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ABSTRACT

The development of feeding structures, feeding mechanisms and associated
changes in the filter feeding ability were investigated for early juvenile Japanese
scallops Patinopecten yessoensis (Jay) from the time of metamorphosis until the
juveniles measured two mm shell height.

The ability of developing juveniles to filter eight species of cultured
phytoplankton from suspension was measured with the use of a flow-through
measuring apparatus. Clearance rates were extremely low from the time of
metaniorphosis through until juveniles measured 400 pm shell height. When juveniles
were approximately 600 pm shell height there was a sudden increase in clearance
'a.bility at all cell densities. Clearance rates increased slightly until juveniles were 1000
pm shell height and logarithmically between 1000 and 2000 pm shell heights.
Particles as small a 2 pm were ingested by post-metamorphic scallops but particles
greater than 25 pm were not ingested.

The ontogeny of feeding structures (ctenidia, peribuccal organs and the foot)
~were described. Juvenile ctenidia are filibranchiate, homorhabdic and non-plicate,
arising from primordia present in the larvae. Initial ctenidial growth is in the number
and length of filaments which possess lateral and frontal tracts of cilia. Maximum
filament length prior to reflection occurs when juveniles are approximately 600 pm
shell height. The labial palps arise as extensions of the larval mouth apparatus and
extend into the mantle cavity. The highly mobile foot reaches its greatest allometric

size during post-metamorphic growth.
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Particle capture was examined with video microscopy in live tethered

specimens at the stage when juveniles were capable of particle capture. Juvenile
scallops were observed to utilize a unique hydrodynamic mode of suspension feeding
which serves to bridge pedal feeding immediately after metamorphosis with the
development of more efficient adult feeding structures.

Morphological descriptions, particle clearance data and behavioural
observations suggest that until formation of a simple functional gill apparatus at
approximately 600 pm shell height, P. yessoensis juveniles are unable to capture
phytoplankton efficiendly. Observed increases in particle clearance ability were
associated with initial coordination and function of the 8 - 9 ctendial filaments present.
This is a critical developmental stage in post-metamorphic growth and a period of high

mortality in the nursery stage of culture rearing.
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CHAPTER 1. GENERAL INTRODUCTION AND RESEARCH OBJECTIVES

Little is known about the ecology of early juvenile scallops in the natural
environment (Motavkin, 1990; Minchin, 1992). Post-metamorphic growth of bivalves
relies initially on lipid energy reserves sequestered during larval growth (Holland and
Spencer, 1973). Subsequent growth and survival is dependant upon the efficient
acquisition of energy before energy reserves are depleted. Suspension feeding is
believed to commence early in post-metamorphic oysters, whereas other groups of
bivalves are known to utilize transitory phases of pedal feeding (King, 1986; Reid er
al., 1992). The uptake of dissolved organic matter (DOM) in seawater may also assist
in energy acquisition during this phase (Manahan and Crisp, 1983). Development of
ctenidial feeding structures and initiation of efficient suspension feeding are necessary
for continued juvenile growth and survival.

The gills of adult scallops differ from many other bivalves in that the latero-
frontal cirri, the structures which are believed to be most used to filter particulates
(phytoplankton) out of seawater, are highly reduced (Atkins, 1937a, b, 1938; Owen
and McCrae, 1976; Beninger, 1991; Beninger and Le Pennec, 1991). As a result, it is
believed that the scallop gill is not as efficient at capturing smaller particles as gills of
other lamellibranchs such as oysters and mussels (Owen and McCrae, 1976;
Mghlenberg and Riisgard, 1978; Palmer and Williams, 1980). It is not known if the
reduced filtration ability of adult scallops is magnified in juveniles in which the

functional gill apparatus is in an early stage of development.




Typically, only a small percentage (< 2 - 6%) of Japanese scallop larvae which
were induced to settle, survive to a size of a few a millimetres (() Foighil et al., 1990;
Bourne and Hodgson, 1991). High mortalities during post-metamorphic growth have
been reported for most species of commercially cultivated bivalves including clams,
-oysters and geoducks (Castagna and Krauter, 1981; Nosho and Chew, 1991).
Preliminary investigations of growth and survival through the post-metamorhic phase
showed that use of small species of cultured phytoplankton (< 10 pm diameter) as
food resulted in inferior growth rates in juvenile scallops when compared those fed
assemblages of natural phytoplankton and indicated that mortality may be due to an
inadequate diet (O Foighil ef al., 1990). Presumably, the natural assemblages
contained a number of phytoplankton species which were quantitatively or
qualitatively superior to cultured phytoplankton. Many previous studies of feeding of
juvenile bivalves have examined the nutritional qualities of cultured phytoplankton
diets (Rodde et al., 1976; Cary, 1982; Ukeles et al., 1984; Wikfors et al., 1984;
Enright et al., 1986a, b; Laing and Millican, 1986; Utting, 1986; Walsh et al., 1987,
Whyte, 1987; Laing and Verdugo, 1991). Algal species deemed nutritive will only be
of use if they are readily captured, ingested and assimilated by juvenile scallops.
Iﬁsufﬁciencics in the diet may be related to developmeat of the juvenile gill (ctenidia)
formed during metamorphosis and its ability to filter properly.
The objectives of this research were to investigate the development of feeding

structures and associated changes in the filter feeding ability of early juvenile Japanese




scallops Patinopecten yessoensis (Jay) from the time of metamorphosis until the

Jjuveniles measured two mm shell height. This research was conducted in three parts;

1) Measurement of the ability of post-metamorphic scallops to remove various species

of phytoplankton from suspension and to ingest a variety of particle sizes.

2) A description of the ontogeny of the feeding structures with emphasis on

development of the ctenidia.

3) Observations of the transport and capture of suspended particles by the filter-
feeding structures within the mantle cavity.

Information from this research may assist in understanding and overcoming
mortalities during post-metamorphic (nursery) rearing. Increasing survival during the
early ju;lenile stage has important commercial implications. The Japanese scallop is a
potential candidate for commercial aquaculture in British Columbia and, as with other
cultivated bivalve species, successful commercial production is dependant on an
economical supply of seedstock (juveniles). Small increases in the percent survival
through the early nursery stage could increase the economic viability of commercial

production of juvenile scallops in British Columbia.



'CHAPTER 2. DEVELOPMENT OF FILTRATION ABILITY IN

POST-METAMORPHIC PATINOPECTEN YESSOENSIS

INTRODUCTION
. The rate and ability of adult scallops to selectively filter suspended materials
from s’cawéter has been investigated for a number of species (Vahl, 1972; Mghlenberg
and Riisgﬁrd, 1978, 1979; Palmer and Williams, 71'980; Peirson, 1983; Shumway et al.,
. 1987; Graht and Cranford, 1989; Cranford and Grant, 1990). Energy acquisition in
~scallops has been the subject of a recent review (Bricelj and Shumway, 1991).
Several investigations examined the filtration capabilities of juvenile scallops;
,hqwcver, 1n mosrtrc‘:ases the juvenile scallops were actually several centimetres shell
height (Kean-Howie er al., 1991; Lesser et al., 1991).. Shumway er al. (in prep, pers.
comxﬁ.) ithstigatcd particle selection and clearance rate in three species of juvenile
scalrloprsrapp‘roximately two mm shell height.

' Infropnatiorn on suspension feeding ability is lacking for early juvenile scallops
- frommetalﬁorphosis until they reach two mm shell height. This is a period of
morphogenésis of the ctenidia and a critical stage in development. (Hodgson and
E Burke, 1988; O‘Foighil et al., 1990; Bourne and Hodgson, 1991). Reid et dl. (1992)
stated that effcctive suspension feeding commences in post-metamorphic P. yessoensis
one week after mctamorphosis when juveniles exceeded 400 pm shell height, although
quanﬁtativé evidcnce was not provided. Pedal feeding is known to occur in post-

metamorphic bivalves when the foot reaches its greatest allometric size in the juvenile
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(Lesser et al., 1991; Reid et al., 1992). Preliminary investigations into the nutritional
significance of pedal feeding during this phase in P. yessoensis have been inconclusive
(O Foighil et al., 1990). Quantitative analyses of the development of filtration ability
for other post-metamorphic bivalve species are lacking.

The objective of this study was to examine the ability'of juvenile P. yessoen.ds
to filter phytoplankton from the time of post-metamorphosis through to a size of two
mm shell height. This was performed by measuring filtration rates on a number of
species of phytoplankton currently or readily availablé rf;)r fhe culture éf bivalves.
Particles removed from suspension by filter feeding bivalves are not necessarily
ingested and may be rejected in the form of pseudoféces (Tenore and Dunstan, 1973).
A second series of experiments attempted to determine the size specific ability‘ of post-
metamorphic juveniles to ingest particles over a size range of 2-50 pm. |

Although many different experimental techniques have been used to investigate
rates of filter feeding in invertebrates, these usually take one of two forms,‘ ind;irect, or
direct methods of measurement. Filtration rate is defined as the volume of water
filtered completely free of particles per unit of time; pﬁmpiﬁg rate is defined as the
volume of water flowing through the gills per unit time‘ (Winter, 1978).

The indirect method measures the removal of suspended particles, chlorophyll
a, the uptake of P* labelled phytoplankton into tissue or other indicators from a
known volume of standing water per unit time (Walne, 1963; Schulte, 1975; Riisgird
et al., 1980; Gerdes, 1983; Macdonald, 1988; Ward et al., 1992). The disadvantage of

this technique is the continuously changing food concentration in the experimental




medium, which makes it impossible to detect significant correlations between filtration
rate and food concentration (Winter, 1978). The theoretical basis of the equation for
the calculation of filtration rates using the indirect method is based on the assumptions
that (a) the animal’s pumping rate is constant and that (b) a constant percentage of
particles (which may differ from 100% retention efficiency) is retained throughout the
experiment (Coughlan, 1969). Winter (1978) stated "that since these equations are not
necessarily true, the equation itself is one of the main disadvantages of the indirect

| method”. A further objection to these studies in standing water is that previously
filtered material may be resuspended and refiltered (recycled) (Haven and

- Morales-Alamo, 1970).

The direct method of measuring filtration rate involves measuring particle
cbncentration before and after entering a flow-through chamber (Haven and
Morales-Alamo, 1970; Bayne et al., 1973; Riisgird, 1977; Wilson, 1979, 1980). The
advantages »of this system are that constant particle concentrations may be maintained
at the inflow and the effect of particle concentration on filtration rate may be tested.
DeSpite this advantage, recirculation of the water within the experimental chambers
may result in concentration differences within the experimental chambers. At low
flow rates this may result in an underestimation of filtration rate; this error is reduced
as flow rates are increased (below a natural limit) (Hildreth and Crisp, 1976; Riisgérd,
1977). When the assumption of filtration rate was applied to calculations from flow-
through chambers, filtration was found to be independent of flow rate and the quantity

actually measured was the rate of particle uptake (Hildreth and Crisp, 1976). In this




study the ability of juvenile scallops to filter phytoplankton cells from suspension was
measured as the number of particles removed from suspension per individual per unit

time (particle clearance rate).

MATERIALS AND METHODS
Juvenile culture

Larvae and juvenile Patinopecten yessoensis were obtained from the Federal
Department of Fisheries and Oceans Pacific Biological Station, (Nanaimo, British
Columbia) between March and June 1989, and from Island Scallops Ltd. (Qualicum,
B.C.) from March 1990, as required. Juveniles at Island Scallops Ltd. were fed and
raised using techniques after the method of Boumne er al. (1989). At Island Scallops
Ltd., scallop larvae and spat are raised in flow-through 5-10* L tanks. Japanese style
spat bags consisting of 3 mm mesh onion bags stuffed with menofilament mesh were
used as juvenile substrate (cultch) material (Ventilla, 1982). Cultured phytoplankton
was added to the nursery tanks. Juveniles were transported to the Pacific Biological
Station wrapped in moist Nitex® or attached to spat bags in a cooler or in chilled
seawater.

At the Pacific Biological Station, scallops were maintained in 350 L flow-
through fibreglass tanks. Scallops were either suspended in spat bags in tanks or
scallops not attached to culich were placed on 120 pm Nitex screen in 50 cm diameter

upwellers suspended in tanks. Juveniles were fed phytoplankton via a drip system




from a header tank as used for bivalve broodstock conditioning (Bourne et al., 1989).

Phytoplankton was pumped at regular intervals from the algal culture facility to the
header tank. All species of phytoplankton used in filtration experiments were fed to

juveniles in the holding system.

Design of experimental flow-through chambers

To measure feeding rates of post-metamorphic scallops, a series of flow-
through chambers were constructed based on a successful design used to study
filtration rates of Ostrea edulis spat (Wilson 1979, 1980). This design was an
inprovement of apparatus used by Winter (1973) who used a flow-through system to
perform direct measurements on filtration rate, and that of Hildreth and Crisp (1976),
who further modified the apparatus to accommodate bivalve larvae and juveniles.

The experimental chambers consisted of Plexiglass columns, (5 ml volume)
held between 180 pm Nitex screens and sealed with rubber O-rings (Fig. 1).
Seawater was pumped through the chambers from the base and samples of
approximately 20 ml were collected in Coulter Counter® cuvettes for particle analysis.
Eight columns were used in two groups each consisting of three replicate columns
containing juveniles and one chamber (blank) without juveniles acted as a control.

One pm cartridge filtered seawater (FSW) containing phytoplankton at desired
cell concentrations was maintained at 15°C in a constant temperature water bath, and

kept in uniform suspension with submersible magnetic stirrers.




Figure 1. Design of chambers used to srudy filtration rate of juvenile P. yessoensis.
a) Schematic cross-section of chamber construction. Arrows indicate path of
water flow through chamber. in, inlet; n, Nitex screen; or, rubber o-ring; ou,
outlet; pp, pressure plate.

b) Side view of bank of chambers showing sample cuvettes (left).

¢) Front view of bank of chambers.
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A variable speed, multichannel peristaltic pump (Cole-Parmer, Chicago, IIl.
model #L-07553-30) fitted with a multichannel pump head (model #L-07623-10) was
used to produce nearly identical flow rates through the chambers, between 1 to 4
ml-min” as required. To account for minor differences in flow rate that might exist
between chambers, flow rates were calibrated by measuring the time to collect 20 mL

of seawater from each chamber for each experiment.

