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ABSTRACT

Most bivalve molluscs are broadcast spawners, but several have evolved
mechanisms for brooding the embryos and larvae. I1 the research described in this thesis,
the Chilean oyster Ostrea chilensis is used as a model to allow us to understand more
fully the eficiency of the brooding process and the role of this mode of reproduction as an
adaptation 1o an estuarine environment. The reproductive biology of the adults, the
brooding mechanism, and the physiology, behaviour, energetics and morphology of the
brooded larvae were studied in oysters from the Quempillén estuary in southern Chile.

In the Chilean oyster, reproduction occurs once per year, during spring and early
summer. During the three years of the study, approximately 40% of the potential females
in the population exhibited brooding behaviour. The brooding period was approximately
seven to cight weeks, during which larvac lived in the infrabranchial chamber of the
female, and grew until they reached approximately 500 um shell length, after which they
were released. Brooded embryos and larvae utilise protein and lipid as the principal energy
sources.

In vivo endoscopic observations showed that larvae were concentrated primarily in
the mouth-palps region of the female, where they were constantly manipulated and kept in
motion by the palps. However, larvae were also seen distributed along the gills, but with
no physical connection to the gills. Larvae showed a clear circulation pattemn in the mantle
cavity, being transported from the palp region to the posterior region of the gills by the
water current produced by the female, then returning to the oral region via the ventral and
dorsal ciliated food grooves of the female.

Larvae were observed to ingest exogenous particles, establishing that they are not
obligatory lecithotrophs. Food ingestion began when larvae developed the ciliated velum
at approximately 290-300 pum shell length. Observations with the scanning electron
microscope revealed that the distribution of ciliary bands on the velum of the Chilean
oyster larva is adapted to the unusual environmental conditions associated with brooding.
The absence of cilia during all the embryonic stages and the early stages of the veliger, the
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absence of the apical tf, and the apparent absence of the postoral cilia (POC)
characteristic of pelagic veligers, demonstrate this adaptation

The brooding process had a considerable impact on some aspects of the physiology
of the female, especially the filtration rate (FR), which greatly decreased in brooding
oysters. Brooding females partially compensated by increasing absorption efficiency (AE)
in comparison to non brooders. The scope for growth was much lower in brooding oysters
than in non brooders, largely as a result of the reduced FR of the brooders. After larvae
were liberated, the FR of the female increased, reaching values close to those that could be
considered ‘normal FR' in Chilean oysters.

The brooding mechanism provides in the mantle cavity a protective envircnment in
which larvae can develop until they reach a very advanced pediveliger stage before release.
Brooding appears in this species to be an adaptation for producing and retaining offspring
in the estuarine environment in which Chilean oyster populations occur. Whercas brooding
female oysters undergo weight loss, deplete their biochemical reserves, and cxperience a
negative scope for growth during the brooding period, their larvae are liberated at an
advanced developmental stage, have a very short pelagic period, and settle immediately
after release, implying that mortality is much less than in pelagic larvae.
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L INTRODUCTION
LL. GENERAL

The genus Ostrea is a taxon with a wide geographical distribution but limited to cool
temperate seas (Harry, 1985). Very few species in this genus have as restricted a geographical
distribution as Ostrea chilensis on the Chilean coast. The oldest record shows that O. chilensis
was once distributed along the American Pacific coast between Ecuador and the southem part
of Chile (Solis and Eberhard, 1979), although its present distribution lies between the Chacao
Channel (41°45" S) and the Penas Gulf (47°S) (Solis and Eberhard, 1979). However, Chanley
and Dinamani (1980) and Cranfield and Michael (1989) noted that the same species (called by
them Tiostrea chilensis) is also found on the New Zealand coast. These observations agrec
with Harry (1985), who found that this species (referred to as Ostrea (Eostrea) chilensis) has
a circumglobal distribution between 35° and 50°S latitude, including South America, southern
New Zealand, southem Australia and South Africa. Most recently, Carriker et al. (1995) have
indicated that Q. chilensis is also found along the Argentinean coast, where it is known as Q.
puelchana.

In Chile, the native oyster has been used for a long time as a food source by some
coastal human populations, which has resulted in efforts being focused on the resource (o save
it from uvd-e:cplamnu For example, since the 1940's the govemment has attempted to
conser ions by resceding the with natural stock.

In general, research on O. chilensis has focused on its basic biology, especially
reproduction and larval settlement (Padilla and Orrego, 1967, Solis, 1973, Gleisner, 1981), and
growth of juveniles and adults, both in suspended culture and on natural banks (Basulto et al.,
1967; Solis, 1973; Hoyl et al, 1977, DiSalvo and Martinez, 1985, Rosa, 1987, Toro and
Varela, 1988). The feeding physiology of adults has been described by Acevedo (1981), Toro
and Winter (19834, b), Winter et al. (1984a) and Gallardo (1986). Some work has been

d on the ditioning of and on seed prod under hatchery
conditions (DiSalvo et al., 1983a, b; Wilson, 1988; Chaparro, 1990).




Ostrea chilensis is a protandric, alternating hermaphroditic species without secondary
sexual characteristics. The first reproduction is reached as a male when the oyster is two years
old. In males, sperm are released into the water column in the normal way, but in the female the
eggs are retained within the mantle cav'ty (3,500 to 152,000 eggs per female; Lépez, 1983).
The ventilation currents of the female bring sperm into the mantle cavity, where fertilization
and subsequent brooding take place (Gleisner, 1981; Lépez, 198,

The majority of marine bivalve molluscs demonstrate external fertilization of the
gametes followed by the development of pelagic larvae, but some species have reproductive
'mechanisms that include a totally benthic or brooded larval development, or a combination of a
brooding period with a pelagic phase (Pechenik, 1979, 1986). Like all other species of the
genus Ostrea, 0. chilensis broods its young (Millar and Hollis, 1963; Galtsoff, 1964; Chanley
and Dinamani, 1980; Harry, 1985; Fenandez Castro and Le Pennec, 1988). The literature on
brooding in 0. chilensis is limited to observations that larvae cover the female's gills or are
present inside the female's mantle cavity (Walne, 1963; Solis, 1967; Tomicic and Bariles, 1981;
DiSalvo et al., 1983b; Lépez, 1983). However, the Chilean oyster's reproductive characteristics
are clearly different from those of other members of the same genus (Winter et al., 1984b). The
above authors indicated that of all the members of the genus Ostrea, O. chilensis has the
smallest number of embryos per brood, the largest egg, the largest larva at hatching, the longest
larval brooding period, and the shortest larval pelagic phase. Thus O. chilensis is of particular
interest because it represents an extreme in brooding behaviour,

‘The brooding mechanism may be an adaptation to an estuarine environment in that the
larvae are retained and not advected from the system during tidal exchange, and are also
protected from salinity changes by closure of the valves by the female. What is required is a
better understanding of the energetic and fitness implications of this mode of reproduction in a
temperate estuary.



1.2. BROODING AS A REPRODUCTIVE MECHANISM

Parental care in invertebrates has been described by some authors as a mechanism to
maximise embryo survival (Mackie, 1979; Morton, 1979, Richardson, 1979, Kabat, 1985,
Ghiselin, 1987, Brahmachary, 1989), especially in reducing or avoiding the mortalities that
occur during the larval pelagic phase (Richardson, 1979). Brooding of larvae is a mode of
reproduction that has evolved in many species within a variety of higher taxa (Webber, 1977,
Mackie, 1984; Brahmachary, 1989; Gutt, 1991). Generally it is associated with hermaphroditic
species (Coe, 1938, 1941; Mackie, 1984; Beauchamp, 1986, OFoighil, 1988), species from
cold waters, or species from extreme environmental conditions (Osorio, 1974; Richardson,
1979) and with small adult size ( and 1982; 1986;
Gallardo, 1993, Aracena et al., 1992).

Many bivalve molluscs show parental care or brooding (Mackie, 1984). The eggs,
embryos and/or larvae are sometimes retained in the interlamellar spaces of both demibranchs
or of the inner or outer demibranchs only; altematively, they may be confined to brood sacs,
marsupia, mucous masses, capsules or other specialized structures (Ockelmann, 1964; Solis,
1967; Franz, 1973; Mackie et al., 1974; Heard, 1977, Mackie, 1984; Tankersley and Dimock,
1992, 1993; Gallardo, 1993).

Several bivalve taxa have been reported as having specics which exhibit brooding
behaviour: Cyamiidae (Ralph and Everson, 1972; Gallardo, 1993), Sphaeriidae (Purchon,
1968; Zumoff, 1973; Mackie et al., 1974; Morton, 1977a; Tankersley and Dimock, 1992),
Unionidae (Wiles, 1975; Tankersley and Dimock, 1992), Veneridae (Sellmer, 1967, Kabat,
1985; Russell and 1989), Gaimardiidae (or Gaimardininae; Morton, 1979;
Benavides and Cancino, 1988, Aracena et al., 1992), Leptonacea (Morton, 1977a), Terenidae
(Calloway and Tumer, 1983), Erycinidae (Oldfield, 1963), Carditidae (Schneider, 1993),
Perrierinidae (Osorio, 1974), Ostreacea (Galtsoff, 1964; Purchon, 1968; Chanley and Chanley,
1980; Harry, 1985).

Brooding is a common characteristic of all species of flat oysters (Harry, 1985). It is
well known that all species within the genus Ostrea brood their embryos in the infrabranchial



chamber (Harry, 1985) during part or all of the developmental period (Millar and Hollis, 1963;
Galtsoff, 1964; Chanley and Dinamani, 1980, Harry, 1985, Cranfield and Michael, 1989). The
brooding period in oysters can be very short (e.g. 3 days in O. puelchana, Morriconi and
Calvo, 1980; 3 to 9 days, Femandez Castro and Le Pennec, 1988), or extremely long (6 to 12
weeksin O. chilensis, Toro and Chaparro, 1990). However, the exact location of the embryos,
the possible connection between the embryos/larvae and the female, the mobility or non-
mobility of the embryos/larvae, and other related aspects are totally unknown, except for 0.
cristata, in which the embryos have been reported as living in the mantle cavity, and the
circulation of late blastulae within the cavity has been briefly described (Nelson, 1946). These
factors are very important, especially in species like O. chilensis which brood their
embryos/larvae for a very long period of time. Of particular interest is the possibility that larvae
of 0. chilensis may interfere physically with the filter feeding activity of the female (Winter et
al,, 1983). Such interference appears severe enough to cause brooding females to lose weight
during the brooding period (Solis, 1967).

Because the eggs are relatively large in Ostrea species, they are often believed to be
lecithotrophic (Mackie, 1984). Those of the Chilean oyster are 285 to 312 pm in diameter
(DiSalvo et al,, 1983a; Gallardo, 1989). However, changes in colour of the Chilean oyster
larvae during their brooding period (Solis, 1967; Lépez, 1983) suggest that larvae may be able
to ingest exogenous food during the brooding period. Buroker (1985) and Mackie (1979)
suggested that brooding larvae of Ostrea spp. and some freshwater bivalves of the family
Sphaeriidae can take exogenous food. If this is true, the food available to the female may be
reduced, owing to the removal of particles by the larvae.

Planktonic larvae posses structures specialized for swimming and for food collection in
a pelagic environment. The adaptations of brooded larvae, however, are likely to be different
from those of pelagic larvae. For example, Strathmann (1978) has commented on the loss of
the metatroch and food grooves in some mollusc species as an adaptation in lecithotrophic
brooded larvae which do not feed and therefore do not need to concentrate food particles.
‘What are the anatomical adaptations to life in the enclosed environment inhabited by the larvae
of the Chilean oyster?



1.3. PHYSIOLOGICAL PROCESSES

Many invertebrates, including a large number of bivalve molluscs, have adopted filter
feeding as an efficient mechanism for energy acquisition. Filter feeders play a very important
role as primary consumers, providing a means by which the energy suspended in the water
column (seston) can be transformed into animal tissue or allowed to pass from the pelagic
system to the benthos as pseudofaeces or faeces products (Haven and Morales-Alamo, 1972;
Grebmeier and McRoy, 1989; Navarro, 1990; Fukuchi et al., 1993; Geritsen et al,, 1994).

‘There is an extensive literature related to the physiology of food acquisition, especially
physiological energetics serssu Bayne and Newell (1983). The topic has been reviewed by
Winter (1973, 1978a), Bayne (1976), and Bayne and Newell (1983), who have all analyzed the
factors that influence the ingestion, absorption and utilization of the energy. The energy budget
allows researchers to derive the scope for growth (SFG), which indicates the net energy
available to the organism for any kind of production, e.g. somatic growth, byssus formation
and shell growth, but in adults SFG also includes the energy available for reproductive
processes (see review by Bayne and Newell, 1983).

In bivalve molluscs, many factors affect SFG. For example, the various physiological
rates can be influenced by food concentration (Schlieper, 1963; Dral, 1968; Winter, 1970,
1973; 1976; 1977; Foster-Smith, 1975; Schulte, 1975; Valenti and Epifanio, 1981; Ulloa,
1994), food quality and/or size of particles (Kiprboe et al., 1980, Vahl, 1980, Navarro, 1983;
Ulloa, 1994), phytoplankton metabolites (Ward et al,, 1992), temperature (Widdows, 1973;
Schulte, 1975; Bayne et al,, 1976; Thompson and Newell, 1985), salinity (Béhle, 1972;
‘Widdows, 1985; Navarro, 1988), tidal cycles (Morton, 1970a, b; Langton and Gabbott, 1974;
Mathers, 1976; Langton, 1977), and body size (Winter, 1977, Navarro, 1983, Ulloa, 1994).

Filtration rate is one of the most important determinants of SFG in a filter feeder. Filter
feeding animals can optimize encrgy yield by modifying the filtration rate and/or absorption
efficiencies (AE) in environments in which the food supply varies both in quantity and quality
(Foster-Smith, 1976; Winter, 1978b; Sprung, 1984a, b; Navarro, 1990; Ulloa, 1994).
Pseudofaeces production may become important when the size, concentration or quality of the



available food is not optimal (Kigrboe et al, 1980; Kigrboe and Mhlenberg, 1981; Newell and
Jordan, 1983), especially in species living in coastal areas in which the environmental conditions
canincrease sediment load (Navarro, 1983; Toro, 1985)

The most important energy cost is oxywen consumption, but changes in oxygen uptake
rale are not easy to interpret. Many factors, both environmental and endogenous, can play
l roles in d ining oxygen ion in marinc molluscs (Widdows and
Bayne, 1971; Bayne, 1973, 1976, Bayne and Widdows, 1978, Widdows, 1978a; Winter,
19783, Gerder, 1983; Thompson, 1984; Navarro and Torrjos, 1994). Bayne and Neweli
(1983) summarized the importance of metabolic rate in an energy budget. Most studies have
investigated the effects of environmental factors on oxygen consumption, but endogenous
factors such as gametogenesis may be very important during some periods of the life cycle
(Gabbott and Bayne, 1973; Bayne and Widdows, 1978; Newell and Bayne, 1980; Gerder,
1983; Navarro, 1990, Navarro and Torrijos, 1994). This is especially evident in bivalves from
mid-atitudes, in which there is usually a marked seasonal reproductive cycle, at least in
shallow-water species (Widdows, 1978b; Winter et al., 1984b, Gallardo, 1993; Ulloa, 1994).
At the same time, the process of brooding can impact filter feeding activity, as has been shown
in some freshwater bivalves, in which brooding influences the water transport through the
marsupium of the gill (Tankersley and Dimock, 1992; 1993). Tankersley (1992) also recorded
that firation rate, retention and transport of particles were significantly affected by the
presence of glochidia in the gill of the freshwater mussel Anodonta cataracta.

