1 to 27.2 pmol O, h™! g~! with no obvious cor-
relation with the pollution gradient from north to
south. In native Exmouth mussels, the mean rate was
11.7 umol O; h™!' g~!, whereas the mean rate of the
mussels transplanted to the light vessels varied from
8.7 to 10.7 pmol O; h™' g~'. Widdows et al. (1995) did
not comment upon this difference in levels of Exmouth
mussels and mussels from all other sites.

Neither did they comment upon their finding of low
rates of both respiration and water filtration 2 mo after
transplantation to the off-shore unpolluted environ-
ments. In an earlier experiment, where mussels were
reciprocally transplanted between 2 environments, the
Tamar estuary Lynher in Devon and the Swansea dock
in south Wales (UK], the transplanted mussels cleared
the water from the new location at rates similar to those
of the natives when clearances were first measured,

7 wk after transplantation. During the experimental
period from January to June 1978, mussels cleared
Swansea dock water at rates of about 1 to 21h™! g
and Tamar river water at about 4.51 h™! g”! (Widdows
et al. 1984).

Annual variation in physiclogical performances in
mussels from the Lynher population were also studied
in earlier field experiments, from 1973 to 1975 (Bayne
& Widdows 1978). During this period, mean clearances
of Tamar river water varied between about 1.3 and
2.6 1h' gl Tt is not clear why the mean filtration rates
recorded were less than half the rates recorded in 1978
(Widdows et al. 1984). In both series of experiments,
the mussels were of the same size, about 1 g dry body
mass. Corresponding to the different levels of filtration
rates, growth rates, calculated from the values for
‘scope for growth’, amounted to about 3.0% d~! in June
1978, compared with a mean growth rate of about
1.4% d°' between May and August in 1973 and 1974.

Mussels from the Lynher estuary also cleared sus-
pensions of algae at low rates. Thus, in the experi-
ments of Hawkins et al. (1989), where the mussels
were fed the alga Phaeodactylum tricornutum at con-
centrations of between 2000 and 5000 cells ml™!, ‘'scope
for growth’ was mostly negative, and ingestion rates
suggested that the algae were cleared at rates of the
order of 0.7 1 h™! g7, assuming that 3000 cells were
equivalent to 0.07 ng dry matter (Widdows 1978).

In the investigation from 1990 and 1991 of relation-
ships between environment and physiological perfor-
mances in North Sea mussels (Widdows et al. 1995),
mussels from the Lynher population cleared the algal
suspensions at rates that corresponded to about 40 % of
the rates measured in a population from an unpolluted
site in the Shetland Islands (UK). The values calculated
for 'scope for growth' indicated specific growth rates of
about 0.8 and 2.8% d!, respectively, in mussels from
the 2 sites (Widdows et al. 1995, Figs. 3 & 4).

Navarro et al. (1991) estimated ‘scope for growth' in
mussels Mytilus galloprovincialis from cultivation rafts
in the Ria de Arosa in Galicia, Spain. The site is known
for the high rates of growth of the mussels attached to
the ropes which are suspended from the rafts (Peréz &
Roman 1979). The physiological measurements were
carried out according to Widdows (1985a) in individual
chambers with running water from the location where
the mussels were collected. Values of ‘scope for
growth’ were higher when water was pumped from
the front of the rafts than when pumped from the back,
correlating with the reduced food content due to the
filtering activity of the mussels. However, the calcu-
lated values tended to be low, even in April. Estimated
rates of growth varied from negligible to about 2.1 %
d™!, with a mean value in April of 1.2% d°! These cal-
culated growth rates may be compared with actual
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growth rates on the ropes. From the data presented by
Peréz & Romaén (1979, Tables 11 & 13), it appears that
mean dry body mass increased from 0.158 g in April to
3.56 g in August in mussels cultivated on rafts at Las
Sinas, and 2.73 g on the rafts at Meloja (Spain). The
specific growth rates at the 2 sites thus corresponded
to daily mean rates of 2.5 and 2.3 %, respectively, dur-
ing spring and summer.

The low rates that were indicated by the physiologi-
cal measurements seemed primarily to be due to the
low rates at which the individual mussel filtered the
water. The experiments of Navarro et al. (1991) were
performed within a few hours after the mussels had
been detached from the rope by scissors. In field
experiments, Vismann (1990) found that mussels that
were left undisturbed for 6 wk prior to measurements
filtered the ambient water at about twice the rate of
those mussels that had their byssus cut 1 h before mea-
surements.

Low values of ‘scope for growth’ may result from
experimental conditions that are incompatible with
utilization of the capacity of the filter-pump. Possible
effects of the experimental conditions on the rate of
water pumping should therefore be known before
growth rates that are indicated from ‘scope for growth’
can be extrapolated to the habitat which the experi-
ment intends to simulate.
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