Phytoplankton species and culture

Phytoplahkton was cultured in the Pacific Biological Station algal culture
facility (Bourne et al. 1989). All species used were cultured in batch or semi-
continuous culture systems using HESAW culture medium (Harrison et al., 1980).

Phytoplankton used in experiments was harvested during the exponential
growth phase from either 20 L carboys or 400 L semi-continuous bag culture. To
reduce the number of bacteria which are regularly associated with phytoplankton
cultures, algae harvested from culture vessels was centrifuged at 3000 rpm for 10 min
in 250 mL vials to concentrate the cells. The major portion of the supernatant was
then drawn off and the cells resuspended in FSW. Visual inspection with a compound
microscope indicated that this treatment did not affect the structure, movement or size
of the cells by breaking spines or causing cells to clump, while substantially reducing
the number of bacteria associated wiih the cultures.

Eight species of phytoplankton were used for analysis (Table 1). These were

all unicellular species cultured at the Pacific Biological Station and ranging in size
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- between 2-11 pm cell diameter. These species were chosen for their availability and
”their prior use in scallop feeding work (Whyte, 1987; Whyte et al., 1990).
Phytoplankton concentrations were determined by a Coulter Counter Multisizer II®
(Coulter Corp. Hialeah, FL.) using an orifice diameter of 50 pm. Only those particles
which corresponded to the observed size range of the individual phytoplankton species

- were counted to increase the accuracy of the analysis (Table 1).
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Experimental procedures

Between 50 and 12 000 juvenile scallops were pipetted into each chamber as
required to produce a measurable reduction in phytoplankton concentration. In the
chambers, scallops were allowed to distribute themselves along the sides of the
chamber for a minimum of 1 h. Prior to trials with various concentrations of
phytoplankton, sand-filtered seawater at 15°C from the Pacific Biological Station’s
seawater system was pumped through the columns to maintain the juveniles.

At the beginning of each experiment, two-litre reservoirs of the desired species
of phytoplankton diluted to the required concentration in 15°C, FSW were placed in
. 'the water bath and stirred to maintain the cells in even suspension. These solutions
were then pumped through the two banks of experimental chambers at flows ranging
| ~ from 1104 mL-mirn‘l as appropriate. After 50 min, samples (approximately 20 mL)
wefc‘ collected simultaneously from the outflows of each chamber.

Samples collected from each chamber were analyzed within 5 to 15 min of
cdllectioﬁ. ’Threekc0unts were made of each sample to account for errors in counting
afi’d the ime:r;m value was used in subsequent analyses. Counts of particles in size
. ranges below those of the phytoplankton peak were also recorded. Print-outs were
fnade of the particle size-frequency histogram for every third count and retained.

Once samples were collected, the two litre reservoirs were replaced with
phytoplankton solutions at the next desired concentration, and the procedure was
repeated. Phytoplankton concentrations of approximately 10,000, 20,000, 30,000,

40,000 and 50,000 cells-mL". were used.
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Potential sources of experimental error arising from the order in which the
algal concentrations were used or the time duration between collecting samples were
investigated by randomly repeating samples and repeating or altcring the order of
phytoplankton concentrations. These factors were not found to influence estimation of
clearance rates.

At the end of each experiment, all juveniles were removed from the chambers
and preserved for later morphological studies. Prior to fixation all animals wcre‘
recounted in order that filtration rates could be adjusfcd for minor differences in
number between chambers. Mortality over the period of the experiment was noted and
if the number of dead or moribund animals exceeded 10-20%, data from the

experiment were discarded.

Calculation of Clearance Rate

Rates of phytoplankton clearance by post-metamorphic scallops in the flow-
through chambers were determined using the equation of Hildreth and Crisp (1976)
which was subsequently used by Wilson (1980) for calculating the grazing rates of |
Ostrea edulis larvae and spat. The clearance rate (grazing) (G) or number of particles

consumed by a bivalve per unit time, was calculated using the following formula:
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G = Rf-Co = F(C1-C2), where:
Rf = Clearance Rate (filtration cells-individual )
C1 = Concentration of inflow (cells-mL™)
C2 = Concentration at the outflow (cells-mL™)
F = Flow Rate (mL-min™)

Co = Concentration around the organism (cells-mL")

At low flow rates, Co isr less than C1 owing to particle removal by the bivalve, but as
flow rate is increased, the value of Co approaches that of C1, and Rf becomes

) indépéndent of F. Observed clearance and grazing rates above this critical level are

" designated Rf" and G", respectively. Flow rates were maintained at or in excess of

this critical point during the investigation, so that only Rf" and G" were measured.

"Ingestion experiments
,7 Two sizes of juvenile scallops (approximately 300 pm and 1000 pm shell

height) werc”examined for their ability to ingest particles of certain diameters.

o | Opacity of the dissoconch shell prevented use of 2000 pm juveniles. Juveniles were

c:rcposedrto suspensibns of fluorescently labelled polystyrene spheres (Fluoresbrite®
beads, Ahalychem Corp. Ltd. 721 Victoria Park Ave. Unit 16, Markham, Ontario L3R
2Z8). Five sizes of beads with mean diameters of: 2.2 pm, 6.49 ym, 9.33 pm, 23.4
pm and 54.9 pm weré used. Stock sohitions of beads were diluted into chambers

containing 15 mL of FSW at 15°C and containing more 50 juveniles. Capillary tubing
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was used to bubble air into each chamber to provide mixing. Working concentrations

of fluoresbrite beads were approximately 30 000-mL" for the 2, 6, and 9 pm diameter
beads. Concentration of the larger beads was reduced to 12,500-mL" for 25 pum beads
and 1500-mL" for the 50 pm beads due to the large size of the beads.

After 5 min of exposure to the bead solutions, 100% ethanol rwas added to each
chamber to kill the juveniles. Experimental duration timéS were extendéd for the
larger bead sizes. The juveniles were then rinsed severai times and immersed in a
fixative. The number of beads ingested was assessed by squaSHing the juveniles on a
slide and viewing them under a microscope with a fluorescent light source. The

number of beads within the stomach region (ingested) was then counted.

RESULTS
Clearance rate experiments

The number of individual juvenile scallops required to produce a measurable
reduction in particle concentration at the outflow of the chambers for each size class
and the flow rates used for each size class are summarized in Table 2. Calculated
clearance rates (cells-min-individual™) for juvenile P. yessoensis at each size class
versus phytoplankton concentration at the inflow of each chamber for the eight species

of algae are shown in Figures 2 - 6.
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Table 2. Summary of juvenile scallop sizes (shell height) used, number per chamber

and flow rates.

Approximate : Shell Height Number of Juveniles | Flow rates

‘Size Class pm Mean + 95%CI ‘ mL-min™
| 300 336 + 21 951 - 1182 2.13 - ‘2.54
S0 398 .28 | 230447 | 142-156
600 637 + 25 379.- 700 2.46 - 3.44
"1'00'0' | 946 + 62 116 - 250 | 2.00-250
zboor 1984 +79 | 43 - 67 2.48 - 2.56

~ Ata shell height of 300 pm (Fig. 2), obseryed clearance rates for all algal
,:,spé(V:'irews Wefé extrefnely low at all concentrations W:ithrrﬁaximum rates between 10 - 20
céil’s-m‘in"-individual“. A sﬁght increase in clearance rate with increasing cell density
was o‘bserved for C. calcitrans, T. pseudonana and P. tricornutum.

At 400 pm shell height (Fig. 3), clearance rates remained below 20 cells-min
l'-vinrdir\rlridruarlr'rlk 70n all species of phytoplankton. Slight:increases in clearance rate on C.
calcifrans, C. | gracilis and P. tricornutum were obsérved with increasing cell density to
40,000 cellssmL". Particle clearance was not detected for C. salina and R. lens at low
" concentrations or for N. oculata.

AL 600 pm shell height (Fig. 4), clearance rates increased for all species of

phytoplankton except N. oculata. Clearance rates for the other species of

‘ phytoplankton are similar and a general clearance trend of approximately 10 - 20
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cells-min™* at 10,000 cells-mL™., increasing with concentration to levels between 40
and 80 cells-min™ was observed. Variability within the detected clearance rates
increased substantially at this size class.

At 1000 pm shell height (Fig. 5), overall feeding rates remained similar to the
previous size class. Variation within the observations remained high. C. gracilfs and
C. calcitrans were cleared at the highest rates. Maximum- clearance rates were
generally observed to occur at densities between 30 - 40,000 cells-mL". for all species
e*cept C. calcitrans where clearance rates continﬁed té increase with cell density and
N. oculata which was not cleared at any concentration.

At 2000 pm shell height, clearance rates continued to increase for all species of
phytoplankton (Fig. 6, note change in scale). Lowest rates were recorded for N.

- oculata. Highest clearance rates were noted for C. calcitrans, and they, continued to
increase with algal density to a mean of approximately 400 cells-min™-individual™'. Al‘l'
other species showed a general trend of increasing clearance rates with increasing cell
density reaching a maximum between 30 - 40,000 cells-mL™. | |

Changes in the ability to clear phytoplanlgion wnth juvenile grpw;h was
summaﬁzed by pooling all observations at 30,000 cells-mL" for a]l’ species of
phytoplankton and plotting them against shell height (Fig. 7). Clearance rates were
extremely low in scallops from metamorphosis until the juveniles measured 400 pm
shell height. Between a shell height of 400 and 600 pm there was a sudden rapid

increase in clearance ability at all cell densities.

-19-




, F igure 2. Particle clearance rates for juvenile P. yessoensis at approximate 300 pm
| r‘k‘sh‘eii height versus phytoplankton concentration for eight phytoplankton species; a)
- | Nannochloropsis oculata (NAN), b) Chaetoceros calcitrans (CC), ¢) Thalassiosira
pseudonana (3H), d) Chaetoceros gracilis (CG), e) Tahitian Isochrysis sp. (galbana)
(’I‘X)ﬂ Phaeodactylum tricornutum (PH), g) Chroomonas salina (3C), h)

Rhodomonas lens (RH). Error bars equal +/- 1 standard deviation, n = 3.
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VFvigure 3. Particle clearance rates for juvenile P. yessoensis at approximate 400 pm
- shell height versus phytoplankton concentration for eight phytoplankton species; a)
-Nannochloropsis oculata (NAN), b) Chaetoceros calcitrans (CC), ¢) Thalassiosira
pseudonana (3H), d) Chaetoceros gracilis (CG), e) Tahitian Isochrysis sp. (galbana)
(TX), f) Phaeodactylum tricornutum (PH), g) Chroomonas salina (3C), h)

Rhodomonas lens (RH). Error bars equal +/- 1 standard deviation, n = 3.
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Figure 4: Particle clearance rates for juvenile P. yessoensis at approximate 600 pm
- shell height versus phytoplankton concentration for eight phytoplankton species; a)
- Nannochloropsis oculata (NAN), b) Chaetoceros calcitrans (CC), ¢) Thalassiosira
pseudonana (3H), d) Chaetoceros gracilis (CG), e) Tahitian Isochrysis sp. (galbana)
(TX), f) Phaeodactylum tricornutum (PH), g) Chroomonas salina (3C), h)
Rhodomonas lens (RH). Eiror bars equal +/- 1 standard deviation, n = 3.
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'7 Figure 5: Particle clearance rates for juvenile P. yessoensis at approximate 1000 pm
shell height versus phytoplankton concentration for eight phytoplankton species; a)
, Nann’ochlaropsis oculata (NAN), b) Chaetoceros calcitrans (CC), ¢) Thalassiosira
: pseudohana (BH), d) Chaetoceros gracilis (CG), e) Tahitian Isochrysis sp. (galbana)
- (TX), f) Phaeodactylum tricornutum (PH), g) Chroomonas salina (3C), h)
Rhodomonas lens (RH). Error bars equal +/- 1 standard deviation, n = 3.
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Figui'c 6: Particle clearance rates for juvenile P. yessoensis at approximate 2000 pm
shell height versus phytoplankton concentration for eight phytoplankton species; a)

' rf Nannorclrzloropsis oculata (NAN), b) Chaetoceros calcitrans (CC), c) Thalassiosira
p.;‘eudonana (3H), d)‘ Chaetoceros gracilis (CG), e) Tahitian Isochrysis sp. (galbana)
j , (TX), f) Phaeodactylum tricornutum (PH), g) Chroomonas salina (3C), h)

Rhodomonas lens (RH). Error bars equal +/- 1 standard deviation, n = 3.
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" Figure 7. Particle clearance rates for juvenile P. yessoensis at phytoplankton
~concentration of 30,000 celis-mL-1 pooled for eight phytoplankton species versus shell

B helght Error bars = 95% confidence intervals.
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e Clearance ability increased slightly to 1000 pm and then increased logarithmically

between shell heights of 1000 and 2000 pm.

: Iugestion experim’euts
The two size ciasses of juveniles used inthe ingestion experiments were
r'chosen to represent Juvenlle deuelopmental stages pr1or to and after efficient filter
| : ;feedmg ab111ty (approx 300 pm and 1000 um) Results of these experlments are
k shown in Table 3 Bead sizes of 2 6 and 9 pm d1ameter were 1ngested by both size
| f classes of juveniles in roughly equal proportions. ‘The twolarge bead sizes (25 and 55

~ pm) were not inigested by either size class of juveniles.