Thei fthe gil in the v process has been
in many bivalve molluscs whose females brood their offspring for a period of time (Tankersley
and Dimock, 1992). Sometimes the gill can undergo considerable modifications, such as the
formation of secondary water channels and/or gill surface modifications as a consequence of
the larval brooding process (Mackie et al, 1974; Tankersley and Dimock, 1992). There may
also be gill flament modifications (Mackie et al., 1974). In other species, the embryos are
maintained just on the gill surface, sometimes anchored individually to the gill flaments by the
larval byssus, or adhering to the gill in mucous masses or other specialized structures
(Ockelmann, 1964; Franz, 1973, Mackie et al., 1974; Osorio, 1974; Heard, 1977; Mackie,




1984; Gallardo, 1993). It is possible that such modifications may result in physical interference
to the female's filter feeding activity, although this is not known.

However, not all brooding bivalve species have non-motile embryos/larvae, restricted
to pouches or adhering to the gill. Some species have motile embryos within the female's
mantle cavity (Nelson, 1946). In such cases the food grooves of the brooding female are not
only used to transport mucous strings to the labial palps but are also used for circulating larvac,
a process which may affect the normal filter feeding activity of the female (Chaparro et al.,
1993).

Thus the reproductive process can have a strong influence on the female's energy
budget, ing on the reproductir ism used by the bivalves. Such effects may
include mechanical inhibition of ingestion (Winter et al.,, 1983), reduction of water transport
through the marsupial gill (Tankersley and Dimock, 1992, 1993), removal of some of the
particles filtered by the female (Chaparro et al,, 1993), additional energetic cost to the female
through larval ventilation (Brahmachary, 1989; Tankersley and Dimock, 1992; Chaparro et al,
1993), direct transfer of nutritive substances (Purchon, 1968; Wood, 1974; Morton, 1977b,
1978, Bartlett, 1979; Tankersley and Dimock, 1992), and manipulation of embryos (Menge,
1974, 1975).

L4. OBJECTIVES

The principal hypothesis to be tested in this thesis is that the process of brooding
influences the physiological rates which determine energy aquisition and expenditure, and
consequently the meat condition of the brooding females.

The following are the specific objectives that will be addressed :

- Determination of the energetic costs for adult oysters during the brooding process. To
address this aspect, the components of an energy budget will be compared between brooding



and non brooding oysters. Scope for growth will be used as an indicator of the additional
energy costs associated with the brooding process.

- The impact of the brooding process on the female's condition (meat content and

will be established.

- Characteristics of larval brooding, such as place of brooding, linkage with parental
tissues, motility or larval immotility, will be defined. Aspects of larval feeding and metabolic
substrates used by larvae for growing during the brooding period will also be examined.

- Morphological adaptations of the larvae will be investigated.



1. MATERIALS AND METHODS
11.1, BROODSTOCK AND REPRODUCTION PERIOD IN THE ESTUARY
IL1.1. GENERAL

The reproductive cycle of oysters in the Quempillén estuary oyster population, Chiloé,
Chile (41°52' §; 73°46' W) was examined in 1992-93, 1993-1994 and 1994-1995. Weckly or
biweekly samples of oysters from the nat iral bank were taken arbitrarily, beginning 1 to 2
months before spawning and ending 1 month after the end of the brooding period. Only oysters
larger than 35 mm shell length were used to ensure that 2ll of them had sufficient time to reach
maturity as females, although not all did so (Gleisner, 1981).

11.1.2. MORPHOMETRIC MEASUREMENTS

After each collection, the shells of all specimens were cleaned, and shell length, width
and height measured with a vernier caliper (0.1 mm precision). The meat of each oyster was
then removed from the shell. Oyster meats were dried for 48 h at 60°C, cooled in a desiccator
and weighed. These measurements were carried out to obtain information on the changes in
the meat content of oysters from the natural bank, and also to derive equations for estimating
the meat content of the experimental oysters throughout the study period (see Appendices 1
and 2).

I1.1.3. REPRODUCTIVE PERIODS AND BRGODING PERCENTAGE

In order to determine the brooding period, the presence or absence of brooded
embryos/larvae among the demibranchs was recorded for each oyster sampled. The
percentages of brooding and non brooding oysters were calculated. The stage of the embryos
was established for each brooding oyster, following the criteria proposed by Solis (1967) for



the youngest stages (eggs to trochophore; non-shelled stages), and using shell length for the
shelled stages. At least 20 larvae were measured from each sample.

1L.1.4. BIOCHEMICAL ANALYSES OF OYSTER BROODSTOCK

For biochemical analysis of the oyster meat (protein, lipid and total carbohydrate),
separate samples of 5 to 10 brooding and 5 to 10 non brooding specimens were taken when it
was possible to distinguish between the two conditions. Before and after the brooding season
only one sample, taken arbitrarily, was used (Table 1). Biochemical determinations were
carried out on whole meats from individual oysters, because it is difficult to separate gonad and
digestive gland. During the brooding season, meats were only taken from females possessing
larvae at the developmental stage predominating in the population at the timz of sampling.
Oyster meat was redried and homogenized before analysis.

All biochemical variables (lipid, carbohydrate and protein), together with meat weight
and energy content, were expressed in terms of an oyster of standard shell size (‘Standard
oyster’). This allows one to follow the temporal changes in the status of an individual oyster
during the experimental period. The standard size was calculated from the mean values of
length, width and height of the shells of the oysters used in the physiological experiments (57
mm length; 45 mm width and 22 mm height). The meat content of a standard oyster at any
given time was estimated from the multiple regressions obtained from a sample of 50 oysters
taken from the natural population at that time (see Appendices 1 and 2).

I1.1.4.1. PROTEIN

One to two mg of dry oyster tissue was combusted in a Perkin-Elmer CHN analyzer
(Model 2400). Nitrogen values were standardized using acetanilide. Protein was determined by
multiplying nitrogen values by a factor of 5.8 (Gnaiger and Bitterlich, 1984). Protein values
were converted into energy using the conversion factor of 24.0 J.mg! (Gnaiger, 1983).



Table 1: Sampling regime for the biochemical analyses (lipid, protein and carbohydrate). Mixed
samples include individuals of indeterminate sex.

Data Characteristics

10/06/92 | mixed sample

1024 mixed sample

1106 mixed sample

1121 brooding and non brooding oysters, start of reproduction
1130 brooding and non brooding

12/21 brooding and nonbrooding

01/03/93 | brooding and non brooding

01726 ‘mixed sample (end of brooding)

02/04 mixed sample




I1.1.4.2, LIPID

Lipid concentration was determined in weighed (70 to 100 mg) samples of oyster

tissue, following the gravimetric method of Bligh and Dyer (1959). Cholesterol was used as a

standard. Lipids were extracted from the oyster tissues by homogenising in 2:1 viv

methanol. After ifugation, the chll layer was transferred into a
preweighed beaker, dried at 50°C, cooled and the lipid residue weighed.

Lipid values were expressed as mg lipid*g oyster tissue” and converted to energy
values using the factor 39.5 J.mg”" (Gnaiger, 1983).

11.1.4.3. CARBOHYDRATE

Carbohydrate determinations were carried out by the phenol-sulphuric acid method
(Dubois et al., 1956). Three to six mg of homogenized, weighed oyster tissue was ground in
5% trichloroacetic acid (TCA) containing 0.1% AgSO,, boiled for 20 min and cooled at room
temperature. After centrifugation (1000 g 10 min) the supernatant was aspirated into a
volumetric flask and made up to 50 ml with distilled water. To 1 ml of solution was added 50
14l of 80% phenol and 2.5 ml of concentrated sulfuric acid. After mixing, samples were cooled
and absorbance read at 490 nm. The colorimetric assay was carried out in triplicate. The
carbohydrate concentration was estimated using glucose as a standard, and expressed as pg
carbohydrate*mg tissue”. Carbohydrate values were converted into energy values using the
factor 17.5 J*mg" (Gnaiger, 1983).

IL.2. ADULT PHYSIOLOGY

Specimens of Ostrea chilensis (50 animals, 50 to 60 mm shell length) were collected
from the subtidal zone of Quempillén estuary, one month before the beginning of the
reproduction period. Oysters of this size are able to reproduce as females (Gleisner, 1981). All
animals were marked and a small hole (1.5 mm diameter) carefully bored in the anterior part of
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the shell, just over the gill area. The hole allowed the observer to determine whether oysters
were brooding or not, and also to take samples of embryos/larvae to establish their
developmental stage. No mortality or damage to the adults was detected after scveral days.
The hole was filled with a piece of parafilm to prevent the repairing of the shell by formation of
new calcium carbonate. The experimental oysters were maintained in the laboratory for several
days and then transferred to a long line in the estuary. They were transported back to the
laboratory 1 to 2 days before the start of the experiment to acclimate to the experimental
conditions. In the laboratory the oysters were held under the natural photoperiod in aquaria at
27 ppt salinity and 17°C and fed with pure cultures of Isochrysis galbana Parke (30,000
cells*ml™).

The rates of filtration (FR), oxygen uptake (VO,), excretion (ER), ingestion (IR) and
faeces production (FPR) were recorded in all 50 specimens before the brooding period, as
described below. After spawning, 10 brooding and 10 non brooding oysters were selected from
the original 50 i oysters for of physiological rates during the
brooding and postbrooding periods.

In all experimental oysters, shell length, shell width and shell height were measured (sec
section I1.1.2).

Because the same marked oysters were used throughout the experimental period, and
water samples were taken from the mantle cavity at intervals to check for the presence of
larvae, it was possible to determine, before the brooding process, whether an individual would
be a brooding or a non brooding oyster.

1.2.1. FILTRATION RATE (FR)

At the beginning of an experiment, each specimen was placed individually in a 10 |
plastic container with filtered seawater (0.47 pm) under the same conditions as for the
acchmauon period. Air was bubbled thmug,h the seawater to ensure adequate mixing. All

were placed in a th lated bath and covered with a black plastic




sheet 1o avoid algal photosynthesis. In each experiment a container without an animal served as
a control. The algal concentration in each container was measured with an Elzone 180XY
particle counter fitted with a 120 um orifice tube. Algae removed by oysters were replaced at
intervals such that the algal concentration did not fall more than 25% below the initial value
(30,000 cells* ml"). The mean algal concentration in each container was calculated from 4 to

6 replicate counts.

Each filtration experiment was carried out for approximately 12 hours and the FR was
calculated from the equation provided by Coughlan (1969):

FR =M [(logs Co - loge Ct)-a/t]

where

FR =Filtration rate

M = volume of suspension

Co = initial algal concentration

C, = concentration after time

a=rate at which particles settle out of suspension determined from controls

t=time

11.2.2. INGESTION RATE (IR)

Ingestion rate (IR) was estimated as the product of FR and algal concentration in the
experimental containers. Values of IR were expressed as mg algae*h™*g" dry oyster meat and
converted into energy values using the appropriate conversion factors (see section I1.4).

11.2.3. FAECES PRODUCTION RATE (FPR)

After each filtration experiment, all faeces from each oyster (distinguishable strings or
pieces of strings) were collected with a Pasteur pipette. The faeces were placed on a



preweighed glass-fiber filter and quickly and gently rinsed with filtered wellwater (0.47 pm).
Filters were dried for 48 h at 60°C, cooled in a desiccator, and weighed. They were then ashed
ina muffle furnace for 5 h at 475°C, cooled and weighed to obtain the ash content. The organic
content was obtained by difference between the dry weight and the ash weight of facces.

No pseudofaeces production was detected in any of the experimental containers.

11.2.4. ABSORPTION EFFICIENCY (AE)

AE was determined by the Conover (1966) method and expressed as a percentage.
Faeces were collected and processed, as described above, to determine the organic/ash ratio.
These values were compared to those obtained for I galbana used as food during the
experiments, using the following formula:

AE=[(F-E)/(1-E)*F]*100

‘where:

AE = Absorption efficiency (%)

F = Ash-free dry weight algae:total dry weight algae
E = Ash-free dry weight faeces:total dry weight faeces

11.2.5. ABSORPTION RATE (AR)

AR was calculated as the product of IR (organic material) and AE.



11.2.6. OXYGEN UPTAKE RATE (VO,)

Oxygen uptake rate (VO,) was determined by placing each experimental oyster in a
separate one litre sealed glass flask. The chambers were filled with oxygen-saturated filtered
scawater (27 ppt salinity) and placed in a temperature controlled bath (17°C). The water was
mixed constantly with a magnetic stirrer. These values of temperature and salinity represented
the mean values in the estuary during the reproductive period.

Oxygen consumption was measured with a Clark oxygen electrode mounted in the
experimental chamber and connected to a YSI model 5300 Biological Oxygen Monitor. The
signal output from the amplifier was fed to a chart recorder. Experiments were stopped when
the oxygen tension reached a minimum value of 70% of the initial oxygen saturation. The
volume of the chamber (corrected for the volume of the oyster) was measured. Oxygen uptake
was calculated according to Winter et al. (1984a).

Dry meat weights of the experimental oysters were estimated from the multiple
regression equation relating length, width and height of the shell to dry meat weight, obtained
weekly or bi-weekly for oysters in the estuary (see Appendices 1 and 2).

Oxygen consumption was expressed as ml Oz*h™*g" dry meat and values transformed
to energy equivalents using the conversion factor 1 ml O~ 19.9 J (Thompson and Bayne,
1974),

Each series of measurements included both brooding and non brooding oysters.

1L.2.7. EXCRETION RATE (ER)

To determ:; ER, oysters fed and maintained under the acclimation conditions
described above were incubated (1 to 1.5 b; 27 ppt; 17°C) individually in 300 ml filtered
seawater (0.47 pum). Flasks containing filtered seawater, but no oyster, were used as controls.




The principal excretion product, ammonia nitrogen, was determined according to Solorzano
(1969) and expressed as jig NH,-N*h"*g" dry meat.

The values were converted to energy units using the factor | mg NH.-N = 248 )
(Elliot and Davison, 1975).