Table 3 Number of ﬂuorescent beads mgested by Juvemle P yessoenszs of 300 and
o 1000 Jm shell helght ,

Bead Size Exposure | Number of beads ‘iy‘n, stomach n%30
(pm) | (min) ‘ et
R A T IRt 300 pm S ,' 1000 pm.
22 | s 15436t 1198):' o | TNC* est>100
649 | 5 |1513(s1339) | 57.70 (s + 41.66)
933 | s 539 (s+ 819) | 70.87 (s £ 42.80)
34 - |10 |0 @m0 0 (n>100)
549 |10 1 0 @>100) 0 (n>100)

* TNC: Too numerous. to count; clumps estimated > 100 beads
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bISCUSSION
Particle clearance in juvenile P. yessoensis At very low levels was able to be ’
~ detected by use of the experimental chambers used in this invcstigation. All species
of phytoplankton tested were cleared from suspenSiqn by all sizé rclarsses' of juveniles
- with the exception of N. oculata. The calculated clearance rates wél‘e 'ser’isitive to
~-small différences in particle concentration at the'outﬂow 6f rthe:(':hambersf f‘The
) experimental design simulated normal rearing (V:onditi"onrsrsincc; :ju\'/enilesrwgre ‘
: continually exposed to suspended food materials; Cléérance rates therefore reﬂéct the
normal ability of the gill to remove particles from,susi)ension., Fe¢ding behaviqur:nﬁﬁy
ndt necessarily remain constant between individuals within 'thé chambers, which wO;ild"ir
| increas¢ the variability in calculated clearance rates. ,:chér factofs such asrp’osiyt‘iOn of
: indiyiduals relative to the flow within the chambérs may kha‘vkealso addedtd thé ~
' c")bseryed’variation. As clearance rates increased with inéfeasing :siz,e of the juvenile
| scallops,rval*iability within the observations increa;ed'accordingly. High Variability
' within th¢ ‘observations did not permit compariébm 6f crlearance‘ratcsk bctWecn species
~of ﬁﬁytoplankton. Data from rthése expcriments,ido howcyer provide ra gcnelfal
' indicétor of the ability of juvéhile P. yess'oe’nsis?t'o: rehiéVe phytbplanktdn from
Suspensidh. | R |

- Clearance rates for N. oculata were very low or non existant'for all size 'classés
of juveniles. This was the smallest species of phymplankton tested, surggcsting'that
’ thisrsp'ecicrs was too small for cfﬁcient capture by juychile'scallops. This contradictbd

observations with fluorescently labelled beads which indicated that 2 pm particles
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= were ingested by juveniles. In all experiments it was noted that there was a slight
- ,in’érease'in the number of particles in the 1 - 2 pm range (debris) in the outflows of

. ~the chambefs containing juveniles.  Bracketing measured 'particlesto the the

S phytoplankt(jn' rangjcs for the analysis normally prevehtcd these small particles from

i intcffen'ng with phytoplankton counts. In the case of N. oculata, the size peak

"' :" '{zirssdék'iatédrr with the algae was so close-to the background debris peak that there may

.,:hgfv'e been an overlap that was not resolvable on the basis of particle size alone.

,ir“lThérefore 1t is believed that use of the Coulter Counter in calculating particle

" concentrations may have led to an underestimation of clearance of N. oculata.

- - 'A-general trend of clearance rate in response to cell concentration in the

~ surrounding medium occurred. Initially clearance rate was observed to increase with

~concentration to a maximum level after which clearance rate decreased again. This is

' similar to t'he’:"gcnerair 'fre,eding' ‘résponse reported for other rspecies of bivalves (Winter,

, 1978). In this model;-low clearance rates arévobserved at low algal concentrations

~when clearance efficiency is limited by the amount of water passing across the

filtering sprface. Clearance rate then 'Vincreas,es 1in_direct proportion to the number of

""célrlrs@fa‘:\’/éﬂal‘:r)lréya‘t incfeaééd concéntratiorﬁs‘ and thén piatéails as the fi'ltering structureS

: 'V(Ctén‘idi:("‘l): op'érété ét méximum efﬁcieﬁcy. Clcara,n’ce‘ rate may either remain the same
 o‘r c:klé?cfea’ser as 'cvléararncc is reduced at very high concentrations. Data for P. yessoensis
: juyehilés‘, iﬁdicéte ihat @aximal clearrzrincer rat’e’is genérally achieved at algal densities

" between 30 Q’ 40;000:0,61718'1‘-114'1-' This was not observed for C. calcitrans the second
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“smallest Spécies’ for which clearance rates continued to ihcrease‘at 50,000*061135 wWhat
600, 1000 and 2000 pm shell heights (Figs. 4b, 5b, 65). o |

| An imhortant observation frém the particie clearahce expeﬁments was the

sudden onset of ability to clear phytoplanktoh \&hen sCaiIop juyenilcs‘,measu'red
apProximately 600 pm shell height. Prior to thisr size,ﬁonly lOw leQels’ bf patticlc

| clearance were noted in post-metamorphic juven"irlesrofr 3100:'pm ;ﬁlnd{ 400 pm Sh’éll—

height. After 600 pm shell height, particle c]earanée ébility ‘ix:ircrréas'e:d‘w‘ith incfeaséd

; body Vsizre of the juveniles. Tﬁis indicates that until 600 pm shell height |

(approximately 3 - 4 weeks post settlement), juvénile' P. yessoensﬁ afe inefﬁcif:nt filter . ,
feeders and may not be able to filter phytoplankton adeqhatély!fromVsusben'si'o'r‘l.f -This: |

’increarse in filtration ability did not affect size specific ingeksktionkability that wéé noted

for juvehile scallops prior to or after this critical point. Jkuvrcnilré P.f yessoensis Qéfe

able to clear particles as small as 2 pm from suspénsion. Par“t:icléSVZSVp'm and‘lz‘trg'er' '

’ - 'were not removed from suspension indicating thai the upper limit for 1n géstion lies
between 9 and 25 pm for post-metamorphic scaflrlop’s. “The abilify of juvéhﬂe, séallops4’»‘

‘ fo clear srﬁailer parﬁcles,fromsuspension, inclruding’ 27pﬁ1’ Vbeards aﬁd cells of .
Chae"to’ce’rosyf calcitrans, challenges the belief that peéfihids'are’ Vinefﬁ’cient ét fiklk'téring:', B
particles less than 7 pm. The present data indicates thatrﬁltration efficiencies éf ez’{rly‘

juvenile scallops are different to those reported for adult scallops.
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- CHAPTER 3: ONTOGENY OF FEEDING STRUCTURES IN JUVENILE

PATINOPECTEN YESSOENSIS

~ INTRODUCTION

- The functional anatomy of feeding structures in adult scallops has been the
subject of,numerous,studies. Much,of the basis of present knowledge began with
early work by Drew (1906) and extensive studies by Atkins (1936, 1937a, b, c, 1938a,
B b, c)r'onthe structure of the gills (Ctenidia) and ciliation in adult biyalves. Recently
tnere,has been renewed interest in feeding structures of the Pectinidac (Owen and
: ,McCrae,'ll9,’76'; Reed-Miller and Greenberg, 1982; Beninger et al., 1988, 1990a, b,
1992; Lc Pennec et al., 1988; Benlnger 1991; Beninger and Le Pennec, 1991;
| Motavkln 1990) The functronal anatomy of adult scallops has been rev1ewed by
| Benrnger and Le P ennec (1991)

The anatomy of feedlng structures has been 1nvest1gated for various species of

. ;larval pectlmds (Sastry 1965 Beaumont and Budd, 1982; Hodgson and Burke, 1988;

: 7 Cragg and Cr1sp, 1991 for rev1ew) However few stud1es have been d1rected toward

o ,the Studyof the structure and funct10n of feedlng organs in post-metamorphic and

o early _]UVleC scallops. Descnptlons of the ontogeny of feedlng structures of post-

',’ larvae w1th1n species of pectinids have been hmrted prlmanly to descriptions of their
morphogenes1s at metamOrph0s1s (Sastry, 1965; Hodgson and Burke, 1988; Bower and

Meyer, 1990).
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Descriptions of the morphology of feeding structures of post-larvae in génem
nther than the Pectinidac have included; Mytilus eduli’s, Vénus piil:’(is:‘raid, Venus
striatula, and Panope abrupta (Rice, 1908; Quayle, 1952; Ansell, 1962; Bayne, 1971;
‘King, 1986). Post-metamorphic development within the bivalvia was the sunject of
an extensive review by King (1986). A thorough 'description of the ‘bntogcny of
fceding structures in post-metamorphic scallops had not rbeen undertaken. ‘

- As with other bivalve groups, metamorphosis in a signiﬁnant and critlircalr
transition period in scallop development. The velum, which is uscd for swimming and
feeding during planktonic larval stages is lost and morphbgenesis and reorientat‘ion of |
' the internal organs results in the eventual formation nf adult feeding structures. In
mature larvae (pediveligers), the gill rudiments arise rfrbim}a mass of undifferentiated
cells near the anus into a gill plate composed of a ridge of tissue cxténding rfrom the
V' rn,antlé into-the mnntle cavity (Hodgson and Burke, 1988'; Bower and VMéyerf," 1990).

At metamorphosis the internal organs undergo a 90° cbunter-clockwisc: rotatinn; the

foot rnovés anteriorly and the mouth anteﬁo-dorsally (Sastry, 1965; Hodgsnn and

' Burl‘ce;7’1988).f In post-metamorphic stages of Aequipecten. irnadians, ncw filarnénts are

, :'adde(rlirars bud—liké processes at the V‘distal ends ofr the étenidija and elongat’e as p,r’Oxirnal,
" filaments (Sastry, 1965). |

The long, muscular, flexible foot in postlarvae contains byssal glands and an
elaborate duct system (Gruffydd ef al., 1975; Bower and Meyer, 1990). Lateral and
'dofsal surfaces of the foot are sparsely ciliated. The ba,serof the foot is covered with

sirnple—ci]ja and has a byssal gland extending along the midline of the longitudinal .

-37-




axis (Hodgson and Burke, 1988). The structure and orientation of the foot in relation
to various other organs has been briefly discussed in descriptions of pedal feeding in
P. yessoensis (Reid et al., 1992).

~1In adult Scallops, fhe foot has reduced allometric importance and the primary

ofgans of feeding are the ctenidia. The complex gills of adult scallops are

eﬁléutherorahbdic plicate; the W-shaped right and léft gills each comprise an outer and
'ir;ng:fj demibranch composed of two different types of filaments (principal and
ordinary), suspended from the gill axis in a corrugated or plicate fashion (Beninger
- and Le Pennec, 1991). The peﬁbuccal organs, consisting of the large, ridged labial
palps, and the arborescent lips are highly developed Organs in adults linking the gills
- with the mouth (Beninger et al., 1990a, b). The functional anatomy of feeding
structures inadult, scallops has been used as a basis to elucidate mechanisms of
. feeding. Céﬁparisons with adult structures have béen hampered in post-larval and
juvenile animals in which morphogenesis of the StI'UC’tlirCS may be incomplete
; (Bgninge;, 1991).

i The qujectiVe' of this study was to describe the ontogeny of feeding structures
of juvenile'Japénése scﬁllops' Patinopecten yessoensis from metamorphosis until a they
‘were approximately two mm shell height The structures described were primarily the
‘cternidia, the peribuccal organs (mouth, lips and labial palps) and the foot. This study
exéahds upon préviousrinvéstigations and exténds the descﬁptions to later juvenile

stages. .
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MATERIALS AND METHODS

Juvenile Scallops
P. yessoensis larvae and juveniles were taken from individuals obtained and

maintained for other experiments (Chapter 2).

Fixation

Prior to fixation, juvenile scallops were anaesthetized by adding chilled 15%
- MgCl/Filtered Seawater (FSW) dropwise to specimens-in a petri dish of FSW (Bower
and Meyer, 1990). After a period of 1 - 2 min, spccimcns were checked for
relaxation; determined by shell gaping and extension of the mantle. The juveniles
were then killed by adding fixative dropwise to the pctri dish. Fluid was dfawn bff
and the specimens were immersed in the appropriate fixative. Posfsmcmmomhic
scallops required for histological examination were preserved in ,Da\‘/ids‘on’s solution
with acetic acid (Howard and Smith 1983). Post-mctamorphic scallops used for
éxamination by scanning electron microscopy were preserved in 5% glutaraldchydc in’

" ESW.

Histological Sections
Preparation of specimens for histological examination followed the methods of
Bower and Meyer (1990). Samples in Davidson’s fixative were stored until the shell

had been dissolved by the acetic acid. Specimens were then embedded in a




~methacrylate plastic (JB-4, Polysciences, Inc. Warrington, PA 18976, USA). Glass

k ’,knives were used to cut sections of approximately 2 - 3 pm thickness. Sections were
stained with Lee’s methylene blue basic fuschin stain as recommended for JB-4 by the
supplier. Histological sections were photographed using Kodak technical-pan and T-
Max biack and white, and Kodak Ektachrome T-160 cclour ﬁansparency 35 mm film

-using Koehler illumination microscopy.

Scanning Electron Microscopy
~ Samples ﬁxcdwin' glutaraldehyde were stored in 10 mM sodium azide in FSW.
;In preparétion for 'critical pointrdrying, the samplcsr wcre dehydrated through a graded
VSZVleiCS’ of cthanol; 370, 50, 70, 95, 95, 100, 100%, for 1:0 fnin each. rSamples,were
' crmcal poiﬁt ‘dricdrusihg a Tousimi Rcsea:ch Corp. SAMDRI—790 critical point dryer
ccing 100% anh‘ycrirous‘ ethanol and CO, as transitiOﬁalr'ﬂuids.
- After criticai poiht drying, thle specimens were transferred onto adhesive
co'ated alunﬁinum SEM stubcs. The valves were teased apart with a sharpencd
> ktkungsten wire disséctihg pfcbc whirle‘,viewing the specimens under a dissecting
“microscope (King, 1986).
B ‘Stubbs were then sputter coated with platinum using a Technics Corp Hummer
; V sputter coater. Coated stubbs were viewed with an ETEC Corp. Autoscan scanning
b clé’cﬁron nﬁcroscope at an accelerating voltage cf 20 Kv. Stubbs were photographed

- with Iiford FP4 and Kodak PXP 120 ASA, 220 black and white film.
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RESULTS

Development of the Ctenidia
In pediveligers which are competent to undergo rﬁetamorphosis of
approximately 260-280 pm in shell length, the ctenidia are present as three fo four
. rplrimordial buds arising laterally to the foot in the mant]gcavity (Fig. 8a). VDm"mg ‘
-metamorphosis, these undergo rapid histogenesis and e]ongatefto become the first
o ordinary filaments of the inner demibranchs (Fig. 8b, ¢). They are sparsely ciliated at
this point with simple cilia (Fig. 8d). Organization of the cilia occufs in post-larvae
aimost immediately after metamorphosis cdincidiﬁg with initia]'formation of fhe
dissoconéh shell. Ciliary junctions composed of elongated cilia extending from the
lateral cilia at the distal ends of the filaments Wére observed in ctenidia when ‘
filaments wére apﬁroximate]y 25 pm in ]engfh {Fig. 8e, f) These‘cirl‘ia mesh tbgéthér
to create a bond joining the ends of the ﬂ]amcnts. |
As the filaments increase in length, ciliation inCreaseS along thé lateial and
“then the frontal surfaces of the filaments (lateralyand frdntai cilia respectively) (Fig.
,Véa). rThreilaterra] and frontal cilia are unbrarru;rhed ‘simp]e cilia apprc‘)xirma‘tely 7 pm ;in
: rifngth. Tﬂe iatera] cilia arise from a row of columnar cells along either side of each
filament. Less numerous frontal cilia are present along the forward edge of the

- filaments. Eulatero-frontal or abfrontal cilia are not present.
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b
o onented ventral side down, anterior to the left. m, mouth; gf, gﬂl filament; ds,

" Scale bm' 10 pm..

: ,Frgure 8. thmdlal “development of P. yessoensis at metamorph051s and immediately

' post-metamorphosxs
- Light micrograph of swimming pediveliger prior to metamorphosis. Specimen
- * “oriented ventral side up, anterior to the left. v, velum; f, foot; dg, digestive

- gland; gp, gill primordia m, mouth. Scale bar = 100 pm. '
nght mxcrograph of juvenile several days post—metamorph051s Specunen

k"wdlSSOCOﬂCh shell. Scale bar = 100 pm.

o iSagitjal histological section of juvenile se\ieralrday,s post-metamorphosis.

... Specimen oriented ventral side down anterior to the left. a, adductor muscle; e,

eosophagus; s, stomach. Scale bar = 100 pm.

SEM of glll ﬁlaments n ]uvem]e immediately post—metamorph031s

Longltudmal hlstologlcal section of gll] filaments of Juvemle scveral days post-

metamorphosns cj, cﬂlary _]uﬂCthﬂ Scale bar = 10 pm

' SEM of gll] fi ]amems of Juvemle several days post—metamoxphosm Ic, lateral

| chth Scale bar = 10 pm.
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o Flgure 9. Structure and Clllatwﬂ of gill filaments in developing Juvemle P.

. Ljyp ﬁgpns;,g

a)
" approximately 600 pm shell height. Filaments are oriented with distal ends at

~_ Scale bar =10 pm.

" Frontal surface of ascending lamellae of ordinary gill filaments from juvenile
"’ ~ - the top. fc, frontal cilia; Ic lateral cilia. Scale bar =10 pm.
“Transverse histological section of an ordinary gill filament.

‘ "iTr'ansverse section of juvenile showing arrangement of gill filaments in the

S “mantle cavity Specimen is oriented with right valve down, dorsal to left. f,

R ';foot ic, 1nfrabranchial cav1ty ma, mantle sc, suprabranchial cav1ty

e
'denubranch c, c111a (mantle) £, fused filament. Scale bar = 50 pm

" Scale bar = 100 pm.
Detail of 9c showmg fused ﬁlament and ﬁrst ordinary filament of left inner
: Longitudinal section of asCending lamellae of crdinary filaments showing
'~ lateral ciliary junction. cj, ciliary junction. Scale bar = 10 pm. |

S SEM of abfrontal surface of ascendlng lamellae of ordinary filaments show1ng

lateral c1liary Junctmn Scale bar = 10 pm.
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In €TOSS scction the filaments are ovoid and widest at the point of -the lateral cilia,

- ,approx1mately 20 pm (Fig. 9b). T he central lumen of the filaments is bisected by a

L thm septum A nerve ganglton ltes in the postertor lumen of the ﬁlaments

At the base of the demibranchs the mantle tissues along either side of
| the 'foot eVaginate into two ridges to form two filaments which are fused laterally with

the ‘mantle along thetr 1ength These. ridges lie: parallel to the rest of the ordinary

L ﬁlaments and they extend along the length of the descendtng lamellae from the g1]1

: axm toa posttton posterlor to fhe 1ab1al palps (F1g 9c, d) The ventral lateral and

: frontal sutfaces of the r1dges are c1hated ‘with the lateral c111a correspondtng to the

- lateralctltaof the ﬁtst ordinary, ﬁlaments.' These ,fused filaments are not connected by
' clliary junction to the first ordinary filaments. |
o Growth of the inner demtbranchs occurs 1n length and number of ordlnary
ﬁlaments thh new ﬁlaments ansmg as buds at the d1stal ends of the demlbranchs
,T:The pzured detmbranchs extenddorso -ventrally as they grow and the ﬁlaments extend
antenorly from the g111 axes whtch are fused with the inner surfaces of the mantle
i(Flg 10a b) The ﬁrst free ﬁlaments at the prox1mal base of each dem1branch are
d1st1nct 1n that they curve ventrally towaxds the c1hary ]unctlon of the next filament at |

* their dtjstal ends (Fig. 10c).
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[ VV‘VF‘igu,re 10. Development of juvenile P. yessoensis betwee‘n:SrO‘(k) and 600 pm shell -

- height. All orientations are anterior to left, dorsal to top. -

a) Light micrograph of juvenile approximately 500 pm shell height. ‘p, labial
palps; gf, gill filaments. Scale bar = 100 pm. |

R b) Lxght mlcrograph of juvenile approximately 600 pm shell helght

‘Scale bar = 100 pm.

¢) . SEM of jﬁvenile'approximately 600 pm shell height, left valve, mantle and -
demibranch removed. View is of abfrontal surface of right demibranch. Note
curved first ordinary filament. a, adductor muscle ct, mantle ciliated tract; f, "
foot; ga, gill axis; ic, infrabranchial cavity; sc, suprabranchlal cavity.

Scale bar = 100 pm.
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e - As the filaments extend along each side of the mantle cavity, they b'egi:n:to-‘r

o :,curve 1nwards when the scallops are approximately 500 um shell height As the o

' ﬁlaments enlarge the distal ends- thicken into small knobs the capitula (Bayne, 197 1).

S The ﬁlaments reach their maximum length prior to reﬂection when the Juventles are

" approximately 600 pm shell height (Figs. 10c, 11a).

; At this stage each innerdemibranCh is compo'sedof 89 ﬁlamentsv k
r'approrxirnately 150 -175 pm which occupythe majority of 'the ,rnantle cavity; The i
frontal surfaccs of the capitula become'covered with fine, junctional cilia e
k' approximately, 3 pm long. The distal tips of thefilaments mesh a‘nteriorly w1th those
of the opposing dernibranch;' This completesformation of’ the_ branchialbasket‘:and ‘
k ,r‘esults in the ‘mantle cavity being divided into infrabranchial‘ andsuprabranchi:al :
chambers connected by mterﬁlamentary spaces (Figs 9c 12)
The ﬁlaments then begin to reflect back upon themselves postenorly to form
the ascend1ng lamellae of the inner demibranchs (Fig. 12) New growth of the - |
: ﬁlaments, extends from the abfrontal surface of the filaments d1stally to the lateral 7 ‘l
~ciliary’junctions. As the filamentsfreflect, the lateral ciliary' junctions remain at the -
, rpointof reﬂection and the capitula ascend posteriorly:into the rnantle "cavity. The ‘
| capitula enlarge and the junctional cilia, which cover the"frontal' bsurface of the

,capitula, increase in number (Fig. 12d). These interdigitate with the cilia on the - o

opposing filaments to maintain the connection of the demibranchs and separation of

‘the infrabranchial and suprabranchia.l cavities.
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g ;"',Flgure ll Three d1mens1onal diagram of structure and onentatlon of feedlng organs

m Juvcmlc P. yessoensis prior to reflection of gill filaments. (approximately 600 pm

: shcll hclght) Orlcntatlon 1is antcno-vcntral side-view with: pomons of left valve and

n " '_’j}irmantlc cut away. - bg, byssal groove; bn, byssal notch; cj, c1hary Junctlon ct, ciliated
"‘H':jract ds, dlssoconch shell; e, eye; f, foot; fc, frontal cilia; ff fused filament; ga, gill

,ax1s,,lc, latcral cilia; lv, left valvc, ma, mantle; mc, mantlc curtain; p, labial palps; pr,

propodlum, ps, prodissoconch shell; rv, right valve. Scale bar = 100 pm.

» 7-5’0,—“7 . :







Flgurel2 ‘Reflection of inner demibranch gill filaments in juvenile P. yes&oénsis

o - SEM ‘of abfrontal view of nght inner dermbranch from Juvemle just pnor to .
ri—,‘—’reﬂecnon of fllaments dl, descendmg lamellae ga glll axis; if,

1nterf11amentary space Scale bar 50 pm.

B 'Mlcrogr aph of anterio- ventral view of live Juvemle approx1mately 800- 900 pm
o shell helght showmg orientation of demlbranchs al ascendmg lamellae mc,

kf’?« mantle curtam Scale bar = 100 pm

SEM of frontal 'surfaceof ascending lamellae of right inner demibranch in
i j'aveaile.appfOXimately,VIOOO'pm shell height. ca, capjitvula;'cj, lateral ciliary

' 'i_;'ljunCtioij; fc, fro'rltal,cilia;'lc, ,lateral cilia. ‘Scale bar-= 50 pm.

1y J'tSEM of frontal surface of capitula on ascendmg lamellae of nght inner
e ";:Zjdem1branch in Juvemle approx1mately 1200 pm- shell he1ght _]C Junctlonal

c1l1a Scale bar 10 pm -

: SEM of nght 1nner demlbranch from Juvemle approx1mately 1250 pm shell
he1ght Dlstal (ventral) end of dem1branch overlles mantle curtaln due to B
mantle retractlon dunng ﬁxat1on €, eye mc, mantle curtaln t, tentacle

o = Scale bar = 100 pm.

f) : SEM of fully reﬂected filaments from right inner dem1branch of Juvemle

- ,'approx1mately 1500 pm Scale bar = 50 pm.
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Further ctenidial development involves increases in the reflection, number and
bv;:rall size df the ordinary ﬁlamcnts of each inner demibranch (Fig. 12e). Moving
Vehtrally along the demibranch, the degree of reﬂectidn and length of the filaments

;in"creas‘es fof the ﬁrst 6 -; 8 filaments reaching maximum reflection and length at the

~ widest portion. of the demibranch. As the demibranchs curve posterio-ventrally,

- relative filament length and reflection decreases towards the distal tip of the

~demibranchs where new ﬁiaménts are arising. The new filaments of the opposing

demibranch’s Vdo not rmeet (Fig. 12b). In live specimens, the distal tips of the
: ‘, ‘dje'mibranc’hs‘,'wére observed to be capable of a large degree of flexion, which
i pr’esurﬁa’b’b énables' alteration of the size of this opening; As the overall size of the
juvenile increases, the demibranchs extend ventrally andr new ﬁ]amcnts arise at the
’Vdistal ‘cndsof the demibranchs. The fully elongated primary filaments at the origin of
the 'démibfanéhs increasc in both total length and length of the rcﬂected portion of the
| ‘ laﬁellac until,they‘ afe fully reflected back along the descending lamellae (Fig. 12f).
VWhen juvehilc shell height range from 1000—1200 pm, there are approximately
ZO - 217570rdinrary' filaments on each rinner demibranch énd the ascending lamellae are
2 g ’feﬂectcd approxilﬁatcly half-way back along the dcscénding lamellae.  (Fig. 13a).
- The pﬁmordia of the filaments Vof the outer demibranchs are first observed during this
stage (Fig. 13‘b). Fonnation of the outer demibranchs is distinct from the pattern of
| morphogcncsis of the inner dcmibraﬁchs. At the distal tip of the inner demibranchs
whcré ncv? filaments are being budded off, ’thc gill axis begins to divide and to bud off

ﬁ]amcntrs in both directions simu]:tar'lcously (Fig. 13d). Histogenesis of the outer
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demibranchs then occurs both ventrally and dorsally éléng the gill axes. New
filaments arise along the length of the existing gill axis 'simultaneously with new
filaments of the inner demibranchs at the distal’ tip of thre ctenidia.

Growth and ciliation of the ordinary ﬁlame‘nrtsrof the outer demibranchs follows
that of the filaments of the inner demibranchs. Initial grdwth of the filaments is in
length. Reflection occurs at filament lengths of approximately 100--150 pm. '
Junctional cilia at the distal tips of the reflected filaments make ciliary contact with
the mantle walls further dividing the mantle cavity inté §upra- and infrabranchial
chambers. Frontal cilia of both filaments extend across the inner surface of the éilyl
~arches, although it is not clear if this results in the formation bf an orally directed
ciliary tract. When juveniles are approximately 2000 pm shell height, the‘ filaments of
thé inner and outer demibranchs are almost equﬂ in size and»rdregrf:er of reflection with
each demibranch having approximately 35 - 407 filamf:ﬁts (Fig; i3e). in éross secﬁon
the filaments remain approximately 20 pm wide and the inteffilainentziry spaces
decrease slightly (Fig. 13f). The ascending and descending lamellae of each ﬁlément
are flattened along each other. Folding (plicatioh) of the demibfanchs and filaments -
resembling principal filaments or marginal food gr,o:ov,fr:s at the?entral margins bf the ,’ 7
demibranchs were not observed. Increases in shape; number and leﬁgth of the

- ordinary filaments with increasing shell height are summarized in Fig. 14,
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'jFiguie' 13.. Quter demibranch development in juvenile P. yessoensis.

Light micrograph of live juvenile aproximately 1000 pm shell height prior to
development of outer demibranch. - a, adductor muscle; ct, ctenidia; e, eye; f,

foot; t, tentacle. Scale bar = 100 pm.

Histological lorigitudinal section through left demibranch filament from juvenile

approximately 1200 pm shell height showing initial development of descending

lamellae of outer demibranch. Note ascending lamellae of inner deminbranch
' moves out of plane of section. ‘al, ziscending lamellae; dl, deScending lamellae;

- ga, gill axis; od, outer demibranch. Scale bar = 100 pm.