11.2.8. SCOPE FOR GROWTH (SFG)

Values from all physiological rates were transformed into energy units (J) before the
SFG calculation, as suggested by Winberg (1960). SFG was calculated using the following
formula, in which the energy lost in respiration and excretion is subtracted from the energy
absorbed:

C-F=A=R+E
SFG=A-(R+E)

where:

C =Ingestionrate (J *h")

F =Energy lost as faeces (J*h")

A =Absorbed energy (C*AE) (J*h)

R =Oxygenuptake (ml 0,*h") * 19.9 ()

E =Excretion rate (g NH,-N*h") * 0.025 (J)
SFG = Scope for growth (J)



113. LARVAL STUDIES (BROODED LARVAE)
11.3.1. LARVAL GROWTH

Larval growth was obtained either from the frequency distribution of developmental
stages in the Quempillén population or from increments in shell length of larvae taken from
marked females. In the first case, 50 to 100 adult oysters taken from the estuary were killed
weekly or bi-weekly (see section IL1). A sample of larvae was taken from each brooding
oyster. Larval developmental stages were identified, and for shelled larvae a minimum of 30
larvae per brood were measured (anteroposterior distance), as described by Carriker and
Palmer (1979).

In the second case, a group of adult oysters (5 to 6 cm shell length) was selected two
months before reproduction started. Each oyster was marked and a small hole bored in the
shell (see section 11.2). The hole was filled with a piece of parafilm, to prevent shell repair.
After 1 weck, oysters were transferred to the estuary, where they were suspended from a long
line throughout the research period.

Periodically, oysters were inspected for the presence of enibryos by carefully inserting
the tip of a Pasteur pipette through the hole in the shell and withdrawing a sample of mantle
cavity water. This sample was examined microscopically to determine if it contained
embryos/larvae. Therefore it was possible to establish the beginning of the brooding process in
each specimen. A small number of embryosflarvae from each female was removed.
Development stages were established in each sample and when possible the larval shell lengths
were measured by image analysis (JAVA; Jandel Scientific). At the same time, several hundred
embryos/larvae from the same brood were cleaned of detritus, counted and placed on a pre-
combusted and pre-weighed glass-fiber filter (GF/C). Filters were rapidly rinsed with distilled
water, dried for 24 to 48 h at 60°C, cooled and weighed. Filters with larvae were then ashed in
a muffle fumace for 5 h at 450°C, cooled and weighed. In this way the total dry weight,
organic weight and ash weight of each sample of larvae were obtained.



I1.3.2. LARVAL FEEDING

At intervals during the brooding period, a group of brooding oysters was killed. The
embryos/larvae were removed from the mantle cavity of the female with a gentle stream of
filtered seawater. Embryos/larvae were cleaned several times on nitex screens with different
mesh sizes, which allowed larvae to pass through while retaining faeces. Larvae from each
individual brood were suspended in 30 to 40 ml of filtered seawater. Each petri dish contained
only embryos/larvae from a single brood. To find the time at which larvae were able to ingest
exogenous particles, a suspension of non toxic, light-reflective red particles (2 to 10 pm
diameter) was introduced into each petri dish (Chaparro et al., 1993). After 2 to 3 h, larvae
‘were retained on a 100 pm screen, rinsed several times with filtered seawater and fixed with
5% formaldehyde. Larvae were then exarnined under a light microscope, inspecting for red
particles in their guts. In each sample a minimum of 50 larvae were observed, and the
percentage of larvae containing red particles was recorded.

In each case, larval stages were identified, and for shelled larvae the shell length was
determined in 30 specimens from each sample.

I1.3.3. LARVAL BIOCHEMISTRY

The proxi ition (protein, lipid and carb ) of embry

was measured at various developmental stages. Larval collections were carried out in two
ways. In the first, adult oysters were obtained from the subtidal zone in the Quempillén estuary
at differsnt times during the brooding period. They were killed, and S to 6 broods representing
the modal developmental stages were selected each time. In the second, samples of larvac were
obtained from the same group of broodstock (marked oysters) at different phases of the
brooding process. Samples were taken at the same time as those used to quantify larval
growth.

Each brood of larvae was retained on a 100 pm screen, rinsed several times with
filtered seawater (0.47 pum), cleaned of large detritus under a stereomicroscope and frozen
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immediately in liquid nitrogen. Larvae were then freeze-dried, stored in a desiccator at 4°C and
freeze-dried again immediately before analysis.

11.3.3.1. PROTEIN

Protein was analyzed by the same technique described in the section 11.1.4.1.

11.3.3.2. LIPID

Lipid was determined in 1 to 2 mg samples of freeze-dried larvae following Mann and
Gallager (1985) after extraction in 2:1 chloroform:methanol. After centrifugation at 1000 g for
10 min, the supematant was removed. 1:2 chloroform:methanol was then added to the
precipitate. After centrifugation, the supemnatant was removed and combined with the first
supematant. A solution of 0.7% wiv of NaCl was added to the pooled supernatants. After
centrifugation at 500 g for 10 min, the bottom layer containing lipids was removed. One m! of
the solution was dried at 60°C. The residue was heated with 0.5 ml concentrated H,SO, at
200°C for 15 min, cooled, diluted with distilled water and absorbance read at 375 nm.
Cholesterol was used as a standard.

11.3.3.3. CARBOHYDRATE

Carbohydrate analysis was carried out as described by Mann and Gallager (1985). One
to two mg of freeze-dried larvae were homogenised with 15% TCA, left ovemight and
centrifuged at 1000 g for 10 min. The supernatant was diluted with distilled water to a known
volume. Carbohydrate in the diluent was determined colorimetrically by the phenol-sulphuric
acid reaction (Dubois et al., 1956).
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I1.3.4. LARVAL SEM ANALYSIS

At intervals through the brooding period, several brooding oysters were killed and their
embryos/larvae were collected. In this way, all larval developmental stages were sampled.
Larvae were prepared for scanning electron microscopy (SEM) following the method
described by Hadfield and laea (1989).

Larvae were anaesthetized in a MgCl; solution isotonic with seawater for about 10 min
and fixed for 1 h at 4°C with 2% in 0.2 M sodium buffer, pH 7.4
They were rinsed in the buffer solution twice and post-fixed for 1 h in 1% OsO, in 02 M
sodium cacodylate, pH 7.4. After fixation, specimens were rinsed two or three times with
buffer solutivn and once with distilled water. Fixed samples were then dehydrated in a graded
series of ethanol (Cragg, 1985).

Dehydrated specimens were critical point dried with liquid carbon dioxide in a Polaron
E3000 critical point drying apparatus. Dried larvae were attached to aluminium viewing stubs
with double-sided tape and then gold coated in an Edwards S150A sputter coater. When it was
necessary to expose the intemal structures, larval shells were broken with a fine ncedle (Cragg,
1985, 1989). Coated samples were viewed in a Hitachi S570 SEM operated at an accelerating
voltage of 20 kV. Micrographs were recorded on Polaroid Type 665 positive/negative film
Stereopairs were taken with a 10° tilt angle difference

In each brood, 30 to 50 larvae were observed by SEM before micrographs were taken,
to ensure that structures were common to all individuals. Such surveys confirmed that all larvac
from the same brood were in the same developmental stage.

IL3.5. LARVAL MOVEMENTS
Brooding females (48 to 60 mm) of O. chilensis were obtained from the Quempillén

estuary. Oysters were held in natural seawater at 17°C and 27 ppt salinity until they were
examined with the endoscope. Oysters were fed daily with a variety of cultured algae.
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The endoscope technique is described in detail by Ward et al. (1991). The apparatus
(Fig 1) consisted of an endoscope (Olympus SES 1711D or Scholly 241810.045) mounted on
a micromanipulator to facilitate location of the optical insertion tube (OIT; 1.7 mm diar.: ter)
within the mantle cavity of the oyster. A cold light source was connected to the endoscope
with a fiber-optic cable, and a CCD camera (monochrome or colour, Cohu 6500 or 8210)
coupled to 2 Hi-8 video recording system (Sony EV-5$2000). For some observations, an
accessory mirror was fitted 1o the Scholly endoscope, so that objects at 90° to the OIT could
be observed. To permit insertion of the OIT into the mantle cavity, a piece of shell was
trimmed from the ventral cavity, care being taken to avoid damage to the mantle or other soft
tissues

Observations on the location, circulation pattem and feeding activity of the larvae inside
the mantle cavity of the female were made from 40 h of recorded observations on 20 brooding
oysters

Most observations were carried out on the eyed stage of the pediveliger (ca. 400 um
shell length). To confirm if larvae were capable of feeding, nontoxic, light-reflective red plastic
particles (2 to 10 um diameter) were introduced through a Pasteur pipette in the vicinity of the
inhalant margin of the adults These particles were clearly visible with the monochrome and

colour cameras.

Particle velocities on food grooves were detenmined by counting the number of frames
required for particles to traverse a known distance (from one plica to another). After dissecting
out the ctenidia of brooding oysters, the distance between plicae was measured with a
compound mi and calibrated

1L4. ALGAE USED AS FOOD

Algae used as food during the physiological experiments came from pure cultures of
Isochrysis galbana. Algae were cultured as described by Bolton (1982). The cultures were
started in small Erlenmeyer flasks (20 to 30 mi). After algae reached a high density, they were
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Fig. 1. App used for the ions. A. Video cassette recorder, B Video
monitor, C. Halogen light source, D. Support stand, E. Micromanipulator, I CCD
video camera, G. Zoom lens. H. Endoscope, I. Oyster gill, J. Experimental oyster, K
Velcro for maintaining oyster in a fixed position.
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inoculated into larger flasks, then into glass fiber columns of 300 | volume filled with filtered (1
um) seawater (>27 ppt salinity) and supplied with #2 medium (without silicate; Bolton, 1982)
Algac 1 harvested during th ial growth phase.

To determine weight and organic content of the algal cultures, a known volume from a
culture with a known algal density was filtered through a pre-combusted and preweighed glass-
fiber filter (GF/C). Filters were dried for 24 h at 60°C, cooled and weighed, ashed in a muffle
fumnace for 5 h at 450°C, then cooled and reweighed. Total algal dry weight, organic weight
and ash weight were then calculated.

Energy values for I galbana were obtained from Wikfors et al. (1992), e.g. the energy
content of | mg of algae was 17.288 J with 8.133 J from protein, 7.293 J from lipid and 1.862
1 from carbohydrate.

1L5. STATISTICAL ANALYSES

Toulmhlelle&ymlwmofﬂnupmnumloyuas,amﬂhple regression
analysis ied out, using th |l from specimens taken
from the Quempillén estuary at different times during the experimental period (see Appendices
land2).

In order to compare values for physiological rates and scope for growth in brooding
and non brooding oysters during the brooding period, the Mann - Whitney U test was
employed, pooling all the data for each of the two groups. The use of a non-parametric test
was necessary because in many cases the data violated some of the assumptions of parametric

such as ity of variances. Ct isons were also made between brooding
and non brooding oysters at each sampling point throughout the experimental period (except
for SFG), again using the Mann - Whitney U test.

Furlhesamemmm the Mann - Whitney U test was used to compare values for
proxi i ition and dry meat weight of brooding and non brooding oysters




during the brooding period, again pooling all the data for each of the two groups. In order to
determine whether there were any temporal changes in proximate biochemical composition
during the brooding period, each dependent variable (protein, lipid and carbohydrate) was
regressed against time. A significant regression slope indicated a change in the variable as the
brooding period progressed.

Most of the bivariate relationships were described with an allometric equation of the
formY =a*X".

All statistical analyses were carried out with STATISTICA for Windows (Statsoft Inc.
1993).

*= significant at P< 0.05 ** = significant at P<0.01



1L RESULTS
1IL1. BROODSTOCK AND REPRODUCTIVE PERIODS IN THE ESTUARY
1IL1.1. REPRODUCTIVE PERIODS AND BROODING PERCENTAGE

Ostrea chilensis showed a seasonal reproductive cycle. During 1992-1993, spawning
started during the middle of November (Fig. 2). Female oysters brooded their embryos/larvae
for almost 7 weeks. The Quempillén population ended its brooding period during the first half
of January. The highest percentage of brooding females was observed in January, when
approximately 38% of the largest oysters were brooding (Fig. 2).

In the 1993/1994 reproductive season the spawning process started in the second half
of October and finished at the end of December-first week of January. In this season, oysters
brooded their larvae for almost 8 weeks, and the maximum brooding percentage was about
40%, reached during the early part of December.

During the 1994/1995 reproductive season spawning started at the beginning of
November and ended during the first half of February. The maximum brooding percentage
reached values around 45% in the largest oysters (>37 mm shell length), ie. those which
represented putative females in the population.

1IL1.2. BIOCHEMICAL ANALYSIS
TIL1.2.1. PROTEIN
Protein content in the oyster meat showed a large fluctuation during the study period.

The highest values were recorded just before spawning in both groups of oysters (Fig. 3). In
both groups the largest reduction in protein content occurred during spawning, i.e. protein was



$661-T661 SUOSE?s 2nonpoidas
ay Fuunp uonejndod sa1sho Arenisa ua[pdwang) ap w safewdy Futpoouq Jo aFeiuadseq -7 “Biy

5651 »8651 7861 €861 661 za6L
¥ | o vy i a o vy

) bupooig

(x



mg of protein*standard oyster™’

RO

28

non brooding
v broodi

spawning

rqo
(|
a2l

0 X 10 c.t 20

Days of brooding

Fig. 3. Protein content in brooding and non brooding oysters before, during and after the
brooding period. Values are expressed for a standard oyster (57 mm shell length, 45
mm shell width and 22 mm shell height). Vertical lines represent the SE.
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lost when the gametes were released, although the protein loss was greater in brooding females
than in non brooding oysters (U test; P<0.01).

Brooding females had a lower protein content than non brooding oysters (U test;
P<0.01). There was a significant decrease in protein in the brooding group during the course of
the brooding period (regression slope significantly different from zero; P<0.01), but not in the
non brooding group (slope not significantly different from zero, P>0.05). Non brooders
maintained their protein content around 470 mg protein per standard oyster throughout most
of the brooding period, increasing at the end of the period, whereas brooding females contained
approximately 440 mg protein. The mean net protein loss by a standard oyster during the
brooding period was 82 mg, representing a reduction of 16.7% from the protein present at the
beginning of the brooding period. After the brooding period, the protein content of brooding
oysters increased to that of non brooders.

[L1.2.2. LIPID

Variations in lipid content in brooding and non brooding oysters are shown in Fig. 4.
Lipid decreased from 0.22 mg just before spawning to values of approximately 0.11 at the end
of brooding process. Brooding oysters had a lower lipid content than non brooding oysters (U
test; P<0.01). Regression analysis showed that there was no change in the lipid content of
brooding or non brooding oysters during the brooding period.