" SEM of ventral tip of right ctenidia from juvenile approximately 1230 pm shell

height. id, inner demibranch. Scale bar = 50 pm.

- Histological longitudinal section through left de’mibfa@h filament from juvenile

approxirﬁately 2000 pm shell height showing reflected outer demibranch.

Scale bar = 100 pm.

SEM of right.ctenidia from juvenile approximately 2200 pm shell height.

Orientation is dorsal to the left. Note mantle cutain is retracted due to fixation.

e,:eye;,mc, mantle curtain. Scale bar = 100 pm, -

| Histological transverse section through ordinary gill filaments of right ctenidia

from juvenile approximately 2000 pm shell height. ma, mantle.

Scale bar = 100 pm.
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| r'l)yevelopment of Peribuccal Organs
| Immediatelyaafter metamorphosis the mouth is located anteriorly in the mantle
cévity (Fig. 15a). The lips and labial palps are not Well defined and consist of an
| . exténsion of the oesopﬁageal tract. The inner surface of the palps is uniformly ciliated
and the palps form a funnel shaped orifice which narrows into the ciliated oesophagus.
| In post-metamorphic individuals there is no distinct differentiation between the palps
~and the lips and the oesophagus leads directly iﬁté the stomach. A constriction in the
epithelia] wall, that would define a boundary between the lrips and the oesophagus,
dpes nét exist. The inner ‘surface of the labial palps consists of a single layer of
f:olkumnarrepithcl»ial cells supported by a smooth epithelial membrane on the outer
éﬁrface of th;: 1abia by single muscle fibres. The héemocoel between the two epithelia
confains numerous haemocytes and single muscle fibres which support the structures.
The innér sdrface of the palps is smooth and uriifonﬁIy ci]iatéd. The smooth outer
surface of tﬁé p}ﬂps is not ciliated.
| As devéiopmént proceeds, the labial palps extend ventrally out into the mantle

- cavity as a pair of ,1a;e;'a] tissue flaps on either side of the mouth (Fig. 15b, ). Each

' ﬂapls dividéd shgh']y to form the upper and lower pajps. Using sca‘nn‘ing electron

R nﬁcfoscopy, thé ,i)alps afe observed to form a hood over the mouth. In live specimens,
“the palps are‘ﬂexib]e, enabling aiteration of the width of the opening formed by the
palps. During development of post-metamorphic juveniles, the palps extend until they
are in close association with the first filaments of the inner demibranchs. This occurs

simulianeously with the primary filaments achieving their maximum length prior to
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Figure 14. Summary of ctenidial growth in juvenile P. yessoensis. Left axis; number
of developed ordinary filaments on inner and outer demibranchs indicated by solid

. lines versus shell height (X axis). Right axis; size and shape of ordinary filaments
during development indicated by diagrams of longitudinal sections through filaments

versus shell height (X axis).
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-~ Figure 15. Development of the peribuccal organs in juvenile P. yessoensis and

structure of the foot.

 a) - Histological sagittal section through juvenile approximately 400 pm shell
helght £, foot; e, eosophagus; g, gastric shleld ps lablal palps; pr, propodlum

 of foot; s, stomach. Scale bar = 50 pm.

b) - SEM of labial palps, foot and first filaments of right inner demibranch of
jﬁvenile approximately 600 pm shell height. Propodium of foot is inserted into
labial palps. bg, byssal groove; ct, ciliated tract; id, inner demibranch; ‘ip, inner

palp surface; op, outer palp surface. Scale bar = 50 pm.

C) Histological sagittal section through labial palpS of juvenile approximétely 600
pm shell height. Scale bar = 20 pm. ' '

d) SEM of trunk of foot of juvenile approximately 1500 pm shell height showing
rows of possible ciliated sensory cells. a, adductor muscle; sc, sensory cell.

Scale bar = 100 pm.

e)  Histological sagittal section through labial palps of Juvenile approximately 2000
pm shell height. Scale bar = 100 pm.

) Detail of region indicated by arrow in 15¢ showing possible sensory ciliated

cell located in outer palps surface. Scale bar = 10 pm.
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reﬂection when the juveniles are approximately 500;600 pm*shell height; ’ 7 :In'

~ thick and the cells increase in height. The cells of the outer epidermis become thickerf
and cuboidal, although the outer epidermis remains one. cell layer thick. They-lower
. f"palps extend slightly further into the mantle cavrty than the upper, forming two lateral o

| lobes Wthh embrace the foot and the first ordinary filaments 7

- comprises further enlargement with increasing body size.  As the palps‘ enlarge they - |

“become thicker and the inner surface more convolutediin ﬁxed specir’nens.‘ Distinct 7

‘ ridging, oral grooves or distinct differentiation of arborescent lip structures does not
! appear At a size of 2000 pm shell height, the palps remain as srmple ciliated ttssue

: _fﬂaps surrounding the mouth which is a simple opemng 1nto the c1liated oesophagus

In specimens greater than 1500 pm occasional ciliated cells '(presumed sensory cells)

 This extends from a position between the labial palps and the first Ordinaryr filament to

‘serves to separate the infrabranchial region of the demibranchs from the peribuccal

juveniles greater than 1000 pm shell height, the inner and outer surface of the palps k

begms to thicken (Fig. 15¢). The ciliated inner epithelium becomes several cell layers

Further growth of the palps in specimens 1500 - 2000 pm shell height

were observed at regular intervals on the smooth outer epidermis of the labial’palps.

Associated with the labial palps is a distinet,,mantle ciliary tract (Figs. 15b, e).

the mantle curtain on the ventral edge of the pedal gape or byssal notch. It is

composed of simple ciliated cells and is approximately 20 - 25 pm wide. This tract

area and byssal notch.

-63-



, DeveIOpment of the foot
The fqot is well developed at metmnorphOsis and reaches its maximum size,

" relative to the rest of the body tissues, shortly after metamorphosis (Fig. 152). It
orirgi'nates"fro'm Fhe yisceral tissues anterio-Vehtrally of the adductor muscle, centrally
v b'et'ween the oppesing demibranchs. The bulk of the foot is comprised of muscle
tissues and various glandular complexes. -
| - The trunk of the foot extends anteriorly betweeh the ﬁrst‘ordinary filamenfs of
reaeh demibranch and the fused 'Vf’ilamentskat'taehed te rthe mantle (F1g 9c¢). It is highly
mobile and typically extends anteriorly through the mantle cavity and ventral to the

,labiali palﬁs,and through the rbyssal notch (Fig. 12a). _When the foot is extended the

| truhk of the foet is aligned with the mantle ciliary tract associated with the labial palp
” complex. In’ﬁxed specimens, the foot often assumes a contracted positionr in the |
ma'ntle'cavity with the prppOdium of the foot inserted‘rbetween the labial palps (Fig.
15b). :'I;llefbase of the foof is covered in dense short cilia and bisected longitudinally
by the byssal gro'ove. A tuft of lohg cilia extends from the tip of the propodium.
7 VIn”specimens greater than 1000 pm Shell height, possible sensory cells were
: ,,observed’ Von the trunk of the foot (Fig. 15d). These single distinct epithelial cells
appeared similar to those observed on the outer surface of the palps. Each cell
possessed a’tuft of cilia consisting of 10-12 simple cilia 10 pm long, arranged in a
 straight row. Across the epidermis of the foot these cells are located in irregular rows

approximately 10 pm apart.



During post-metamorphic development to 2000 pm shell height, the foot
elongates but does not differentiate further. By 2000 pm shell height the foot is.

decreasing in allometric size.

DISCUSSION
DeVelopment of the ctenidia
Formation and early growth of the ctenidiai ﬁlamehté in P; yessoensis is
‘similar to descriptions of other pectinid species and agrees with othcf observations -for
| P. yessoensis (Sastry, 1965; Hodgson and Burke, 1988; Bower and Meyer, 1990).
The degree of development and ciliation of the filal;xeﬁts ét metamorpkhosis"is
'distinctly differcntrfrom Abra alba (Tellinacea) and Panopeabrupta (Sax:icavea): in '
which the filaments are well developed and fully ciliated at metamofphosis (Aabel,
1983; King, 1986). Initial morphogenesis of the ctenidrié is equal, unlike that of
Ostrea edulis in which the left ctenidia enlarges initizﬂly (Hickman and Gruffydd,
1971). Gross development of the ctenidia isgsimila;r to ,m’ost‘ other bival’ves examined |
(M. edulis, V. pullastrata, P. abrupta and A. alba) in that new filéments are "budded
off” at the distal tips of the demibranchs (Quayle, 1952; Ansell, 1962; Aabel, 1983; |
King, 1986).
In Venus striatula the first filament of the inner demibranchs differs to that

found in P. yessoensis in that it is composed of a descending limb only and does not
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reflect (Ansell; 1962). In A. alba the first filament does not reflect and is fused to the

"7 “visceral mass along its entire length (Aabel, 1983). The fused filaments which arise

aloﬁg the mantle from the base of the gill axes to the palps in juvenile P. yessoensis
appéar similar to th’ose described for A. alba.
These fused filaments do not possess a lateral ciliary junction with the ventral
" tip of thé,desCénding lamellae of the first ordinary filament. The curving of the first
"ordihary filament is believed to result from it being anchored to the rest of the
filaments by a lateral ciliary junction on the ventral side only. The close association
of ,the foot, which extends through the demibranchs at this point and past the labial
: 'palps,’ may also influence on the curvature of this filament. In live specimens, the foot
: wasroften observed displacing the first ordinary filament ventrally.
' The latéral cilia of the fused filaments oppose the conesponding ciliary tract on
the first ordinary ﬂlannent resulting in the interfilamentary space being fully bounded
Vrby cilia.’ This conipletes the division between the supra- and infrabranchial chambers
' of the mgnﬂe cayity at the base of each demibranch. The fused filaments were not
observ'ed to reflect and were associated only with the inner demibranch. It is unclear
”ho'w the orientation of these fused filaments corresponds to the filaments of the outer
demibranchs in the later stages examined.
Reflection of the filaments follows that of other bivalve species except that the
7jl‘1'nctions of the adjacent filamenrts are maintained by ciliary connections and do not
fuse as repbrted for P. abrupta (King, 1986). King (1986) stated that at this time the

six most anterior filaments in P. abrupta fuse with the visceral epidermis near the base
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of the foot. This was not observed in P. yessoensis. Yonge (1926) described the free
extremities of the filaments in O. edulis spat as being united thin strands of transparent
tissue and D’ Asoro (1967) described the distal tips of the ordinary filaments in post-
metamorphic Chione cancellata as being connected by ciliated membranes. Since
these observations were both made from whole specimens, it is possible that these
observations are of ciliated junctions.

Growth of the ascending lamellae occurred from a fixed point at the
interfilamentary ciliary junction of the descending lamellae as described in A. alba, V.
striatula and P. abrupata (Ansell, 1961; Aabel, 1983; King, 1986). Ansell (1962)
stated that since this does not involve actual "bending" of the filaments that the term
"reflexion” should be avoided.

As discussed by King (1986), the mode of development of the outer
demibranchs was unclear in previous work. In V. striatula the outer demibranch arises
along the supraxial extension and in A. alba juveniles the outer demibranch arises
from the posterior region of the gill axis (Aabel, 1983; Ansell, 1962). In P. abrupta
and Venerupis pullastrata the filaments of the outer demibranch originate at the dorsal
ciliary axes simultaneously (King, 1986; Quayle, 1952). In P. yessoensis the distal
ends of the ctenidia first begin to give rise to new filaments of both demibranchs from
the gill axis just prior to new filaments arising dorsally along the axis. It is not clear
from previous work if this is observed in other genera. Further simultaneous
development of the outer demibranchs in P. yessoensis appears to be similar to

previous observations.
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In juvenile P. yessoensis, development of the outer demibranch occurs when

the inner demibranchs are composed of 20 - 25 filaments and the juvenile has a shell
height of approximately 1200 pm. This is compared to descriptions for the few other
genera that have been examined in Table 4. As in other species of bivalves,
- development of the outer demibranchs in juvenile P. yessoensis does not occur until
after reflection of the inner demibranch filaments has taken place. In P. yessoensis
juyeni]es, the inner demibranchs possess more filaments at a smaller size prior to
development of the outer demibranchs than reported for most other species.
Only certain morphological characteristics of the gill structure of post-larval P.
yessoensis up to shell heights of approximately 2000 pm resemble those of adult
7 yrscallops (Beninger et al., 1991; Motavkin, 1990). In cross section, the ordinary
kfi]aments achieve the general form and ciliation of the adult structure during the initial
Velonrgation of the filaments after metamorphosis. Ciliated spurs are not present on the
‘ordinary filaments during post-metamorphic stages. Distinct tracts of latero-frontal or
'prd-]atcra] cilia were not observed as described for Placopecten magellanicus or
| ‘Chlamys varia adults (Owen and McCrae, 1976; Le Pennec er al., 1988). It is not
7 known whether thisr difference in the pattern of ciliation is due to the developmental
stage of the juveniles, or to differences between species.
The distal tips of the ordinary filaments in juveniles are not fused laterally and
~are connectéd by ciliary junctions arising out of the lateral ciliary tracts. Principal
, filaments are not present in the ctenidia during the developmental period examined in

this study.
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In summary, juvenile ctenidia are filibranchiate (the filaments being connected
by cilia), and homorhabdic (all the filaments being composed of one type) and non-
plicate. This is in direct contrast to the eulammellibranchiate, heterorhabdic and
plicate ctenidia (euleutherorhabdic) of adult scallops. This morphological state
reflects more primitive filibranch gill types seen in the bivalvia, exhibiting

paecdomorphosis as the ctenidia develops towards the eulammellibranchiate form.

Development of the peribuccal organs

Histogenesis of the labial palps from the apical plate after loss of the larval
velum in post-metamorphic scallops is similar to that observed in other lamellibranch
- genera (Yonge, 1926; Cole, 1938; Quayle, 1952; Creek, 1960; Allen, 1961; Ansell,
1962; King, 1986).

The peribuccal organs in adult scallops are highly developed structures
(Bernard, 1972; Beninger et al., 1990a, b; Motavkin, 1990). In contrast the peribuccal
organs of post-metamorphic P. yessoensis to 2000 pm shell height are relatively
simple and development mainly comprises of enlargement of the ciliated palps around
the mouth. The anatomy of the outer surface of the labial palps, which are not densely
cihiated appears similar to the smooth surface of the labial palps in adult scallops
(Beninger et al., 1990a).

The ultrastructure of the cells of the upper lip of P. yessoensis pediveligers
were described by Leask (1991), and were divided into three types; I) numerous

cuboidal epithelial cells with 10-30 cilia, II) cells with 100-200 cilia and nerve like
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processes at their base, and III) non-ciliated mucocytes. Beninger er al. (1990a, b),

described three types of epithelial cells in adult P. magellanicus and C. varia, ciliated
(numerous), non-ciliated, and mucocytes. Cells resembling the type II cell described
by Leask (1991) were not described in adult P. magellanicus or C. varia.
Observations of developing juveniles using light microscopy suggest that the epithelial
cells of the buccal organs persist after metamorphosis and remain similar to the adult
structures.

The distinct epithelial cells with tufts of elongated cilia observed on the smooth
outer surface of the palps in juvenile P. yessoensis appear to be identical to putative
sensory cells observed on the principal filaments of adult P. magellanicus (Beninger et
al., 1988). Beninger (1990a) described the smooth surface of the palps in adult P.
magellanicus and C. varia as displaying scattered clumps of cilia, however extensive
anatomical studies of the labial palps, lips and mouth of the scallop P. magellanicus
failed to identify any sensory cells on the labial palps or lips. This observation was
based on ultrastructural examination, scanning electron rr}icroscopy and Mann-
Dominici staining technique (Beninger er al., 1990a, b).

Morphologically distinct cells in the lower lip of mature larvae and the
developing palps of immediately post-metamorphic juveniles of P. yessoensis express
immunoreactivity to antibodies against the neurotransmitter dopamine beta-hydroxylase
(Leask, 1991). These cells bear cilia that appear denser and longer than those of

adjacent cells and nerve like bundles of processes were observed at their bases. Leask
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(1991) proposed that these cells are chemosensory neurons that monitor incoming
water conditions.

Little anatomical or neurophysiological detail of sensory structures is available
for the labial palps and the peribuccal organs of bivalves. Dwivedy (1973)
investigated electrophysiological properties of chemoreceptors on the labial palps of
the American oyster Crassostrea virginica. The validity of this study which did not
identify the receptor cells, has been questioned (Beninger, 1991). Recordings were
taken from the smooth surface of the palps, which were subjected to distilled water
rinses. The use of metal electrodes may have promoted artifact recordings. To date

this has been the only study of this type performed on the peribuccal organs of any

bivalve.

Development of the foot

The structure and anatomy of the foot in post-metamorphic juveniles scallops
has been described for P. yessoensis and Pecten maximus (Gruffydd et al., 1975;
Bower and Meyer, 1990). Observations made in this study confirm previous

descriptions and the ontogeny of the foot has only been described briefly.
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CHAPTER 4.0: ANALYSIS OF FILTER FEEDING BEHAVIOUR IN

JUVENILE PATINOPECTEN YESSOENSIS.

INTRODUCTION

Mechanisms of feeding in post-larval and early juvenile scallops are poorly
understood. Incomplete morphogenesis of the ctenidia and pallial structures make
comparisons with adult structures impossible (Beninger, 1991). Direct observations of
feeding behaviour are important in understanding the processes by which particle
capture occurs and by which feeding and particle selection is regulated.

Paedomorphic development has been reported for many species of bivalves
which utilize pedal deposit feeding as a transitional feeding phase in post-larvae
(Allen, 1961; Aabel, 1983; Reid et al., 1992; King, 1986 for review). Transitory pedal
feeding has been described for P. yessoensis post-larvae < 500 pm shell height
although the relative importance of this mode of feeding is not clearly understood
(Reid er al., 1992).

Anterior inhalant water currents produced by the juvenile foot have been
described for many juvenile bivalves examined including P. yessoensis (Caddy, 1969;
Aabel, 1983; King, 1986). Bayne (1971) described suspension feeding in post-larval
mussels Mytilus edulis during initial growth of the ctenidial filaments. Food particies
were drawn into the mantle cavity by currents produced by the pedal cilia and then

directed to the labial palps by ctenidial feeding currents. This has been referred to as
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interstitial suspension feeding by Lopez and Holopainen (1987) or interstitial pedal
feeding by Reid et al. (1992).

Previous authors have suggested that in juvénile bivalves, suspension feeding
via ctenidia did not occur until formation of marginal food grooves on the ventral

surface of the reflected inner demibranchs (Yonge, 1947; Allen, 1961). Orally

- directed ciliary currents have been described in juvenile Venus striatula and

Modiolaria laevigata in which reflection of the inner demibranchs had occurred and
marginal food grooves were not present (Ansell, 1962; Stasek, 1964). The ability of

juvenile P. yessoensis to remove particles from suspension increases dramatically when

~they attain a shell height of approximately 600 pm, suggesting the onset of suspension

feeding (Chapter 2). At this point, reflection of the 8-10 ordinary ctenidial filaments

- has not occurred and marginal food grooves are not present although ciliation of the

" filaments is well developed. The labial palps and the foot are well developed (Chapter

3).

The objectives of this study were to examine the manner in which suspended
particle capture occurred in post-metamorphic P. yessoensis at the onset of increased
filter feeding ability and to determine mechanisms regulating filtration.

Various hypotheses, based largely on indirect evidence, have attempted to
explain the physical mechanisms by which lamellibranch molluscs filter particulate
matter. These are generally based on the morphology of feeding structures or
observed particle clearance abilities. Two models (or paradigms) describing the

function of bivalve feeding structures, particle capture on the gills and transport to the
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oral regions, have been described in the recent literature. These are the mucociliary
and the hydrodynamic models (Jgrgensen, 1990 for review). The main difference
between these two models is the role of mucus in feeding. In the mucociliary model,
particle capture relies on the secretion of mucus for the capture and transport of
particles (Fankboner, 1971; Bernard, 1974; Owen and McCrae, 1976; Ansell, 1981; Le
Pennec et al., 1988 for examples). Lateral cilia maintéin a flow of water through the
mantle cavity. This water is filtered at the entrance to interfilamentary spaces by the
latero-frontal cilia which strain particles from the water and sweep them onto the
frontal surface of the filaments. The particles adhere to mucus secreted by gland cells
on the filaments. Mucus embedded particles are then carried by the frontal ciliary
tracts to the ventral or dorsal margins of the gills and then toward the peribuccal
organs.

The hydrodynamic model, as reviewed by Jgrgensen (1990), proposes that
particles are retained at the interfilamentary spaces and are concentrated and carried to
the mouth in suspension by water currents produced along the food grooves. Mucus is
secreted by the filaments under stress or conditions of high particle concentration to
cleanse the gill surface. Mucus is also secreted at the labial palps in the formation of
pseudofeces (particles rejected prior to ingestion).

Regardless of the mode of feeding utilized by lamellibranchs, bivalves are able
to regulate the quantity of food which is ingested and ingest or remove particles from
suspension selectively (Vahl, 1972; Foster-Smith, 1975a; Wilson, 1980; Kigrboe and

Mghlenberg, 1981; Newell and Jordan, 1983; Cucci er af., 1985; Shumway et al.,
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19835, 1990; Shumway and Cucci, 1987; Gallager, 1988; Ward and Targett, 1989;

Bricelj and Shumway, 1991; Lesser ef al., 1991; Iglesias et al., 1992; Stenton-Dozey
’and Brown,k 1992; Ward et al., 1992). Recent investigations by Shumway et al. (in
prep, pers. comm.) indicate that juvenile scallops selectively remove some species of
j)hytoplankton when presénted with mixed assemblages. Direct evidence does not
' V'exi'st to indicate a controlling mechanism at any one organ, but indirect evidence
- -suggests that one may be present at several locations in the feeding pathway.

The mantle edge may be capable of some particle screening. Guard tentacles

-on ;he ri'nnermost fold of the mantle margin in oysters and scallops may perform a

sCfeening' fhnction in medium to high particle concentrations (Nelson, 1938; Palmer

and Williams, 1980). The mantle may also regulate feeding by altering the size and

', éoéiﬁbn of inhalant and exhalant openings (Beninger and Le Pennec, 1991).
Previously, the bivalve gill was believed to be the primary site of particle

selection which was based on the mechanical sieving properties of the lateral and

7 latero-frontal cilia (Dral, 1967). The lack of eurolateral and latero-frontal cilia in

pectinids is believed to be responsible for a decreased ability to sieve particles < 5 - 7

pm'(Vahi, 1972; Mghlenberg and Riisgird, 1978; Palmer and Williams, 1980;

Cranford and Grant, 1990; Lesser et al., 1991). Regulation of feeding could possibly

occur from changes in the speed of the ciliary beat; the cilia may beat at a steady rate,

faster, slower or stop suddenly (Aiello, 1990). Changes in the plicate structure of the
gill filaments have been noted at high particle concentrations and this may affect

particle selection (Owen and McCrae, 1976; Beninger, 1991; Beninger ef al., 1992).
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Classically, the labial palps have been considered to be the structures
responsible for particle sorting prior to ingestion (Nelson, 1938; Kigrboe and
Mghlenberg, 1981; Newell and Jordan, 1983; Shumway et al., 1985). This hypothesis
has been debated because of the inability of the palps to separate particles embedded
in mucus (mucociliary model) and because in the hydrodynamic model particles are
transferred directly to the mouth in suspension (Beninger et al., 1990a; Jgrgensen,
1990; Beninger and Le Pennec, 1991). Beninger (1991) concluded that the palps are
capable of accepting or rejecting only groups of mucohs-bound particles and not
selecting individual particles for ingestion or rejection. During rejection, the mucous
string is diverted from the mouth and the mucous bound particles are expelled
(pseudofeces). The lips are generally believed to be responsible for retaining strings
of mucus directed towards the mouth (Beninger et al.,7199()).

Little attention has been given to the role of the mouth or oesophagus in
regulating feeding. Visual observations of tethered hard clam larvae (Mercenaria
mercenaria) using high speed video microscopy have shown that particle reject';on
may occur in the oesophagus by a characteristic sudden flexion of the oesophagus
which expels particles from the mouth (Gallagher, 1988; C. Langdon, pers comm.). It
is not known if a similar behaviour occurs in adult bivaives.

Previous investigations of particle capture and transport have been made on
isolated gill filaments, gill fragments and intact gills of specimens with severed
adductor muscles (Jgrgensen, 1982). Attempts to observe feeding in undisturbed

bivalves have included the use of windows in the valves, removal of the anterior
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portion of the upper valve and more recently the use of video endoscopy (Bernard,
1974; Foster-Smith, 1975b; Beninger et al., 1992). Difficulties in observing feeding
may be partially overcome in early juvenile bivalves in which the prodissoconch
(larval) and early dissoconch (juvenile) shells are semi-transparent allowing
observations of normal functioning of the pallial organs (Dral, 1967; Bayne, 1971).

Analysis of normal feeding behaviour, including particle interception and

ciliary function of tethered bivalve larvae, have been conducted using video

microscopy (Gallager, 1988). In the present study this technique was applied to
tethered P; yessoensis juveniles to analyze the activity of the pallial organs and

particle movement within the mantle cavity through the dissoconch shell.

MATERIALS AND METHODS

Tethering and maintenance of juvenile scallops

All experiments were conducted at the Oregon State University, Hatfield

Marine Science Center (HMSC), Newport Oregon.' Juvenile scallops were obtained

from Island Scallops Ltd., Qualicum B.C. and shipped to Newport in chilled seawater.

At HMSC juvenile scallops were maintained on Nitex screens in flowing, sand-filtered

seawater at 15°C.
Post-metamorphic scallops were tethered to coverglasses by pipetting several at

a ume onto a very thin film of fast setting epoxy glue (DEVCON 5-Minute Epoxy,
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Devcon Corp. Wood Dale 1. 60191 USA) and then drawing off the seawater with an

absorbent paper. When the epoxy had set (approximately 4-5 min), the coverglass was
immersed in the flow-through chamber, and the specimens given time to recover from
any toxic shock of the epoxy. After adhesion to the coverslips, a small percentage of
juveniles were oriented such that the mantle activity could be readily observed.
Normal behaviour was considered to be present when opening of the valves, ciliary
activity of the gills, and no retraction of the mantle tissues was observed. Post-
metamorphic scallops to approximately 700 pm shell height were used. After this

size, thickening of the dissoconch shell decreased the transparency of the shell.

Observations of feeding behaviour

Feeding behaviour was observed by tethering specimens in glass flow-through
chambers which could be mounted on a microscope stage. Design of this chamber
was similar to the type b Perspex cuvette used by Dral (1967). A peristaltic pump
with two pump heads working in opposing directions pumped seawater into one end of
the chamber and equally out at the other end (Fig. 16). Sleeves were built for the
microscope objective lenses from laboratory tubing with round cover glasses over the
optics. This enabled immersion of the objective lenses in the flow-through chamber.
Filtered seawater containing phytoplankton or artificial particles was pumped through
the chambers at 2 - 4 ml-min™ from reservoirs maintained at a constant temperature of
15°C. Further temperature control was achieved by conducting experiments in an air-

conditioned room maintained at 15 - 17°C.

-79-



A black and white video camera attached to the microscope recorded
 observations of feeding behaviour. An electronic time code generator was used to
' ‘inset a time code display (hrs:min:sec:30"sec) into each frame to provide a time

: referencé. Individual particle pathways within the mantle caQity were traced by

analyzing video footage in 30" second intervals.