ML1.2.3. CARBOHYDRATE

Carbohydrate values recorded during the study period fluctuated between 189 mg and
105 mg per standard oyster. A large decrease in carbohydrate content occurred before the
spawning period, followed by an increase immediately before spawning (Fig. 5). Carbohydrate
content was similar in both brooding and non brooding oysters (U test, P>0.05) and there was
no change throughout the brooding period (regression slopes not significantly different from
zero, P>0.05).
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mm shell wi'ih and 22 mm shell height). Vertical lines represent the SE



1I1.1.3. MEAT AND ENERGY CONTENT OF A STANDARD OYSTER

‘The dry meat weight of a standard oyster increased during the pre-spawning period
(Fig. 6). As a result of spawning, brooding females lost 17% of their original dry weight
During the brooding period the dry meat weight of the brooding oysters was lower than that of
the non brooding oysters (U test; P<0.05). A recovery in the meat content was recorded in
both groups after liberation of the larvae,

Spawning resulted in a reduction in the calculated energy content of the oyster from 24
kJ to 18 kJ (Fig. 7). During the brooding period, there was no significant difference in energy
content between brooding and non bronding oysters (U test, P>0.05).

[1L2. ADULT PHYSIOLOGY
1L.2.1. FILTRATION RATE (FR)

Thirty-three tc thirty-five days before brooding began, there was no significant
difference (U test; P>0.05) in FR between oysters that subsequently brooded and those that did
not (Fig. 8). Similar observations were made a week after the brooding season finished (U test;
P>0.05). However, significant differences (U test; P<0.05) were detected 13 days before the
start of brooding, and also during the brooding period (U test; P<0.05 at 3 days, U test; P<0.01
at 29 days). In non brooding oysters, mean FR varied between 0.50 and 0.7 I*h*g" dry
weight, whereas in brooding females FR was much lower (approximately 0.15 1*h'*g" dry
weight) during the brooding period but recovered (0.86 1*h*g"! dry weight) within ten days of
release of the larvae.

A comparison of pooled FR data during the brooding period showed a highly
significant difference between brooding and non brooding oysters (U test; P< 0.01).
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Fig. 6. Dry meat weight in brooding and non brooding oysters before, during and after the
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111.2.2. INGESTION RATE (IR)

Because no pseudofaeces production was detected, the amount of algae removed by
filtration was equivalent to ingestion rate Ingestion rate was expressed as mg algae
ingested*l?*g" dry oyster meat (Fig. 9). Before and after the brooding period, there was no
significant difference (U test; P>0.05) in IR between the two oyster groups, but highly
significant differences (U test; P<0.01) were detected during the brooding period. A
comparison of pooled IR data during the brooding period showed a highly significant
difference between brooding and non brooding oysters (U test; P<0.01).

111.2.3. FAECES PRODUCTION RATE (FPR)

Before the brooding period, there was no significant difference in FPR between
brooding and non brooding oysters (Fig. 10). However, during and after the brooding period
significant differences were observed between the two groups. During the brooding period
itself, non-brooding oysters produced eight times more faeces than did brooding females. Afier
the brooding period, those oysters that had brooded larvae significantly increased FPR above
the values shown by those that had not incubated (U test; P<0.05). A comparison of pooled
FPR data during the brooding period showed a highly significant difference between brooding
and non brooding oysters (U test; P< 0.01).

111.2.4. ABSORPTION EFFICIENCY (AE)

‘The Chilean oyster used the microalga L galbana as food with an AE between 75 and
92% (Fig. 11). Significant differences in AE between brooding and non brooding oysters were
only observed in the samples taken 30 days after brooding began, the brooding group having
the greater AE.



11.2.5. ABSORPTION RATE (AR)

Absorption rate (AR), calculated from data obtained for IR and AE, varied between
6.9.and 9.8 J*h™ (Tables 2 and 3). However, for brooding oysters AR values were much lower
during the brooding period (2.4 J*h™ ) than outside the brooding period (12.2 J*h").

IIL2.6. OXYGEN UPTAKE RATE (VO;)

In almost all cases VO, showed no significant differences between brooding and non
brooding oysters (Fig. 12), although at the start of the brooding period (=spawning) values
were higher in brooding than in non brooding oysters (U test; P<0.05). A comparison of
pooled VO, data during the brooding period showed no significant difference between
brooding and non brooding oysters (U test; P> 0.05).

1IL2.7. EXCRETION RATE (ER)

Before spawning, ER was significantly greater in oysters that later brooded than in
oysters that did not (Fig. 13). Fifteen days into the brooding period, brooding oysters showed a
significantly lower ER than non brooding oysters. During the rest of the brooding period and
the post brooding period, no significant differences in ER were detected.

II1.2.8. SCOPE FOR GROWTH (SFG)

Scope for growth, calculated from all physiological rates transformed into energy
values for a standard oyster, is shown in Fig. 14 and Tables 2A and 2B. In non brooding
oysters, SFG was negative or slightly positive throughout the entire study period. The largest
value (0.80 J*h™") was recorded during the post brooding phase.
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error (SE). Data are expressed per g of dry oyster meat. When SE bars arc not shown
they are smaller than the symbol size.



A ——
v browtine
oy A
: y -3 v
3 M §
L2 il =
&
= ;
c
g
g
o
g
H —_
< Brooding
10
NS NS NS NS

e

NS

Days of brooding

Fig. 11. Absorption efficiency in brooding and non brooding oysters before, during and after
the brooding period. Symbols represent the mean values and vertical lines the standard
error (SE). Data are expressed per g of dry oyster meat. When SE bars are not shown

they are smaller than the symbol size.



41

non hrooding

v @ brooding

brooding

PRER

Oxygen uptake (ml 0_*h '*g I)

Days of brooding
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Table 2:
Energy ingested by non brooders (A) and brooders (B) and its use in the various
components of an energy budget. Negative values in the first column represent the days
before the beginning of the brooding. * Post brooding period. All values are expressed
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per gram of dry oyster meat.
A)
Days FR R AE AR VO, ER SFG
1t ! % I It b It
-32 0484 9.038 |8891 8.035 8856 |0.362 -1.183
-13 0417 7791 88.79 6918 8288 |0372 -1.743
3 0.502 9.368 90.7 8.496 7.821 0.428 0247
16 0.556 10.40 847 8.809 9293 | 0474 -0.958
29 0592 11.06 75.14 8308 1118 0.466 -3342
68* 0.766 1430 68.56 9.802 8657 | 0.346 0.800
B)
Days FR R AE AR VO, ER SFG
1! ! % AR R L B
32 0.481 8.981 |88.55 7953 | 8.816 0.509 -0.135
-13 0.642 11.97 86.05 10.31 9.015 0.490 1.868
3 0.151 2.820 |90.13 2541 |9.254 0387 -13.180
16 0.148 2.762 [ 91.02 2514 | 9.532 0.304 -12.690
29 0.145 2703 | 91.91 2485 |9.751 0.358 -7.400
68* 0.856 15.98 76.52 12.23 9.134 0.380 3.966




In brooding oysters, SFG was negative throughout the brooding period, reaching
values as low as -13.18 J*h", much lower than in non brooding oysters (-3.3d J*h" ). Afer
liberation of the larvae, SFG increased to 3.97 J*h", a value similar to that observed in oysters
which had not brooded.

IL3. LARVAL STUDIES
M13.1. LARVAL GROWTH

During the 1992-1993 reproductive season, oysters from Quempillén started brooding
during the third week of November. The first larval liberation was recorded during the first
week of January 1993, and the peak releasz occurred a week later. In the Quempillén
population no brooded larvae had shells during the first 3 weeks, but soon afterwards almost all
larvae developed shells. Embryos/larvac therefore lacked shell protection for approximately half
the brooding period.

Increments in shell length, total dry weight and ash weight in relation to the age of
brooded larvae are shown in Fig. 15. The first measurable shell appeared after 3 weeks,
reaching a length of approximately 230 um, although at this time the shell did not cover the
entire body of the larva, since the velum could not be retracted. After 45 days of brooding, shell
length was greater than 450 um, indicating that liberation was imminent. This information is
consistent with that obtained from the natural population, indicating that the brooding period
was approximately 45 to 50 days. Linear relationships were established between logio
transformed values of shell length and dry weight, and between logo transformed values of
shell length and ash weight (Fig. 15). The relationship between shell length and age is given by
the equation Y=33.644+9.705 X, where Y=shell length (um) and X=larval age (days) (Fig.
16).

Larval ash weight increased more rapidly with shell length than did larval dry weight.
Furthermore, the ash content, represented principally by the shell, increased from nearly 0%
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Fig.15. Shell length, total dry weight and ash weight in relation to the age of the brooded
larvae. Note logarithmic scales. Symbols represent the mean values and vertical lines
their standard error (SE). When SE bars are not shown they are smaller than the

symbol size.
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(egg) to more than 50% just before liberation of the larvae. There was a linear relationship
between the percentage of ash in the larvae and shell length (Fig. 17).

111.3.2. LARVAL FEEDING

The endoscopic observations showed that red plastic particles of similar size to algal
cells (2 to 10 pm) drawn into the mantle cavity by the female were captured by the vela of
developed pediveligers and were visible in the guts of the brooded larvae. Larval vela were
occasionally seen in direct contact with mucous strings, produced by the brooding oyster and
containing red particles, but it was not possible to determine whether the larvae were ingesting
these mucus-bound particles. Furthermore, the foot of the pediveliger appeared to participate
actively in the capture of particles transported into the mantle cavity through the filter feeding
currents of the female. This is consistent with observations by Caddy (1969) and Bayne (1971)
that cilia on the foot may assist in drawing particles into the mantle cavity, where they can be
captured on the gill rudiments.

During the earliest development stages, no larvae were detected ingesting food
particles. From 290 to 300 um shell length, larvae could be distinguished ingesting exogenous
particles (Fig. 18). Time of first feeding coincides with the development of velar filter feeding
structures (see section 111.3.3).

HL3.3. LARVAL SEM STUDIES

UL33.1. FILTER FEEDING STRUCTURES
1I13.3.1.1. EARLY DEVELOPMENT STAGES
The earliest development stages are naked, with no ciliature (Fig. 19a, b, ¢). Only when

the embryo reaches the earliest veliger stage, with a shell length of about 290 pm, is the first
ciliary growth observed.
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Fig. 19, Early development stages in the Chilean oyster. A:gastrula, scale bar: 109 um, B
Jate trochophore, scale bar: 96 m, C: early veliger, scale bar: 109 wm. In all cascs,
embryos/larvae are devoid of ciliature.
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The first cilia appear on the upper part of the velum Because of their location and
armangement on the velum, these cilia are presumed to form the future outer preoral nng (OPC)
(Fig. 20a, b). They are approximately 11 to 14 um in length. Initially, they arc individuals with
atendency to join each other in the middle basal part of the cilia At the same time, a group of
short cilia grows in the mouth region and begins to cover the food channel. These ciia are
shorter than those which arose earlier, and are randomly distributed (Fig 20c)

Larvae show a very well synchronized ciliary growth pattem, with all larvae from the
same brood being at the same developmental stage.

By 25 10 30 days ofbrooding (315 to 320 um shelllength), a clear pattern of single or
compound cilia has emerged which persists for the remainder of the larval phase The ciliary
belts composing it are shown schematically in Fig 21.

111.3.3.1.2. DISTRIBUTION OF CILIA ON THE VELUM

The ciliature of a larva of 400 um shell length is shown in Fig 22a A depression of
approximately 70 to 80 pum in diameter is visible in the most central and apical sector of the
velum (Fig, 22b). Located in its base is a group of small cilia, the apical cilia (AC), which are
randomly distributed. The AC are located in the region occupied by the apical tuft in planktonic
bivalve larvae. Surrounding the depression is a bare region approximately 60 pm wide,
delimited by a single belt of cilia constituting the inner preoral cilia ring (IPC)

111.3.3.1.3. INNER PREORAL CILIA (IPC)
The IPC band is a ring of single cilia (Fig. 22c). Each cilium has a length of

approximately 15 to 20 um. Outside the IPC there is an area, 9 to 10 um wide, devoid of cilia
and delimited by a large velar ciliary ring, comprised of the outer preoral cilia (OPC).



Fig, 20. In a larva of about 300 um shell length the ciliature first appears on top of the
unciliated velum and also in the region of the mouth and the food channel. A, B:
ciliature which will constitute the OPC band, scale bars: 60 jtm and 8 ptm, C: short cilia
covering the adoral food groove (FC) and the mouth region, scale bar: 80 um.






Fig, 21. Schematic view of the velum area in a well-developed larva (>400 um shell length).
Ciliary bands are identified in an enlarged velum section. AC: apical cilia, AOC: adoral
cilia, IPC: inner preoral cilia, OPC: outer preoral cilia, S: larval shell, V: velum. Circled
letters correspond to the SEM micrographs in Fig. 22.






Fig. 22, Velar ciliature in a brooded veliger of (. chilensis. (A) General view of a
pediveliger, scale bar: 160 um. (B) Apical view of the velum showing the presence of
the AC band in the middle part, scale bar: 60 um. (C) Detail of the IPC band, scale bar:
10.9 pm. (D) Transverse section of ve* a1 showing the principal ciliary bands, scale
bar: 9.6 pm,






Fig. 22. (E) Detail of the OPC band, scale bar: 3.0 um. (F) Lateral view of the mouth area in
a pediveliger larva, showing OPC and AOC bands, scale bar; 40 um. (G) Micrograph
of a food channel, scale bar: 22 pum. (H) Frontal view of the mouth region in an
advanced pediveliger, scale bar: 48 um. Abbreviations see Fig. 21.






111.3.3.1.4. OUTER PREORAL CILIA (OPC)

The OPC form a band, approximately 10 to 15 pm wide, of two rows of cimi
(composite cilia, Waller, 1981) which are orieated radially from the centre of the velum (Fig.
22d, ¢). This is the dominant ring in the velum because of its width and the size and complexity
of its cirri. The cirmi are approximately 80 um long, and are composed of a variable number of
cilia, which are difficult to enumerate, but probably number 50 to 100. They are in contact with
each other throughout almost all their length. The width of each cirrus is about 1 um and each
one is separated from its neighbour by an unciliated space of approximately 1.5 to 2 um.

111.3.3.1.5. ADORAL CILIA (AOC)

The remainder of the velar area (adoral area) is covered by the AOC, a carpet of
individual, short cilia (8 to 12 jum). They cover the upper part of the food groove (channel), the
groove, the lower part of the food groove, and the external part of the mouth. There is no
obvious or regular differentiation in ciliary form, although in some areas there are a few cilia of
different lengths. The food channel is covered by cilia which are shorter than the rest of the
AOC (Fig.22f, g). Short cilia can also be seen on the base of the external part of the mouth
(Fig. 22h).