- Materials used in feeding observations
SeaQater solutions containing both natural (phytoplankton) and artificial

pa;'ticles were used for observations. The following species of phytoplankton were
"u'scd: Caribbean Isochrysis sp. (CCMP463), Thalassiosira pseudonana (CCMP1015),
o Thalassiosira rotula Meunier (CCMP1018), and Prorocentrum micans Ehr

| (CCMP691). Artificial particles used included tripalmatin lipid beads, ethylcellulose

‘ béa'ds (C. Langdon in prep). Polystyrene spheres (Analychem Corp. Ltd. 721 Victoria
Park Ave. Unit 16, Markham Ontario L3R 2Z8) of various sizes and colloidal graphite

(Aguadag) were also used.
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Figure 16. Schematic diagram of glass flow-through chamber used to observe feeding
behaviour in juvenile P. yessoensis. cs, coverslip; in, inlet; j, juvenile scallop; ms,
microscope stage; ol, micfoscope objective lens; ou, outlet; sl, objective lens sleeve;

Sw, seawater.
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RESULTS

Focusing through the semi-transparent dissoconch shell allowed for observation

of ciliary beating, movements of the filaments and labial palps, and the speed and

paths of particles within the mantle cavity. Tethered juvenile scallops resumed normal
feeding behaviours in the flowing seawater chambcrs, including extension of the

- mantle, ctenidié and foot and normal gaping of the shell. Scallops fixed to the
~ coverslips by the right or left shell exhibited similar behaviour. Quantification of the
ﬁumber of i)articlcé accepted or rejected at each‘ pbint of the feeding pathway over the
entire mantle cavity was not possible because of limitations of depth of field with the
microscope optics -and resolution through various parts of the dissoconch shell. It was
possible to trace individual particles through the mantle cavity to determine function

and fluid flow patterns within the mantle cavity.

‘Tethered juveniles exhibited regular periodic rapid shell closure (clapping),
_preceded by ciliary arrest (simultaneous cessation of the cilia) which resumed as the
‘valves opened. External disturbances, eg vibration of apparatus, also produced valve

clapping.

o The mantle curtains on each valve of juveniles meet along the posterior ventral
edge and openings are present along the anterio-ventral and posterio-dorsal edges.
These are the inhalant and exhalant openings respectively. The mantle curtains also
separate at‘the byssﬂ notch. Primary currents within the mantle cavity are created by
the lateral and frontal cilia of the ordinary filaments. The lateral cilia beat in distinct

metachronal waves moving from the base of the filaments to the distal end along the
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dorsal (oral) side of the filament and from the tip to the base along the ventral (aboral)
side of the filaments. Distinct metachronal waves could not be ascertained in the
bands of frontal cilia.

Particles are drawn into the mantle cavity along the anterior ventral margin of
the mantle into the infrabranchial chamber. Frontal cilia draw water along the length
of the filaments towards the gill axis. The lateral cilia create strong currents which
draw water through the interfilamentary space into the infrabranchial cavity. The net
result is a flow of water and suspended particulates into the mantle cavity posterio-
dorsally across the gill filaments which are then drawn through the interfilamentary
spaces (Figs. 17, 18a).

Particles in suspension only come into direct contact with cilia as they move
across the frontal and interfilamentary surfaces of the fi!'xmcnfs. Once within the
suprabranchial cavity, particles shift direction and flow dorsally in free suspension.
Particles which enter the suprabranchial cavity near the tips of the filaments move
posterio-dorsally towards the base of the gill axis. Particles which enter the
suprabranchial cavity nearer the base of the filaments immediately change direction
90° and flow parallel to the gill axis dorsally.

At the base of the ctenidia, particles were observed to flow around the base of
the foot and then move either anteriorly towards the labial palps, or flow dorsally
between the gill axes to be rapidly rejected from the mantle cavity. Particles which
were directed anteriorly moved in more random paths, the result of coming in contact

with ciliated mantle surfaces. Generally particles moved between the fused filaments
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Figure 17. Typical particle movement through inner demibranch filaments of juvenile

P. yessoensis prior to being directed orally. Series of video frames following of a

clump of three Thalassiosira pseudonana cells. View is of right inner demibranch

filament viewed through right (bottom) valve. Orientation is anterior to left ventral to

top. ac, algal cells; ga, gill axis; gf, gill filaments. Time codes are seconds:30's,

scale bar = 100 pm

a)

b)

d)

Algal cells enter infrabranchial cavity and move across frontal surface of

filaments posterio-dorsally.

Cells move across to frontal surface of next filament. Time elapsed 0.1 s.

Small arrows indicate path from previous frame

Algal cells caught in interfilamentary space by lateral cilia.

Time elapsed 0.7 s.

Algal cells deflected by frontal cilia and move posteriorly back across filament

and through interfilamentary space. Time elapsed 1.03 s

Algal cells in suprabranchial cavity move dorsally in suspension.

Time elapsed 1.23 s.

Algal cells moving dorsally towards base of foot in suprabranchial cavity.

Time elapsed 1.4 s.
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Figure 18. Patterns of feeding in juvenile P yessoensis.

a) SEM of juvenile approximately 600 pm shell height, left valve, mantle and
demibranch removed (Fig. 10c). Arrows indicate directions of fluid and particle flow
through mantle cavity. 1) Inflow into mantle cavity across anterio-ventral margin, and
posterio- dorsal flow across frontal surface of filaments. 2) Dorsally directed flow
within demibranchs. 3) Flow around base of foot, directed orally by fused filaments
to labial palps. Recirculation in peribuccal region. 4) Suprabranchial posterio-dorsal
rejection stream from mantle cavity. 5) Weak anteriorly directed stream and

pseudoseces path through byssal notch along mantle ciliary tract.

b) Video frame of peribuccal region of tethered juvenile showing algal cell (C-ISO)
prior to being directly ingested. View is through right (bottom) valve, orientation is
anterior to top, ventral to right. ac, algal cell; gf, gill filaments; p, labial palps.
Scale bar = 50 pm.

¢) Video frame of peribuccal region of tethered juvenile actively producing
pseudofeces (C-ISO) . View is through left (upper) valve; orientation is anterior to
left, dorsal to top. Small arrows indicate path taken by algal cells from labial palps

along foot and through byssal notch. f, foot; pf, pseudofeces. Scale bar = 100 pm.

~d) Video frame cf colloidal graphite particles on gill filaments of tethered juvenile
and mucus strings being produced on the frontal surface of the demibranch. View is
through left (upper) valve, orientation is anterior to boitom, dorsal to left. cg,

colloidal graphite; ms, mucus string. Scale bar = 100 pm.
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and were directed to or past the inner surfaces of the labial palps. The palps wére
observed to be highly mobile and flexed continually.

As particles came into contact with the rapidly beating cilia of the inner
surfaces of the palps, they were observed to:

1) be swept into the oesophagus by cilia of the inner palp surface and ingested directly
(Fig. 18b);

2) be immediately deflected back into the mantle cavity by the cilia;

3) enter the labial palps and be ejected from the palps by flexion of the palps (Fig.
19).

Particles which were returned to the mantle cavity drifted around in the region
bounded by the foot, the gill axis and the visceral epidermis between the fused
filaments. Random and immediate changes in particle direction indicated occasional
ciliary contact, although particles were observed to be still free in suspension and not
embedded in mucus. Particles in suspension in this region generally were directed in a
counter clockwise rotation until they contacted the palps again or exited the mantle
cavity through the strong posterio-dorsal current or from a weaker anteriorly directed
stream (Fig. 17a). Particles that were free in suspension and which contacted the
labial palps were also observed to be rejected in the form of pseudofeces in some
specimens (Fig. 17c). Pseudofeces emerged from the palp region as clumps of
phytoplankton bound in mucus which moved anterio-ventrally down the length of the
foot and ciliary tracts of the mantle surface to be deposited outside the byssal notch

(Fig. 17c). The speed which pseudofeces clumps were moved was much slower than
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Figure 19. Particle rejection by labial palps in juvenile P. yessoensis. Series of video

frames of peribuccal region of tethered juvenile showing ethylcellulose bead within

demibranchs being directed orally to labial palps and rejected from palps by palp

flexion. View is through left (upper) valve, orientation is dorsal to left, anterior to

" bottom. b, ethylcellulose bead; gf, gill filaments; p labial palps. Scale bar = 50 pm.

a)

b)

Bead in suspension moving dorsally about to pass behind first ordinary gill

filament (curved filament).

Bead at mantle wall between fused filaments being deflected anteriorly towards

labial palps. Time elapsed 1.13 s.

‘Bead entering labial palps. Time elapsed 1.7 s.

Bead within palps in contact with cilia of inner palp surface.

Time elapsed 2.87 s.

Bead being ejected from palps by flexing of palps. Time elapsed 4.33 s.

Ejected bead moving away from palps. Time elapsed 5.57 s.
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suspended particles and followed a specific route suggesting that they were moved
directly by the cilia and not in loose suspension. During active pseudofeces
production, suspended particles within the oral region were also observed to exit the
mantle cavity via the posterio-dorsal exhalant stream.

Particles with diameters greater than the interfilamentary width which were
_drawn into the mantle cavity did not pass into the suprabranchial chamber. These

included the diatom Thalassiosira rotula, (~25 x 20 pm, chains), the large
dinoflagellate Prorocentrum micans (~40 x 20 pm) and artificial particles (ethyl
rcellulose or tripalmitan beads). In each case, these particles were moved across the

, ,frohtal cilia of the filaments, but were unable to be drawn through the interfilamentary
spaces. These particles were kept moving by the frontal cilia and eventually arrived at
| _the basé of the ctenidia where they circulated in the infrabranchial chamber until they
Wére rejected. Rejection usually occurred by means of periodic valve clapping of the
juvenile scallop which expelled all free contents of the mantle cavity.

The upper size limit of objects that passed through the ordinary filaments was
approximatgly 20 pm. Particles between 15 - 20 pm passed through the filaments
w1th difficulty and were observed to be caught in interfilamentary spaces at various
pointS across the gill before passing into the suprabranchial cavity (Fig. 20). Short
chains of diatoms longer than the interfilamentary distances moved across the frontal
- “surfaces of the filaments randomly until they were rejected or were oriented parallel to

the filaments and were able to be drawn through the filaments.
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Figure 20. Particle movement of objects too large for passage through

interfilamentary spaces of P. yessoensis juveniles. Series of video frames showing

ethylcellulose bead 15 pin in diameter moving acoss frontal surface of gill filaments.

View is through right (bottom) valve of tethered juvenile. Orientation is anterior to

top, dorsal to left.

a)

b)

d)

Bead drawn into mantle cavity caught in interfilamentary space in contact with
lateral cilia. a, adductor muscle; b, ethylcellulose bead; f, foot; gf, gill

filaments; p, labial palps. Scale bar = 100 pm.

Bead breaks away and is moved posterio-dorsally across frontal surface of
demibranchs. Small arrows indicate particle path from previous frame.

Time elapsed 1.77 s.

Bead at base of gill filaments moves dorsally across frontal surface of gill axis.

Time elapsed 2.09 s.

Bead at dorsal base of demibranch and gill axis in contact with cilia circulates
randomly prior to moving ventrally across frontal surface of filaments and

becomes caught in interfilamentary space. Time elapsed 47.93 s.

Bead moves through interfilamentary space into suprabranchial cavity and into
posterior directed exhalant stream ventral to the adductor muscle. Arrow
indicates position of bead below gill axis of right demibranch.

Time elapsed 48.2 s.

Bead in exhalant stream prior to exiting mantle cavity. Time elapsed 48.4 s.
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The response of the juvenile scallop filtering apparatus to colloidal graphite in
solution was distinctly different to that of other particle types. Colloidal graphite
particles which contacted the frontal cilia after being drawn into the mantle cavity
became ensnared on the frontal surfaces of the filaments and mucus production on the
filaments was observed immediately (Fig. 17d). As more colloidal graphite was drawn
into the mantle cavity, the frontal surfaces of the filaments became increasingly fouled
with mucus and colloidal graphite. Colloidal graphite which did not contact the
frontal cilia passed directly in suspension into the infrabranchial cavity and moved
orally. Particles which became bound in mucus were not moved in a distinct
acceptance or rejection tract. Some mucus clumps were observed to break off and
were ejected from the mantle via valve clapping or were randomly moved dorsally

across the frontal surface of the filaments.

DISCUSSION

Juvenile P. yessoensis can remove particles from suspension prior to the
development of the outer demibranchs, the reflection of ordinary filaments or the
presence of marginal food grooves. The lateral cilia of juvenile scallops beat in
distinct metachronal waves. This results in constant water currents through the
interfilamentary spaces produced by the oscillatory movements of the enveloping
surface of the ciliary band (Jgrgensen, 1982). Juvenile scallops showed extreme
sensitivity in ciliary control and were capable of undergoing immediate ciliary arrest in

response to external disturbanc_s as was observed in the latero-frontal cilia of juvenile
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Mytilus edulis (Dral, 1967). Natural and artificial particles entering the mantle cavity
moved through the interfilamentary spaces into the suprabranchial cavity via the
through currents and were not retained on the ordinary filaments. Particles arrived at
the labial palps free in suspension where they were ingested or rejected. Particles
were not observed to be passed dorsally in a dorsal ciliated tract as described by Reid
et al. (1992). This mode of feeding is similar to that described by Bayne (1971) for
post-metamorphic Myfilus edulis except that the primary feeding currents were created
by the lateral cilia of the ordinary filaments and not by the cilia of the foot. Orally
directed ciliary currents produced by the foot may occur during pedal feeding in post-
metamorphic P. yessoensis. In tethered individuals, the foot was also able to aid in
rejection of pseudofeces carried in ciliated tracts.