There is no clearly identifiable postoral ciliary band of the type described in larvae of
Ostrea edulis by Waller (1981). Below the food channel, close to the mouth, are lobes which
resemble the tumescent cells identified by Waller (1981)in O. edulis.

1113.3.2. GILL RUDIMENTS
Gill rudiments grow from the epithelia decp in the mantle cavity, are double (both sides

of the mantle) and are located around the base of the foot (Fig. 23a). Initially, they grow as a
single protuberance and can be distinguished before the larvae are 320 pum long. The earlier gill



Fig. 23. SEM micrographs showing the position and structure of the gill rudiments in an
advanced pediveliger larva (450 pum shell length). G: gill rudiments, F: foot, scale bars
A: 60 um, B: 22 pum.






rudiment lacks cilia. The gill rudiment is approximately 10 to 15 iy high and approx. 2 um
wide,

When the gill rudiments begin to grow, they follow the curvature of the mantle, and
increase in number to 7 to 8 per side (Fig, 23b). In larvae 450 ym long there are a few cilia
which appear to lack organisation. They can be observed only in the oldest gill filaments. In
pediveligers, some cilia occur on top of the gill rudiments, pointing towards the opposed gill
rudiment (on the other side of the mantle cavity), but no connection between them can be
distinguished.

ML34. LARVAL MOVEMENTS
11.3.4.1. LARVAL LOCATION

With the endoscope, larvae were only observed in the infrabranchial cavity of the
female. They moved freely between the demibranchs, along the food channels of the gill and
around the labial palps of the female.

Larvae are not physically connected to any tissue of the female. The gill of the brooding
female shows no anatomical modifications for brooding, and there is no evidence of special
structures in which larvae can be held. There are interdigital processes on the mantle margin of
the female which apparently serve to prevent the brooded larvae from leaving the mantle
cavity.

A large aggregation of larvae (‘'swarm') was always observed closely associated with
the palps (Fig. 24). Most of the time, larvae were moving around the palps, and manipulation
of larvae by the palps was also seen, keeping the swarm constantly in motion.



Fig. 24. Endoscope micrographs of veliger larvae in the pallial cavity of a brooding female
oyster. The diameter of each larva is about 400 um. (A) Swarm of larvae around the
labial palps of the female. (B) Movement of larvae anteriorly within the basal tract. (C,
D) Larvae leaving the basal tract and being carried along the ordinary filaments towards
the marginal groove of the demibranch. («:) A larvae being transported anteriorly along
the margin of the demibranch. (F) Larvae returrung to the swarm between the labial
palps.These micrographs are i in Fig. 25. L: larva; CT:
ciliated tract (basal tract); CG ciliated groove (marginal groove); OF: ordinary
filament; PF: principal filament; LP: labial palp. Arrows indicate direction of movement
of larvae.







111.3.4.2, LARVAL CIRCULATION

Larvac in the mantie cavity of the female were mobile. They circulated in a clearly
defined pattern. At irregular intervals, some of the larvae close to the palps were ejected from
the swarm and were moved posteriorly by a strong water current produced intermittently by
the female There was also a weaker counter-current which transported suspended larvae
anteriorly. The resultant force was in a posterior direction, and the overall impression was of a
'sloshing' motion, alternating between the strong posteriorly directed current and the weaker
anteriorly directed current. The larvae retumned to the palp region via basal ciliary tracts and
marginal grooves, where they were commonly seen aligned one behind the other (Fig. 25 and
26).

The highest larval fluxes were observed in the basal tract. Some larvae were carried
from the basal tract to the marginal groove via the frontal tracts of the ordinary filaments. In
such instances, each larva usually lay within a single plical fold, and contacted the frontal cilia
on the ordinary filaments of the two adjacent plicae, which transported it ventrally; on reaching
the gill margin, the larva was directed anteriorly towards the palps, presumably by cilia on the
crests of the proove. Occasionally, a larva was observed moving on the frontal surface of the
gill along the principal filament of'a plical groove, towards the basal tract. The mean velocity of
the larvae was 471 pum*s’ in the basal tracts and 141 pm*s’ in the marginal grooves
(measurements made at 17°C).

While returning from the posteric r region of the mantle cavity to the anterior region,
the larvae were constantly in motion, but normally remained in contact with the gill of the
female. Larvae rotated and oscillated constantly, using their vela. However, movements in an
anterior direction were not influenced by the orientation of the active velum.



Fig. 25. Schematic lateral view of a single demibranch and the labial palp region of the
Chilean oyster showing the circulating pattern followed by the larvae in a brooding
female. The orientation follows the convention that the buccal region is anterior
Circled letters d to the ic mi in Fig 24. Broad arrows
show the direction in which larvae are transported by currents in the mantle cavity
(dark arrow: strong flow producing resultant movement in a posterior direction, light
arrow: weaker counter-flow in an anterior dircction, producing a 'sloshing' action). Thin

arrows show the routes taken by larvae that are in contact with the gill; broken arrows
indicate that larval transport is intermittent. A: adductor muscle; G- gill, LP: labial
palps; M: mantle; CT: ciliated tract (basal tract), C: ciliated groove (marginal groove),
OF: ordinary filament; PF: principal filament
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Fig. 26. Schematic representation of two adjacent demibranchs in . chilensis (posterior
view), showing the circulation of larvae between them. Symbols as in Fig. 25.






ML3.5. LARVAL BIOCHEMISTRY
HL3.5.1. PROTEIN

There was a clear decrease in the protein content of a larva during its development
(Fig. 27). Maximum values recorded were close to 3 pg*larva” at the carliest development
stages, and a minimum value of 1.5 pg*larva™ was recorded in advanced pediveliger stages

IL3.5.2. LIPID

The lipid content of the oyster larvae decreased throughout development (Fig. 28).
Highest values of approx. 0.4 g lipid*larva™ were recorded in the earliest stages. These values
were reduced to close to 0.2 g lipid*larva” when the larvae reached the maximum size

TL3.5.3. CARBOHYDRATE

There was a weak relationship between carbohydrate content per larva and shell length
(Fig. 29). Carbohydrate values were low, varying from 70 to 140 ng*larva™.

ML3.5.4. ENERGY CONTENT

Figure 30 shows the energy (J) present in a shelled larva for each one of the principal
biochemical The ions of the total energy represented by protein, lipid and
carbohydrate are shown in Fig. 31. Protein represented the major energy reserve in a Chilcan
oyster larva, decreasing from an initial value of 70 J*larva™ to 50 J*larva™ immediately before
liberation. The contribution of lipid was much less than that of protein. Carbohydrate did not
appear to play a significant role in the energy budget of the larva.

Thus protein represented approximately 80% of the total energy expended by the larva
during development (Fig. 32), whereas lipid represented no more than 20% and carbohydrate a
negligible amount.
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Fig, 27. Relationship between larval protein content and larval shell length during the brooding

period.
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Fig. 28. Relationship between larval lipid content and larval shell length during the brooding
period.
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Fig. 29, Relationship between larval carbohydrate content and larval shell length during the
brooding period.
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Fig. 31. Total energy in brooded larvae of different sizes calculated from the biochemical
composition of the larvae. P: protein; L: lipid, C: carbohydrate.
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Fig. 32. Relative contribution of protein and lipid to energy utilisation by brooding larvae.
Carbohydrate utilisation was negligible. P: protein; L: lipid.



1V. DISCUSSION

IV.1. BROODSTOCK AND THE BROODING PERIOD IN THE QUEMPILLEN
OYSTER POPULATION

In general, there is a good relationship between shell size (multiple regression including
shell length, shell width and shell height) and meat weight in adult oysters. Outside the
brooding period, an equation could be established for all animals, independently of sex or
reproductive state. However, during the brooding period there was a difference between
brooders and non brooders in the dry weight-size relationship.

There are two possible reasons for this difference. The first is related to the weight of
gametes released by each sex. Brooding oysters (females) released much more material per unit
meat weight than non brooders. Some of the non brooding oysters were probably males,
whereas others may have been hermaphrodites which had not reached maturity as females but
which were still able to contribute to the reproductive process by relcasing sperm. A standard
female released a mean of 0.258 g dry weight of eggs, but a non brooding oyster released a
‘mean of 0.189 g of sperm, i.e. the male (or non brooder) produced only 73% of the amount
released by a female. The second factor is a consequence of the brooding process itsclf. It is
clear that females brood the embryos/larvae in the mantle cavity until a very advanced
pediveliger stage, which has implications when comparing the meat content of brooding and
non brooding oysters. Furthermore, brooding females had a lower FR than did non brooding
oysters, which reduced SFG and the meat content of the female,

IV.L1. REPRODUCTIVE PERIODS AND BROODING PERCENTAGE

Cl i in Chilean oyster i ion takes place only once per
year, normally during the spring and summer. In the Quempillén estuary reproduction occurs
between November and December (Toro and Chaparro, 1990). Almost all ogsters in the
population start to brood more or less at the same time, which makes it easier to determine the
percentage of the oyster population which is brooding at any given time.
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According to Solis (1967), Gleisner (1981) and Tomicic and Bariles (1981), the
Chilean oyster reproduces for the first time as a male during the second year of age. It then
changes sex, being female during its second reproductive season (i.e. three years of age) . Also,
rhythmical changes in sexuality, from male to female and so on, have been described for O.
edulis, O. lurida, and O. equestris (Galtsoff, 1964). In the Chilean oyster, the first period as a
female starts when it reaches its third year, when the shell is greater than 37 mm in length
(Gleisner, 1981). Between 18 and 48% of the potential females (i.e. those > 37 mm shell
length) brood during a reproductive season, although the value is commonly between 30 and
40% (Toro and Chaparro, 1990). During the 1992-1993 and 1993-1994 reproductive seasons,
the maximum percentage of brooding females was almost 40%, a value which is within the
range reported in the literature. The data from the Quempillén population demonstrate that less
than 50% of the potential females brood during a reproductive season, which is inconsistent
with the suggestion of Gleisner (1981) that a non brooding oyster (potentially female) changes
sex to become a brooder during the next season. Thus not all oysters behave as females in their

second year of reproduction.

Oysters from the Quempillén population normally begin brooding at the end of
October-beginning of November, when the water temperature reaches approximately 13°C
(Winter et al., 1984b). They finish brooding in the last week of December-first week of
January, coinciding with the annual maximal temperature of about 19°C (Winter et al., 1984b).
During 1992-1993, 1993-1994 and 1994-1995, spawning started at different times (Fig. 2).
This is consistent with interannual variation in conditions at Quempillén, where water
temperatures are influenced by freshwater runoff, sunlight and wind, which vary between years.
Other investigators have shown a clear relationship between temperature and spawning for
other oyster species (Loosanoff, 1969; Loosanoff and Davis, 1952; Galtsoff, 1964).

Data obtained during the reproductive season 1992/1993 show that the brooding
period may last 50 days in the Quempillén estuary. During 1992-1993, the population started
to brood in the third week of November and finished in the third week of January. This late
start may be attril to the low temp in ison with other years. The results
suggest that during 1992/1993 the oysters brooded their embryos/larvae for approximately
seven weeks, which is one to two weeks less than the ‘normal' period described for the same




population (Toro and Chaparro, 1990). This difference may be the result of ditferent
temperature regimes in the shallow waters in which Chilean oyster populations are living For
Tiostrea chilensis (=0. chilensis) in New Zealand, several authors have determined that the
brooding period has a close relationship with the temperature regimes of the water in which
different populations are living (see Buroker et al., 1983).

The Chilean oyster appears to have the longest brooding period of any oyster: 8 weeks
in Ostrea lurida brooding takes 7 to 9 days (Davis, 1949) and cgg diameter is 100 pm
(Hopkins, 1937); in 0. edulis brooding lasts 8 to 10 days (Yonge, 1960; Cole, 1941; Walne,
1964) and egg diameter is 150 um (Cole, 1941); O. puelchana broods for 3 to 9 days
(Morriconi and Calvo, 1980; Fernandez Castro and Le Pennec, 1988) and egg diameter is 67
to 80 pum (Morriconi and Calvo, 1978). Thus Winter ct al. (1984b) noted that in the genus
Ostrea the brooding period is strongly correlated with the size of the egg, which may account
for the fact that the embryos/larvae are incubated for a longer period in 0. chilensis than in
other species of the genus. Similar relationships between cgg size and the duration of the
brooding period have been found in other taxa i decapod
and gastropods; McLaren et al., 1969; Steele and Steele, 1973; Wear, 1974; Spight, 1975;
Perron 1981a).

IV.1.2. MEAT CONTENT AND BIOCHEMICAL ANALYSIS

Oysters lost weight during the reproductive period before brooding. The weight
reduction started with the release of the gametes, but adult oysters continuously lost weight
whether or not they were brooding. This implies that one or more factors were influencing all
broodstock during the brooding period. The most probable factor is phytoplankton availability
in the estuary. In a study of the phytoplankton in the Quempillén estuary, Toro (185) showed
that the algal density reached a maximum during the spring bloom (September - October).
From October until the end of December, a clear and continuous decrease of phytoplankton
density was detected. If this situation also occurred during the present study, food availability
may explain the loss of weight in the broodstock, whether brooding or non brooding. The
reduced FR in the brooding oysters was reflected in a greater decrease in dry meat weight at



the beginning of the brooding period than was observed in the non brooding group, although
for the remainder of the brooding period no further changes were observed in dry meat weight
for both brooding and non brooding oysters.

Gametogenesis in marine molluscs often proceeds at the expense of stored reserves
(Ansell, 1972, 1974a; Gabbott, 1975; Mann, 1979, b) located in organs such as the digestive
gland (Sastry and Blake, 1971, Thompson et al, 1974; Femandez Castro and de Vito de
Mattio, 1987), adductor muscles (Ansell, 1974b), foot, mantle and siphons (Ansell et al,
1964). Recently ingested food may also be used in the development of the eggs (Gabbott,
1975). Seasonal variation in proximate biochemical composition is usually linked to
gametogenesis and spawning, especially in broadcast spawners,

Protein is the principal component of oyster meat. The highest protein values occur at
the end of gametogenesis, just before spawning. In both brooding and non brooding 0.
chilensis, oysters lost protein as a consequence of spawning, as described by Ansell (1974a)
for Lima hians. Gametes in bivalves are composed primarily of protein and lipid (Pieters et al,,
1980), and the seasonal cycles in the protein and lipid content of the meat are coupled with
‘gametogenesis and spawning.

Foliowing the reduction in protein associated with spawning, non brooding and
brooding Chilean oysters of standard size maintained protein content at approximately 470 mg
and 450 mg throughout the brooding period. In both brooding and non brooding oysters, an
increase in protein content occurred afier the brooding period, reaching values close to 520 mg
protein per standard oyster, very similar to the 540 mg protein recorded one month before
spawning, It should be noted, however, that gametogenesis probably began several weeks
before the first protein measurements were made.

In terms of proportion of dry weight, lipid is the least important of the three primary
constituents of the meat of the Chilean oyster. Maximum lipid values were recorded during the
pre-spawning period, which is consistent with observations by Ansell (1974a) for Lima hians.
According to Fernandez Castro and de Vito de Mattio (1987), lipid and glycogen are both used
as energy reserves for reproductive purposes in Ostrea puelchana. In the present study, lipid
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values were low and decreased considerably as a consequence of spawning in both brooding
and non brooding animals. During the brooding period, the lipid content was lower in brooding
oysters than in non brooding individuals, but neither group showed a decrease with time. After
the brooding period, there was an increase in lipid content, probably as a result of the bloom of
algae which normally occurs in this estuary (Toro and Winter, 1983a).

In this study, values as high as 225 mg of carbohydrate were recorded in a standard
Chilean oyster some weeks before spawning. According to Gabbott (1975), vitellogenesis in
Mytilus edulis takes place at the expense of stored glycogen reserves. In O, chilensis, a
reduction in carbohydrate was observed during spawning, followed by an increase after
spawning. Carbohydrate is the only one of the biochemical constituents measured in .
chilensis which is not correlated with brooding activity, because brooding and non brooding
oysters showed the same trend in carbohydrate content.

In Donax vittatus, lipid, carbohydrate and protein levels all decrease during spawning
(Ansell, 1972), although carbohydrate and lipid show the greatest reduction. However, in
Lima hians, only protein and lipid decrease during spawning (Ansell, 1974a), while
carbohydrate continues to rise after spawning, providing reserves for use some months afler the
reproductive period. Emmett et al. (1987) suggested that stored carbohydrates are uscd to
meet metabolic demands other than gonad synthesis in Mytilus edulis, differing from
observations from other mussel populations in which the decrease of carbohydrate was closely
linked with gametogenesis and spawning.

A standard brooding oyster lost between 6.2 and 6.8 J*h™*g" dry meat weight during
the brooding period, although this is not the real cost to the female, because the estimate was
obtained by subtracting the SFG of non brooding oysters from that of brooders, and therefore
includes the energy expenditure of the embryos/larvae. It was not feasible to determine this
component separately. Winter et al. (1983) suggested that the physical presence of the
embryos/larvae may alter the normal filter feeding activity of the female, because the Jarvae arc
living in, around or on the structures responsible for filter-feeding. This is also consistent with
the low FR recorded in brooding oysters during the present study, and with the observation
that larvae were ingesting some of the food collected by the female. Furthermore, the larvae
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move in a well defined pattern inside the mantle cavity of the female, and are carried by
currents created by the female, rather than by their own movements. Thus the female
" presumably incurs an additional energy cost as a result of brooding

IV.2. ADULT PHYSIOLOGY

Many investigations have been carried out on filter-feeding in bivalve molluscs, usually
to determine the influence of different environmental factors on the FR of individual animals,
e g Bayne et al. (1976), Winter (1977, 1978a), Bayne and Newell (1983). Several authors
have demonstrated that filter-feeding bivalves often respond to changes in food availability by
modifying their FR and other physiological rates, which allows them to be more efficient
energetically (Bayne et al., 1976; Winter, 1973, 1977, 1978a; Foster-Smith, 1975; Navarro,
1988, Ulloa, 1994).

Reproduction is also an important factor which influences physiological rates such as
FR in many species of bivalves that broadcast spawn (Thompson, 1984 in Mytilus edulis,
Ulloa, 1994 in Aulacomya ater), but variation in physiological rates may also result from the
brooding process in those species that brood their young (Benavides and Cancino, 1988;
Tankersley, 1992; Tankersley and Dimock, 1992, 1993; Walne, 1972).

Most brooding bivalve species maintain their embryos/larvae in the gills, food grooves,
palps, suprabranchial chamber, water tubes, etc. In all cases, there is a close relationship
between the embryos/larvae and the structures associated with filter-feeding (Sellmer, 1967;
Yonge, 1969; Mackie et al,, 1974; Osorio, 1974; Richardson, 1979; Kabat, 1985; Asson-
Batres, 1988; Russell, 1988, Russell and Huelsenbeck, 1989; Gallardo, 1993; Tankersley and
Dimock, 1992, 1993). Thus one would expect FR to be sensitive to the brooding state. Some
freshwater bivalves retain the larvae in pouches within the water channel of the gills, leading to
a reduction in water flow, a problem solved in some species by the development of secondary
water channels which allow the brooders to maintain an active water transport through the gills
(Tankersley and Dimock, 1992). In other cases, the water flow around the lateral demibranchs



is impeded as a consequence of larval incubation and ctenidial swelling (Tankersley and
Dimock, 1993)

A month before the beginning of the brooding period, there was no significant
difference (U test; P>0.05) in FR between those oysters which became brooders and those
which did not. However, in future brooders, two weeks before the start of spawning, there was
an increase in FR which was not observed in non brooders (U test, P<0.05). This may be
interpreted as a mechanism employed by future brooders to obtain and store more energy in
preparation for the approaching brooding period.

After spawning, however, there were considerable changes in FR. Those oysters which
were brooding reduced their FR by as much as 76% from the pre-brooding value, whereas in
non brooders there was a slight increase. Statistical differences in FR (U test; P<0.01) were
detected between the two groups of oysters during the brooding period. The very low FR in (.
chilensis during the brooding period agrees with Walne (1972), who found that FR in
brooding individuals of O. edulis was reduced so much that it was almost impossible to

i iate between i chambers ining brooding oysters and control chambers
without oysters. The endoscopic observations showed that in 0. chilensis those females which
were brooding the earliest embryonic development stages were inactive for most of the time,
i.e. the embryos lay motionless between the demibranchs for prolonged periods, suggesting that
the female may not have been producing water currents for filter-feeding purposes. This was
probably associated with valve closure, although the FR data showed that for some periods of
time brooding females were filtering, albeit at a reduced rate compared with non brooders. The
occurrence of periods during which the brooding female did not filter could account for the
high variance observed in the FR of oysters brooding the earliest embryonic stages. It appears
that females were not able to move the early embryos around the mantle cavity, possibly
because embryos (non-shelled individuals) may be damaged by the strong water currents
produced by the usual ventilation mechanism.

According to Tankersley and Dimock (1992, 1993), the water flow through the
‘marsupial gill is reduced in some brooding freshwater mussels in comparison to non brooding
conspecifics, as a consequence of the ctenidial swelling caused by the brooding process. One



may infer that FR is likely to be reduced in these circumstances, which would be consistent
with the presant observations on O. chilensis. Feeding rate in isopods also tends to decline
during the incubation period (Lawlor, 1976, Tuomi et al., 1988).

After completing brooding, the Chilean oyster increased FR sixfold to reach the values
recorded for non brooders. This is presumably a mechanism by which the former brooder
recovers energetically from a prolonged period during which food intake is low. Tankersley
and Dimock (1993) found that after release of the brooded glochidia by a unionid bivalve, the
demibranchs increased filtration activity in those regions of the marsupial gill that contained
empty brood chambers, a phenomenon which may be interpreted as a restoration of normal
filter feeding. This may be analogous to Q. chilensis after larval release.

Previous results for O. chilensis (Winter et al., 1984a) of approximately the same size
as the present experimental oysters (1 g dry meat wt., 54.4 mm shell length) showed a FR of
approximately 0.62 [*h™ at 12°C and 20 ppt salinity. These values are lower than the maximum
FR recorded during the present experiments. If the values of Winter et al. (1984a) are
considered as ive of p ing oysters (the were not made
during the reproductive phase), they would support the suggestion that the recovery of FR to
normal values during the post brooding period in the present study may be a mechanism
whereby the female is able to recover from a stressful period (brooding).

Because no pseudofaeces were produced, ingestion rate was equal to the amount of
algae filtered per unit time. Thus the time course of FR, IR and ingested energy followed a
similar pattern in the Chilean oyster through the reproductive period.

Ingestion rate in O. chilensis, expressed as a percentage of dry meat weight, was very
variable. Prespawning oysters ingested approximately 1.2% of their dry meat weight per day,
whereas brooding females ingested only 0.4%. However, after liberation of the larvae,
ingestion rate increased considerably, reaching values around 2% per day in both post brooding
and non brooding oysters. Winter et al. (1984a, b) reported values for ingestion rate of
approximately 1.8% dry weight per day for O. chilensis of the same size as the oysters used in
the experiments described here and maintained under a food ration of 20,000 cells*m! !



Before the brooding period, no significant difference in FPR was detected between
future brooders and non brooders. However, during the incubation period the FPR of brooding
oysters was significantly lower than that of the non brooding individuals, Faeces production
rate followed a similar pattern to FR during the reproductive period. A difference between FPR
and FR curves in brooders was detected during the early part of the brooding process. More
faeces were produced early in the brooding period than later. Oysters brooding the earliest
larval stages showed a filter feeding behaviour similar to those brooding pediveliger stages.
Some oysters brooding early development stages filtered intermittently during experiments to
determine FR, which accounts for the high variation. When the embryos developed shells, they
also developed the capacity to ingest particles, which implies that some proportion of the
ingested particles was caught by the larvae before being ingested by the female. Since only
strings of faeces or pieces of strings were sampled, faeces produced by the larvac, at least those
larval faeces that may have been reingested by the mother, were not sampled. The possibility
that the brooding female may obtain energy by ingesting larval facces is currently under
investigation.

Absorption efficiency is one of the physiological processes in which Chilean oysters
showed a clear response as a consequence of the brooding process. In most cases, AE values
were very high, ranging between 70 and 90% for oysters fed a monospecific culture of
microalgae. Winter et al. (1984a, b) recorded values for AE higher than 90% in . chilensis
fed Dunaliclla marina in concentrations of 20,000 cells*ml”, suggesting that this oyster is
very efficient in exploiting this food source. Values for AE close to 80% have also been
reported by Navarro (1988) for the mussel Choromytilus chorus feeding on a monoculture of
D. marina at a concentration of 32,000 cells*ml™.

Before the brooding period began, no differences were observed in AE between future
brooders and non brooders of O. chilensis, nor was there any difference in AE between
brooding and non brooding oysters at the beginning of the brooding period, which is consistent
with the observation that brooding larvae were unable to feed. However, late in the brooding
period AE was greater (U test; P<0.01) in brooding than in non brooding individuals, and was
associated with a greatly reduced FR and IR in the former. The ability to increase AE when
food supply (and therefore presumably IR) is low has also been observed in other filter-feeding



bivalves (Thompson and Bayne, 1972, Widdows, 1978b; Navarro and Winter, 1982). More
specifically, Bayne et al (1984) have described for some mytilid species a relationship between
low IR and high AE as a consequence of a longer retention time of the food in the stomach.
Furthermore, Foster-Smith (1975) concluded that AE is inverzely related to the amount of food
ingested in three bivalve species, and similar results have been recorded by Calow (1975, 1977)
in freshwater gastropods and by Hawkins and Bayne (1984) in Mytilus edulis.

Shelled, brooding larvae of Chilean oysters were able to ingest food particles. The
digestion of this food by the larva must produce faeces which are presumably voided between
the demibranchs of the female. At present the fate of these faeces is not clear, but there are two
possibilities. First, the faeces produced by the larvae may be incorporated into the pseudofaeces
expelled by the female. Second, the faeces of the larvae may be used as a food source by the
female. The first ion appears ir because no were detected in
the biodeposits of brooding oysters during the experiments. The second explanation implies
that the female may reingest food originally ‘lost' through larval feeding. This could be
energetically adaptive in that larvae are believed to have a poorly developed digestive enzyme
pool, so that the faeces are richer in organic material than those of the adult. If this is true,
faeces from the larvae may represent another food source for the female. This suggestion is
supported by preliminary HPLC analyses of chloropigments in faccal material from both
sources, showing that faeces from larvae contain a greater percentage of chlorophyll than those
from the female.

In those oysters which did not brood, AE was inversely related to FR, which is
consistent with the observations of Bayne et al. (1984) on various mytilid species. Similarly, in
post brooders and non brooders, AE decreased as FR increased after the brooding period
ended.

Apart from a period just after spawning, i.c. at the start of the brooding phase, there
was no significant difference in oxygen consumption between brooding and non brooding
Chilean oysters. There was very little change in oxygen consumption throughout the
experiment. Values were approximately 0.4 to 0.5 ml Oz*h” (9.6 to 12 ml Oz*day™), very



similar to those reported by Winter et al. (1984a) for similarly sized specimens of 0. chilensis
(9.8 ml Oz*day™).

The fact that no differcnces in VO, were found between brooders and non brooders
suggests that any metabolic cost to the female of brooding embryos/larvac is not measurable
with the polarographic electrode. Endoscopic observations showed that larvae are transported
from the posterior region of the mantle cavity to the anterior (palp) region by means of the
ciliated tracts used normally for transporting food particles (gill filaments, food grooves, palps).
The cost of operating these tracts is likely to be independent or nearly independent of the
nature of the particles transported, and is also a negligible fraction of total body metabolism. It
is therefore unlikely that differences will be seen in oxidative metabolism between brooders and
non brooders as a result of larval transport on the gills. However, pediveligers are moved
posteriorly from the palp region in a strong water counter-current gencrated by the female. To
generate and maintain such a current for 8 weeks niay be expected to result in an additional
energetic cost to the female, if that current is produced only during the brooding process.
Unfortunately, we do not know if this current plays a role in ventilation and feeding in the non
brooding oyster. If it does, this could explain why no differences in oxygen consumption were
recorded between brooders and non brooders. Tankersley and Dimock (1993) observed abrupt
changes in the direction of particle transport in the suprabranchial cavity of a freshwater
bivalve, implying changes in the flow of water, which could be the result of rapid valve
adductions rather than of abrupt changes or interruptions in the activity of lateral cilia
Nevertheless, the same authors emphasised the need for more studies of the pattern of water
movement through the mantle cavity, especially during brooding periods, to understand the
role of the counter current seen in the brooder species Pyganodon cataracta. In the Chilean
oyster, however, it is likely that the intermittent posteriorly directed current is produced only by
brooding individuals.

Mean values for ER in O. chilensis varied from 12 to 20 ug NH-N*h"*g" dry meat
weight, a little higher than values reported by Winter et al. (1984a) for individuals of similar
size to those used in the present study. This difference may be explained by the fact that the
oysters used by Winter et al. (1984a) were maintained at a lower temperature and were not in
reproductive condition. There is some evidence in the literature for a strong relationship



between ER and gonad development in bivalves (Bayne and Widdows, 1978, Widdows,
1978b, Worrall ct al., 1983; Navarro, 1990).

In the present study, no significant differences in ER were detected between brooding
and non brooding oysters. This is consistent with the observations of Benavides and Cancino
(1988), who found that ER is not influenced by brooding in the bivalve Gaimardia
bahamondei.