Mucus did not play an active role during normal particle capture. Observations
with colloidal graphite indicated that the ordinary filaments were capable of producing
mucus in response to particles that were caught on the frontal surfaces of the
filaments. Since this was only observed with the graphite particles, it is believed that
this was an unnatural response to a foreign substance. Particles rejected from the palp
region embedded in mucus as pseudofeces suggested that mucus is produced normally
by the labial palps and oesophagus. This may occur only during active production of
pseudofeces. Phytoplankton and artificial particles were rejected from the surface of
the palps (by cilia of the inner palp surface) and from the mouth-oesophagus (by palp

flexion) as free suspended particles.
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Ordinary filaments in early juvenile P. yessoensis differ from juvenile mussels
in that they do not possess latero-frontal cilia, yet they are capable of clearing and
ingesting particles less than 7 pm diameter (Chapter 2). Seven micrometers is
believed to be the critical size limit for particle retention in adult pectinids lacking
laterofrontal cilia (Mghlenberg and Riisgard, 1978). Based on hydrodynamic
principles, it has been proposed that the function of the laterofrontal cilia in bivalve
gills is not particle retention (seiving), but they act in conjunction with the frontal cilia
to produce water currents along the surface of the gill filaments (Jgrgensen, 1981). In
this theory, particle retention occurs via velocity gradients and larger forms of
laterofrontal cilia will result in greater efficiency of particles being retained by the
frontal cilia. Post-metamorphic scallop gill structures were not observed to retain
particles on the frontal surface of the gills. This suggests that critical minimum size
limits for particle retention are independent of the presence or absence of the
laterofrontal cilia on the gills in early juvenile scallops. The absence of shear forces
created by laterofrontal cilia result in particles being passed through the
unterfilimentary spaces without being deflected towards frontal tracts. In isolated gill
filaments of Mytilus edulis, in which the laterofrontal cilia had been arrested with
serotonin, particles were observed to disappear between the filaments to be carried
away with the interfilamentary currents (Jgrgensen, 1982). The tendency to pass
through the interfilamentary spaces without being affected by lateral cilia increased

with decreasing particle size. In his study, Jgrgensen (1982) noted that when the
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laterofrontal cilia were inactive, currents produced by the recovery phase of the lateral
metachronal wave extended as much as 50 pm above the frontal surface of the gill.
The potential for regulating feeding and size selective clearance during this

mode of feeding appears to exist at several levels within the juveniles. This is
accomplished either by directing fluid flow within the mantle cavity or acting directly
_on individual particles. As observed in adult bivalves, the mantle currents may be
affected by altering the size of the exhalant or exhalant openings. When the valves
Vare held further apart, separation of the gill axes ié increased thereby enlarging the
posteriorly directed exhalant (rejection) stream and causing more particles to exit the
mantle cavity before being directed towards the palps. Conversely valve closure
would direct more particles orally.

| The Vf,oot 1s the largest and most mobile organ in the early juvenile scallop and
rmayr also play an important role in altering flow patterns within the mantle cavity. It
arises directly between the inner demibranchs and extends across the labial palps. The
| propodium was often observed being inserted into the labial palps effectively
| - inhibiting ingesﬁon. By being retracted into the mantle cavity anteriorly of the palps,
the Jfoot, may cause more particles to be recirculated back towards the palps. When the
fabl is extended anteriorly from the mantle cavity, inhalant ciliary currents direct
seawater into the mantle cavity (Reid er al., 1992). In addition to this function,
reversal of the ciliary current by the foot assists in rejection of particles and
pseudofeces from the mantle cavity. Bower and Meyer (1990) postulated that the foot

may aid in feeding by transferring food particles caught on the gills to the mouth.




This does not appear to be a normal feeding behaviour. The foot was occasionally
observed to sweep across or probe the demibranchs and it may serve to perform a
cleaning function.

The width of the interfilamentary space limits the size of particles which enter
the orally directed infrabranchial stream. The interfilamentary widths remained
constant between 20 - 25 pm. Variations in the width in response to different particle
concentrations were not observed as described for juvenile Mytilus edulis (Dral, 1967).
In M. edulis it is believed that the oscillating currents of the lateral cilia block the
interfilimentary passageway to about the level of the ciliary tips during the effective
stroke, leaving 10 - 15 pm for the through current (J¢rgensen, 1982). In P.
yessoensis, 15 - 20 pm particles appeared to be at the upper limit for through particle
passage. This is approximately equal to the diameter of the oesophagus.ﬂ Therefore
the filaments reduce passage of particles to those which are capable of beingringested.

The labial palps are the final and most active of the feeding organs which may
exert control over ingestion. Particles may be ingested directly, deflected from the
inner surface of the palps or rejected from the mouth/oesophagus via pélp flexion.
This suggests that the palps may perform a direct or indirect sorting function
controlling particle ingestion. Interception of particles arriving free in suspension at
the palp cilia may be affected by size, shape, specific gravity or electrostatic surface
charge of the particle (Rubenstein and Koehl, 1977; Jprgensen, 1983a; Gallager, 1988;

Gallager et al., 1988; Solow and Gallager, 1990). The presence of spines may also
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affect particle capture as copepods have been observed to treat spined diatoms as if
they were larger particles (Gifford er al., 1981).
M. mercenaria veligers increase rejection of phytoplankton cells from the

| ~oesophagus when gut satiation is achieved (Gallager, 1988). Post-metamorphic
scallops retain many of the characteristics of the larval alimentary system and this is a
-plausible explanation for direct rejection. Rejection or acceptance based on
biochemical properties of the captured particle, as discussed by Gallagher (1988),
| rrequires fhe presence of biochemical receptors within the peribuccal organs. These
~ have not been found by histological methods in adult or large juvenile pectinids
(Beninger et al., 1990a, b, 1991; Beninger, 1991). Leask (1991), using
immunoqhemical staining techniques, detected possible biochemical sensory cells in
' 7‘ ,thcé lip of mature P. yessoensis larvae. The role of these cells in feeding is not known

k:(;rr 1f these persist in the oesophagus after metamorphosis. Further investigation is
:jréquired to quantify particle selection or rejection at the palps and to determine
"whether selection is actively controlled by the juvenile or if it is the result of indirect
forces.

" The hydrodynamic and mucociliary suspension feeding models both describe
capfured particles being moved in frontal tracts of the gill filaments. As this was not
kobsérved to occur in post-metamorphic scallops, the observed mode of feeding
behaviour represents a unique hydrodynamic mode of suspension feeding which serves
to bridge pedal feeding immediately a’fter'mefamorphosis with development of more

efficient adult feeding structures. Recent observations of near-natural suspension
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feeding in adult Placopecten magellanicus indicate particles are retained at the gill and
moved dorsally along the frontal surfaces of the principal filaments. Particles in a
mucus slurry are then transported hydrodynamically in dorsal ciliated tracts to the
palps (Ward et al., 1991; Beninger et al., 1992). Visual observations through the
dissoconch of early juvenile P. yessoensis are limited in specimens greater than 700
pm shell height and it is unknown at what point during development particle retention
and transport on the frontal surfaces of the filaments occurs. Presumably this may not
be until development of the outer demibranchs is completed and/or the morphogenesis

of principal filaments and the plicate structure of the adult gill is achieved.
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CHAPTER 5. CONCLUSIONS

Post-metamorphic Patinopecten yessoensis exhibited low particle clearance
rates for all species of phytoplankton tested through shell heights to approximately 400
‘pm. At shell heights of approximately 600 pm, particle clearance rates increased
dramatically indicating initiation of efficient filter feeding ability. The ability of
juvenile scallops to capture small particle sizes differed from adult scallops which are
inefficient at capturing particles less than 7 pm in diameter. Juvenile scallops were
capable of ingesting artificial particles between 2 pm and 9 pm in diameter, and
cleared the small diatom Chaetoceros calcitrans from suspension. Particles 23 pm in
diameter and larger were not ingested by juveniles. Particle clearance rates increased
“slightly in juveniles 600 - 1000 pm shell height and logarithmically from a size of
1000 to 2000 pm shell height. Rates of clearance typically increased from densities of
10,000 phytoplankton cells-mL" to maxima between 30 and 40,000 cells-mL" for all
juvgnjle sizes examined.

Post-metamorphic growth of P. yessoensis juveniles is marked by the overall
gro@th of the dfssoconch shell and the morphogenesis of simple gill structures from
larval primordia. Initial ctenidial growth is in number and length of the descending
lamellae of ordinary filaments. Ciliation patterns of the filaments are achieved during
initial development, with the filaments possessing only lateral and frontal tracts of

cilia. Lateral ciliary junctions connect the distal ends of the descending lamellae.
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During this period the labial palps enlarge and extend into the mantle cavity as
extensions of the larval mouth apparatus. The labial palps form a ciliated hood around
the mouth embracing the foot and in close association with the first gill filaments. It
is during this period that the highly mobile foot reaches its greatest allometric size.

The ordinary filaments achieve their maximum length prior to reflection when
juveniles are approximately 600 pm shell height when there are 8-9 filaments on each
inner demibranch. Simultaneously the opposing filaments of each inner demibranch
mesh via junctional cilia on the frontal surface of the distal ends to separate the
branchial cavities. Observations of fluid flow and particle capture within the mantle
cavity indicate that at this stage the metachronal béating of the lateral cilia produce a
coordinated flow of water within the mantle cavity. Suspended particles drawn into
the mantle cavity pass through the interfilamentary spaces and are directed orally
where they are ingested by interception with the mobile labial palps or rejected from
the mantle cavity. Behavioural and morphological observations indicate that the width
of the interfilamentary spaces restricts juveniles from capturing particles less than 15 -
20 pm in diameter.

Continued growth and development of the gill structures involves increases in
the size and complexity of the demibranchs and the labial palps. The reflection of the
ascending lamellae of the inner demibranchs effectively increases the surface area of
the inner demibranchs. Formation of the outer demibranchs occurs when juveniles are
approximately 1000 - 1200 pm shell height when there are 20 - 25 filaments on each

inner demibranch. This results in further increases in the surface area of the
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demibranchs, increasing particle clearance abilities. By 2000 pm shell height, P.

yessoensis juveniles possess more than 35 - 40 fully reflected ordinary filaments on
each inner and outer demibranch. Altkough the ordinary filaments resemble the
ordinary filaments of adult scallops, principal filaments are not present and the
juvenile ctenidia remain distinctly different from adult structures. The juvenile gill is
- filibranchiate (the filaments being connected by cilia), and homorhabdic (all the
i ﬁlaments being composed of one type) and non-plicate.
When juveniles are approximately 600 pm shell height stage (8 - 9 pairs of
inner demibranch filaments) which is approximately 3 - 4 weeks post-settlement it is a
critical point in post-metamorphic growth, and a period of high mortality in nursery
rearing (O Foighil er al. 1990). This point of initial coordination of the filaments and
| functioning of the feeding organs was associated with the sudden increase or initiation
of particle clearance ability. O Foighil ef al., (1990) noted that growth rates
increased for P. yessoensis juveniles after 3 - 4 weeks in nursery culture. Similar
‘results were obtained for the rock scallop Crassadoma gigantea in nursery culture
(Whyte et al., 1992).
. Post-metamorphic rock scallops showed a 58.3% decline in total energy during
| the first 25 days of post-metamorphic development (Whyte ef al., 1992). Similar
results have been noted for P. yessoensis (Whyte, unpublished data, pers comm 1993).
Whyte et al. (1992) concluded that; "energy reduction from unchecked shell formation
during post-metamorphic growth of an early juvenile with insufficient energy

remaining after metamorphosis would lead quickly to total energy exhaustion and
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death”. Observations made during this investigation concur with the energy decline

noted by Whyte er al. (1992), suggesting that increased mortality during early post-
metamorphic growth is the result of juvenile scallops being unable to acquire sufficient
energy to overcome the metabolic demands of early growth,

Survival through this critical phase requires that energy reserves sequestered
during larval growth are sufficient to support post-metamorphic growth until functional
feeding structures develop. Increased lipid levels have been suggested as an index of
bivalve larval viability (Gallager et al., 1986). Lipid levels have been noted to
increase dramatically in the third and fourth weeks of pelagic larval life of
Placopecten magellanicus, C. gigantea and P. yessoensis (Manning, 1986; Whyte et
al. 1987, 1992). Further research into methods to increase energy levels prior to
metamorphosis is required to enable survival through the first month of post-
metamorphic growth during ctenidial development. |

The decline in posi-metamorphic energy content is shorter in oysters in
which development of feeding apparatus is faster than scallops. Ostrea edulis
juveniles show a decrease in energy during the first four days after metamorphosis
(Holland and Spencer, 1973). It is believed that oyster gill structures become effective
at a much earlier stage than scallops (Yonge, 1926; Hickman and Gruffydd, 1971).
Presumably this is necessary in the absence of a well developed juvenile foot which
may engage in pedal feeding.

Trophic routes of energy acquisition other than the capture of suspeﬁded

particles may also be important during the early post-metamorphic development of
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scallops; these are pedal feeding and the uptake of dissolved organic matter (DOM).
Pedal feeding is important in juvenile clams (King, 1986; Reid ef al., 1992). The

‘juvenile scallop foot reaches its greatest allometric size immediately post-

o fnétamorphosis and pedal feeding behaviour has been observed in P. yessoensis

~ juveniles by Reid et al. (1992). Juvenile scallops show a preference for substrates
wiiﬁ epifaﬁna] growth (O Foighil et al., 1990). At present the importance of pedal
feeding in energy acquisition is poorly understood. Qualification of optimal substrates,
, 76r quantification of feeding on these substrates has nbt been investigated.
Bivalve tissues are capable of the uptake of DOM and these may be
| nutritionally significant (Wright, 1982; Jgrgensen, 1983b). Uptake of free dissolved
amino acids by the lecitrophic larvae of the abalone Haliotis rufescens have been
estimated to account for 39 - 70% of the metabolic energy demand during
’ ée;clopment (Jaeckle émd Manahan, 1989). Autoradiégraphic studies have detected
i  th'e uptake of [3H] glycine in the developing gill filaments of post-metamorphic oysters
C'rassostrea gigas and the scallop Pecten maximus (Manahan and Crisp, 1983).

| The éontribution of pedal feeding and DOM’during post-metamorphic growth
“rema‘ins ,L‘mknown although during this critical period, a]i possible contributions to the
 total energy requirements of the juvenile may be important in determining its success.
Increasing survival "of post-metamorphic scallops in commercial nursery culture will
require that energy reserves accqmulated during larval growth are maximized to carry
post-metamorphic ‘deve]o‘pment through'initia] ctenidial development. Phytoplankton

diets of high nutritional content must be made available to early juveniles in order that
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maximum benefit may be achieved from the low numbers of cells captured by the

developing ctenidia. Further research may determine means to supplement energy

uptake through pedal feeding or dissolved organic materials.
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