Scope for growth represents the integration of the physiological processes taking place
in an individual animal, and is a measure of the energy available for growth and reproduction
after basal metabolic requirements have been met. A negative SFG was observed in both
brooding and non brooding oysters for much of the brooding period, which may be partially
attributable to post-spawning stress, as recorded in other bivalves (Newell and Thompson,
1984; Thompson, 1987, 1991). Furthermore, a reduction in meat content was observed
throughout the brooding period in all oysters held in the estuary, suggesting that factors other
than brooding (c.g. the low phytoplankton availability in the Quempillén estuary at that time;
Toro, 1985), were contributing to low SFG.

Immediately before the brooding period, a positive SFG was recorded in future
brooders, partly because of their high FR. However, during the brooding period a greatly
reauced FR, together with a high VO, resulted in a negative SFG in brooding oysters, despite
the very high efficiency with v hich brooders absorbed the small amount of ingested food.

Gleisner (1981) studied the reproductive cycle of the Chilean oyster in the Quempillén
population. He concluded that many male or hermaphroditic non brooding individuals, after
releasing sperm, immediately begin to develop oocytes. His results suggested that
gametogenesis takes two years to complete, meaning that for these oysters to be female during
the next reproductive season, they must start gametogenesis the year before. This sex change
from male to female may be the cause of the negative SFG in non brooding oysters, especially
considering that oocyte production in 0. chilensis is energetically more expensive than sperm
production (Solis, 1967).
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The difference in SFG between brooding and non brooding oysters is much larger
during the brooding period than before or after it, and is therefore attributable to the brooding
process, especially to the decreased FR in brooders. After the brooding period ended, both
groups of oysters showed a positive SFG, largely because of an increase in FR in each casc.
The SFG data show that the reproductive period, and specifically the brooding period, is a time
when Chilean oysters, particularly those individuals which brood, experience a large energy
deficit. The cost of brooding is 6 to 7 J*h™, calculated as the difference in SFG between
brooders and non brooders.

Winter et al. (1984a) observed that the Chilean oyster had a positive SFG when fed
20,000 cells*ml” Dunaliella marina at 12°C. The oysters used by Winter et al. (1984a) were
maintained at a lower temperature than those in the present study, and were ncither brooding
nor undergoing gametogenesis, which could explain why their SFG values were greater than
those from the present study.

The low and sometimes negative SFG values recorded in O. chilensis during the
brooding period may influence the survival of the broodstock. Toro and Varcla (1988)

observed high ities in k during the ive phase, and suggested that such
mortalities may be the result of high physiological costs associated with the recently completed
period. High post-spawning ities have also been observed in Mytilus edulis

(Worrall and Widdows, 1984; Newell and Lutz, 1991; Thompson, 1987, 1991). On the other
hand, Tuomi et al. (1988) concluded that the brooding process in the isopod Idotea baltica did
not result in increased energy costs, because gravid females survived equally well, or even
better, after the release of broods than did non-ovigerous females. The authors suggested that
this represents a strategy to optimize energy balance by adjusting egg production according to
the reserves accumulated by females during maturation, before the onset of breeding



IV.3. LARVAL STUDIES
IV.3.1. LARVAL GROWTH AND FEEDING

All embryos from any given female were at a similar stage of development, implying
that all eggs were spawned over a short period of time and that all spawned oocytes were
fertilized at about the same time once the sperm entered the pallial cavity of the female. Similar
observations were made by Gleisner (1981) for Ostrea chilensis, by Beaichamp (1986) for
Lasaea subviridis and by Yonge (1969) for Carditacea. In many species of brooding bivalves,
however, brooding is sequential, so that several developmental stages are represented in a
single brood, implying that fertilization also occurs at different times (see review by Gallardo,
1993). In such cases the female releases eggs into the mantle cavity at intervals, and in some
species the female spawns eggs in discrete batches, each batch being released only after its
predecessor reaches a defined stage of development. In the genus Ostrea, however, all the
brooded larvae are liberated from the female over a period of 48 h (DiSalvo et al., 1983a).

Larvae of O. chilensis were brooded for approximately 7 weeks, until more than 90%
had reached the pediveliger stage and were close to liberation. Almost all the larvae were
released over a period of 2 weeks, which agrees with the data reported by Toro and Chaparro
(1990) for the Quempillén population.

In the present study, tiie larval shell became visible in the third week of brooding, which
does not agree with Lépez (1983), who reported that in the larva of O. chilensis the shell can
be distinguished on the fifth day of brooding. This discrepancy is probably attributable to the
fact that Lépez synthesised information from different sources and populations, whereas in the
present study the development of several individual oysters was followed. Larval shell growth
is approximately linear, whereas the increments in total dry weight and ash weight are nearly
exponential. This rapid increment in ash content is one of the most important characteristics of
larval shell growth. During the first 20 days of brooding, no growth in length is detectable in
the embryos, there are no significant changes in their shape or weight, and no shell is present.
The embryo/larva is unable to remove exogenous material from suspension at this stage,
because it lacks the appropriate velar ciliary tracts. However, after approximately 20 days larval
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weight increases sharply, because having developed the velar ciliature the larvae are able to
ingest particles. Nevertheless, one cannot rule out the possibility that larval growth and
development may be supported in part by the incorporation of dissolved organic matter from
the water column (Bayne, 1968; De Mahieu et al., 1974; Jgrgensen, 1976; Clark and Jensen,
1981; Manahan and Crisp, 1983).

Many authors have suggested that bivalves with large egg diameters and large
prodissoconch I larvae normally exhibit lecithotrophic development (Gleisner, 1961, Mackie,
1984; Ockelmann, 1965), but there are exceptions. For example, Ramorino and Campos
(1979) indicated that Peremytilus purpuratus produces the largest egg of any mytilid, yet
exhibits planktotrophic larval development. Ostrea spp., which have large eggs, have often
been assumed to be lecithotrophic during the brooding period (Mackie, 1984). Gallardo (1989)
considered O. chilensis to be lecithotrophic, but the present study demonstrates that advanced
veliger larvae are able to ingest exogenous particles during the brooding period. It is not yet
clear whether the larvae require particulate food to complete development, or whether they are
facultative of phytoplankton in th tle cavity of the female.

In several species of bivalve molluscs, it has been shown or suggested that the brooding
female has the capacity to transfer nutritive substances to the embryos/farvae. For example,
larvae may obtain nutrients from maternal tissues (Purchon, 1968), from mucus secreted by
celis in the interlamellar septa (Wood, 1974), from secretions of the hypobranchial gland
(Morton, 1978), or from branchial papillae to which the embryos adhere (Bartlett, 1979).
However, in this study there was no evidence of such food transfer from the female to the
embryos/larvae in O. chilensis.

The studies with plastic beads and the endoscopic observations clearly showed that
larvae ingested exogenous particles during brooding. This has not been previously reported for
any brooding bivalve species, although Buroker (1985) has suggested that brooded oyster
veligers (Ostrea spp.) can feed in the ventilatory current of the female. Mackie (1979) has
postulated a similar feeding mechanism for larvae of some freshwater bivalves (Psidiidae), in
which the female removes particles from the incoming water current, and the extramarsupial
larvae secondarily filter the water that has passed through the gill ostia of the female. In the



Chilean oyster, the first ingestion of food was detected when larvae reached a shell length of
about 300 um. This capability to ingest particles was evidently linked to the development of
ciliature on the velum, as has been suggested for other bivalve species (Strathmann, 1987).

Scanning electron microscope (SEM) studies have shown that pelagic bivalve larvac
develop a strong cirral ring on the velum. A similar velar structure was described in O. edulis
by Waller (1981), who suggested that it plays a role in both swimming and filter-feeding. In the
Chilean oyster the cirral ring may function principally in particle capture, especially during the
brooding period, but may also allow the larva to swim in the water column during the short
pelagic period when it is searching for a settlement substrate.

Protein is the principal biochemical <onstituent of O. chilensis larvae, followed by
lipid. From an energetic point of view, carbohydrate is of little importance. Almost 80% of the
energy used by the larvac during development comes from protein, and 20% from lipid.
Gabbott and Holland (1973) showed that in O. edulis larvae protein and lipid represent the
principal energy reserves catabolised during starvation. However, Bayne et al (1978)
demonstrated in Mytilus eduli that the biochemical composition of the egg is varizble to some
degree, and depends on the female's nutritive condition. For example, eggs produced by
stressed females (high temperature and low food) showed a reduction in the lipid and protein
content. This suggests that the environment may have an impact on the ecological fitness of
larvae (Bayne et al,, 1978), especially considering the results of Bayne et al. (1975), who found
that M. edulis larvae produced by stressed adults were less viable than larvae produced by non-
stressed females. The same authors showed that in M. edulis embryogenesis takes place largely
at the expense of lipid reserves in the eggs. During starvation of Martensia cuneiformis larvae,
energy losses are greatest in protein, although there is also a significant loss of lipid (Mann and
Gallager, 1984). In O. edulis, protein appears to be the most important source of energy for
newly-released unfed larvae, although lipid becomes more important when the starved larvae
are older (Gabbott and Holland, 1973). Gallager and Mann (1983) demonstrated that neutral
lipids in O. edulis represent an important energy reserve which is metabolized when the larvae
are under stress. In the hard clam Mercenaria mercenaria and the eastern oyster Crassostrea
virginica, Gallager and Mann (1983) suggested that there is a minimum egg lipid content
below which subsequent larval growth and i proceed
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Many published studies suggest that lipid is one of the most important encrgy reserves
used during embryogenesis and larval development in bivalves. However, protein also appears
to be very important in some species, including O. chilensis. Carbohydrate is the least
important biochemical component of the eggs in terms of an energy source for embryonic and
larval development.

1V.3.2. LARVAL MORPHOLOGY

The presence of a pelagic larva in the life cycle of most marine bivalve molluscs is

by ions, especially iated with the velum, and is associated

with rapid development to the prodissoconch stage. This allows the larva to survive for long
periods in the water column, as the velum is an adaptation for planktonic life (Cragg, 1989).

Many papers on the early ! of bivalves have the presence of
cilia on some parts of the embryo, or covering the entire surface (Allen, 1961; Carriker, 1961;
Bayne, 1976; Amor, 1981; Fitt et al., 1984; Gustafson and Lutz, 1991). In most cases the
ciliature appears at the earliest stages of embryonic development (Gallardo, 1989). The few
studies which have been on brooded have shown that cilia first
appear at later stages of development (Ostrea lurida, trochophore stage, Hopkins, 1936, 0.
edulis, trochophore stage, Horst 1883-1884 in Waller, 1981). However, the present study
shows that in the Chilean oyster all embryonic stages, together with the early veligers, are
totally devoid of cilia. This is one of the few cases known in which cilia are totally absent at
such a late stage of development in a bivalve. From the illustrations in Beauchamp (1986), it
can be inferred that advanced, shelled veligers of the brooding clam Lasaea subviridis are also
naked. This species exhibits direct development, and no pelagic phase has been detected
(Beauchamp, 1986), which would explain the absence of cilia during the larval stages.
Unfortunately, there were no illustrations of the most advanced larval stages, leaving open the
possibility of a total absence of cilia during the entire developmental period, which would imply
a specialization for brooding in this species more extreme than is seen in the Chilean oyster.
Thus modification of the velar ciliature represents one of the most important and visible
adaptations for brooding the young in a bivalve mollusc.
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Cilia start to develop when the Chilean oyster larva is about 290 um in shell length. By
the time it reaches about 300 pm in length, all ciliature has developed and is maintained
throughout the remainder of larval development. The present study supports the contention of
Winter et al. (1984b) and Toro and Chaparro (1990) that the brooding period in 0. chilensis is
the longest of any Ostrea species. There is little necessity for swimming because the larva
spends only a few hours in the water column, and is competent to settle immediately after being
released (Solis, 1973; Cranficld, 1979). According to Millar and Hollis (1963), the shortened
pelagic phase in the larva of 0. chilensis is an adaptation for survival in a rigorously current-
dominated habitat. The absence of ciliature during much of the larval phase may be considered
an adaptation to brooding. The encapsulated embryos of many marine invertebrate species
lacking pelagic larvae bear structures which appear to be functional only in free-swimming
larval stages. In some encapsulated embryos, those cilia which are normally associated with
swimming in pelagic larvae serve to rotate the embryo within its capsule, presumably aiding the
larva in both ingestion of fluid albumen and in gas exchange (Fretter and Graham, 1962).
Hadficld and laea (1989) reported an extreme case in which encapsulated larvae of the
gastropod Petaloconchus montercyensis showed an absence or reduction of some velar
structures that are very important in closely related species with pelagic larvae. On the other
hand, in another lated gastropod Y (Turritella is), cilia develop in
the very earliest embryonic stages, in spite of the fact that these cilia are not required for
swimming (Kennedy and Keegan, 1992). However, the velar lobes of many encapsulated
gastropod veligers are known to participate in both breakdown and ingestion of nurse eggs
(Fioroni, 1966), and in others the velum is greatly modified for aiding in the ingestion and
perhaps in the breakdown of external nurse yolk (Hadfield and laea, 1989).

In Chilean oyster veligers, ciliary development is well-synchronised within a brood.
Immediately after the cilia are completely developed, the larvae start to ingest particles. Thus
the cilia are required for feeding more than for swimming, although the endoscopic results
show that larvae are not completely immobile, but exhibit a specific circulation pattem inside
the female’s mantle cavity. From these observations, it is clear that larval circulation is driven by
the water curents produced by the female, rather than by the larval velum. Furthermore,
although the velar cilia are very active when the female has stopped pumping, the larvae move
very little.
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The composition of the ciliary bands on the velum i~ similar, but not identical. to that of
the dlosely related species Ostrea eduls, described by Waller (1981). In both spesics, the ring
of apical cilia (AC) is short and no apical tuft is present, unlike the pelagic larvac of many other
bivalves (Allen, 1961; Carriker, 1961; Ansell, 1962, Gruffydd and Beaumont, 1972, Bayne,
1976, Boyle and Turer, 1976, Chanley and Chanley, 1980, Amor, 1981). The reduced
development of the AC ring in the Chilean oyster larva may be explained by a reduced sensory
function during the brooding phase, and also by the short larval pelagic phase. A sensory
function has been proposed for the AC because they are very short, appear to be unsuitable for
locomotion and food-gathering, and are underlain by the cerebral ganglion (tlickman and
Gruffydd, 1971). According to Hodgson and Burke (1988), the apical tuft remains in the larva
of Chlamys hastata until the earliest veliger stage, but in the Chilean oyster larva the AC never
develop further.

A ring composed of single cilia (inner preoral cilia, IPC) has been identified lying
between the AC and the OPC in the Chilean oyster veliger. A similar structure has also been
described by Waller (1981) for O. edulis, by Hodgson and Burke (1988) for Chlamys hastata
and by Elston (1980) for Crassostrea virginica. No clear function has been identified for this
band (Waller, 1981). Although the IPC band is situated in such a position that it could entrain
food particles, Waller (1981) considered that this was not a likely role, because the structure
lies far from the mouth and the AOC, and also because there is a non-cilialed zone between the
TPC and the nearest ciliated pathway to the mouth. However, Waller (1981) suggested that a
more likely function may be that of an upcurrent tactile receptor.

The outer preoral cilia (OPC) form the most prominent ciliated ring in the velum of 0.
chilensis, as in several bivalve larvae, eg. O. edulis (Waller, 1981), Chlamys hastata
(Hodgson and Burke, 1988) and Crassostrea virginica (Elston, 1980). In some cases, ¢.g, the
D-stage veliger of C. hastata, the ring is composed of a single row of cilia, but in more
developed larvae of the same species there are two rows (Hodgson and Burke, 1988), as in O
edulis (Waller, 1981). The OPC ring is believed to be concerned with locomotion and feeding
(Strathmann et al., 1972; Strathmann and Leise, 1979, Waller, 1981), and normally dominates
the velum, because of its width and the size and complexity of its cilia (Waller, 1981).
Furthermore, Bayne (1971) showed in the pediveliger of M. edulis that long cilia, presumably
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the OPC, on the velum provide the main force for swimming, and also create the feeding
currents.

In O. chilensis, the adoral band (AOC) is composed cf short cilia covering a wide area
of the velum, limited in the uppermost part by the OPC and in the lowest part by the shell. In
the middle of this band lies a channel which is deeper than the surrounding parts of the AOC.
‘The ciliature is uniform throughout the AOC region, but the cilia of the food channel are a little
shorter. The cilia of the upper and lower parts of the AOC band are in close contact with the
food channel. These cilia are probably responsible for transferring to the food channel particles
caught by the other ciliary bands. In many specimens of 0. chilensis veligers, pieces of mucous
strings or globules could be distinguished in the food channel, presumably moving towards the
mouth. [t may be significant that some descriptions of feeding in lamellibranch veligers (Yonge,
1926) refer to a mucous string carrying food particles to the mouth, since the efficiency of a
system which lacks post-oral cilia may be improved by the ¢ “esence of mucus (Bayne, 1976).
Waller (1981) indicated that the AOC are in close contact with the compound cilia of the outer
preoral band when the former are at the bottom of their effective beat, which is probably the
mechanism whereby the last band transfers the entrained particles to the AOC band to be
moved to the mouth.

‘The velar bands are almost identical in O. chilensis and O. edulis, with one exception.
In O. edulis the postoral cilia (POC) represent a single cirral ring located in the base of the
velum, in contact with the shell edge (Erdmann, 1935, Waller, 1981). In this study on the
Chilean oyster the POC were not visible, and are probably not present. On a cautionary note,
however, Strathmann et al. (1972) pointed out that some authors have not included the POC
wihen describing mollusc larvac that feed and have a well developed preoral band. Strathmann
et al. (1972) suggested that in many cases this may have been an oversight, or a result of
confusing the shorter cilia of the postoral band with the cilia of the food groove. However, in
the Chilean oyster it would be easy to distinguish between food groove cilia and POC were the
latter present, owing to the central position of the food groove on the velum of this species.

Waller (1981) identified the POC band in 0. edulis with both swimming and particle
capture. The latter has been described by Strathmann et al. (1972), who showed that many
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marine invertebrate larvae can continue swimming without feeding, presumably by stopping the
beat of the postoral cilia. This band appears to be very important in filter-feeding, especially in
the larvae of those taxa in which the mechanism proposed by Strathmann et al (1972) and
Strathmann (1978) is employed (bivalves, annelids, echiurids, sipunculids and entoprocts) In
the opposite band system both preoral and postoral bands are essential in the filter-feeding
activity of the larvae (Strathmann et al., 1972), and provide an efficient mechanism to capture
particles. In this context, the POC ring identified by Waller (1981) in 0. edulis may serve to
catch particles passing the tips of the cirri of the preoral band, and may also play a more direct
role in particle retention and rejection (Strathmann et al., 1972).

The food collected by the cirri is moved to the adoral ring and then to the mouth,
where oral compound cilia are present. These may function in selecting or rejecting food
particles before they enter the mouth (Hodgson and Burke, 1988).

‘Whatever the characteristics of the POC band, Hodgson and Burke (1988) have
suggested that it may play a role in particle capture. However, Strathmann (1987) also showed
that the larvae of other invertebrate taxa catch particles using only one cirral ring. In the
Chilean oyster, the particle catching mechanism was not identified in the present study, but the
apparent absence of the second (i.e. POC) band may imply that only one ciliary band is
mvolved.pmbablyhenusebmodedhmedonotneedlocmmmpamdm since the

female is doing it for them. the ions showed the larval velum
mdosewmmwnhthemnsmrgmmefoodgruovesunmefunalcsgl!s The
ion of the end was i ient to determine if larvae were effectively using the

mucous string as food, but the presence of the larvae in the food groove, their orientation and
their behaviour suggested that this was probable. Thus the absence of the POC may represent
another adaptation of the Chilean oyster larvae for brooding. Hodgson and Burke (1988) have
identified secretory cells among the velar cilia in the pectinid Chlamys hastata which have not
been described in other bivalve larvae, although several authors had suggested or assumed that
mucus was involved in the collection of particles (Yonge, 1926, Erdmann, 1935; Strathmann ct
al., 1972; Waller, 1981). Hodgson and Burke (1988) suggested that mucus produced by the
velum serves principally to bind entrained particles into a string which travels along the food
channel, thereby ensuring the retention of the particles. In the Chilean oyster, pieces of ‘mucus'



were detected in the food channel of the larva during the present study. The origin of this
‘material could not be clearly identified, but two possibilitics may be suggested, first that pieces
of the mucous string are taken from the female's food grooves, and second that mucus could be
produced by the larva, as described by Hodgson and Burke (1988) in C. hastata.

The absence of the POC band is consistent with the short pelagic phase of the
pediveliger in O. chilensis, because there is no requirement to remove food particles from the
water column, nor any necessity to swim for a long period of time as a dispersive strategy,
since the population is confined to its own estuary. The pediveliger is competent to settle on
the first hard substrate that it encounters afier release (Padilla et al, 1969; 10 cm from the
female; and Solis, 1973; 40 cm.).

The larva of the Chilean oyster develops gill rudiments before it reaches 290 pm shell
length. They extend from tissues on both sides of the mantle, just at the base of the larval foot,
and appear as small protuberances, increasing in size and number as the larva grows. According
to Waller (1981), in O. edulis a single gill primordium forms on each side as an ectodermal
ridge of the mantle. These gill rudiments will form the inner demibranch of the juvenile, as
shown for many bivalve species (Rice, 1908; Kright-Jones, 1954; Raven, 1958; Waller, 1981).
In O. chilensis, the earliest gill rudiments appear as naked structures which persist throughout
almost all the larval development phase. The principal changes in the gill rudiments during
development are an increase in number, growth of each gill rudiment, and the late appearance
of a few cilia, which appear to be distributed randomly. The latest larval stages possess a few
cilia growing on the tips of the oldest gill rudiments on both sides. These cilia grow in the
direction of the opposite gill rudiment, which may represent the building of a future bridge
between the gill rudiments, as seen by Waller (1981) in O. edulis and Elston (1980) in
Crassostrea virginica, although in the present study such a bridge was never seen. In Chlamys
hastata, the gill rudiments are sparsely ciliated, with a single row of simple cilia along the apical
‘margin, and no cellular or ciliary connection between gill filaments on opposing sides of the
mantle cavity (Hodgson and Burke, 1988).

Cole (1938) stated that 'gills' (probably meaning gill rudiments) are not well-developed
in O. edulis larvae, but Erdmann (1935) described a row of six extremely short knot-like
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processes along the left side of the larva in the same species. Subsequently, Waller (1981)
confirmed by SEM the presence of gill rudiments in the veliger of . edulis. Ansell (1962)
identified active cilia in the gill rudiments of the veliger of Venus striatula, but suggested that
the ctenidia do not assume the function of food collection until sometime afler settlement
Hodgson and Burke (1988) also noted in Chlamys hastata that simple cilia from the apical
margin of the gill rudiment beat inwards with an anteriorly-directed metachronal wave. Allen
(1961) postulated that the gill rudiments may be used as another larval feeding mechanism,
because of the connection between the rudiments and the foot. However, in the Chilean oyster
the poorly-developed ciliature of the gill rudiments suggests that these structures do not
function in filter-feeding. Ansell (1962), Bayne (1965, 1971), Hickman and Gruffydd (1971),
Gruffyd and Beaumont (1972) and Elston (1980), have all suggested that the gill rudiments do
not serve as filter-feeding structures in bivalve species. Waller (1981) proposed that the gill
rudiments of O. edulis have a respiratory function rather than onc of particle removal, owing to
the increase in surface area for gas exchange.

Morphological adaptations of marine invertebrate larvac that have lost the
planktotrophic stages, e.g. Bryozoa, Phoronida, Brachiopoda and Hemichordata, have been
described by Strathmann (1978). These taxa have lost or modified certain larval structures such
as the band of cilia which catches particles, and thereforc employ a single ciliary band for this
purpose, in contrast to the system of two bands used by many planktotrophic invertcbrate
larvae. The gut is often incomplete, and the mouth and/or anus may be absent. In some mollusc
species with non-feeding larvae, the metatroch and food groove have been lost, in contrast to
other gastropod larvae which are also not filter-feeders and retain the opposite band system,
even when the larvae are not planktotrophic (Strathmann, 1978). It is clear that many species
have modified some larval structures, allowing the larvae to adapt more completely to the
environment in which they are developing. The Chilean oyster is one such example, because the
morphological modifications of the velum are probably a necessary adaptation by the species
for brooding the larva inside the mantle cavity of the female, a very different environment to
that experienced by planktonic larvae.
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V.3.3. LARVAL LOCATION AND MOVEMENTS

Harry (1985) indicated that in the Ostreinae the larvae occur only in the incurrent
mantle cavity, nearly filling it and the area around the labial palps. The endoscopic observations
in 0. chilensis showed that the larvae live completely free inside the female's mantle cavity,
with no physical connection between the gill of the female and the brooded larvae
Furthermore, the larvae are not adapted for adhesion to any part of the adult, and the female
does not appear to modify the gills during the brooding process. However, it must be
remembered that the resolution of the endoscope technique is not sufficient to demonstrate
with certainty that no gill di exist. L no it ion is available for
other ostreids, although in Transenella tantifla (Veneridae), Kabat (1985) also found no
anatomical modification of the female's gills, and suggested that larvae are not attached to the
lamellae.

In O. chilensis, the larvae were always obsersed within the infrabranchial chamber, in
agreement with data from Harry (1985) for species of the subfamily Ostreinae. In O. chilensis,
larvae are prevented physically from leaving the female's mantle cavity by the interdigitating
processes of the mantle margin. In other bivalve species, loss is prevented because individual
larvae or groups of larvae are often enveloped by a membrane, or because the larvae are
attached to the demibranchs with byssal threads, to branchial filaments by peduncles or affixed
to gill papillae (Heard, 1977; Bartlett, 1979; Richardson, 1979; Kabat, 1985; Asson-Batres,
1988; Russell and Huelsenbeck, 1989; Gallardo, 1993).

A large aggregation of larvae is normally observed closely associated with the palps of
the female. The only information regarding the distribution of the larvae in the female's mantle
cavity is that of Hopkins (1936), who indicated that larvae of Ostrea lurida also lie adjacent to
the labial palps and at the anterior margin of the gil. In O. chilensis, the tips of the palps
appear to manipulate the larvae, allowing the larvae to rotate continuously around the palps.
The palp action may also serve to remove mucus, which appears to build up on the larvae as a
result of their close proximity to the gill, especially the food grooves, and may also facilitate
irrigation of the larvae in a region where they are concentrated.
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As indicated previously, the veliger larvae are always in motion, with the exception of
the time in which the female stops its pumping action. Endoscopic observation allowed the
identification of a clear circulation pattern of the larvae inside the female's mantle cavity. Larvac
concentrated in the palp region were ejected posteriorly by a strong current produced
intermittently by the female. The only previous report of a similar phenomenon was that of
Nelson (1946), working with blastulae of the crested oyster Ostreola equestris. The general
flow of the larvae in the present study was always in the posterior direction, as a consequence
of the strong current produced by the female. Immediately the larvae arrive at the posterior part
of the gill, they return to the palp region, using both dorsal and ventral food grooves. The mean
velocity of the larval displacement was 471 pm*s™ in the basal tracts and 141 pm*s” in the
ventral grooves. These values are similar to those recorded for food particles in Crassostrea
virginica at 11-13°C by Ward et al. (1993) (413 to 697 um*s™ in the basal grooves and 101 to
193 pm*s” in the marginal grooves).

Larvae in O. chilensis are primarily found in a swarm around the palps They are
transported there mostly through the ciliary action of the gill. This is the mechanism which
Hopkins (1936) could not understand when he observed the larval swarm around the palps of
brooding individuals of 0. lurida.



V. CONCLUSIONS

1.- Spawning and brooding in the Quempillén oyster (Ostrea chilensis) population take
place in spring and early summer (October-January). The initiation of reproduction appears to
be linked to environmental variables, especially temperature. In the Quempillén population
approximately 40% of the potential females brooded, values similar to those previously
recorded for the same population .

2.- The meat content of individual oysters was afiected by the reproduction process.
Spawning and brooding were important deterninants of protein and lipid content, and were
responsible for fluctuations in the energy stored in the oyster. Carbohydrate did not change
significantly during spawning and brooding.

3.- In the laboratory, brooding significantly decreased the FR of brooding female
oysters to 25% of the pre brooding value, whereas in non brooding individuals FR increased
slightly. After the female liberated its larvae, FR increased to reach values observed in non
brooding oysters. This may be a mechanism by which the formerly brooding animals were able
to recover from the brooding period, when energy was lost as a consequence of a reduced FR.

4.- Ingestion rate (IR) was similar in all aysters before the brooding period. During the
brooding period, the brooding animals greatly reduced their IR as a‘consequence of a reduced
FR. After brooding, IR increased considerably, especially in formerly brooding oysters,
reaching values similar to those exhibited by non incubating individuals.

5.- Ingestion rate (IR) as a percentage of dry meat weight was close to 1% per day in
the experimental oysters, but decreased sharply in brooding oysters. After brooding, IR
increased, reaching values higher than 2% dry meat weight per day, which may be interpreted
as a recovery from the brooding period.

6.- FPR followed the same pattern as IR, with minimum values in brooding oysters.
However, brooding animals used the small amount of ingested food with AE values close to
90%, showing a greater efficiency than non brooders during the brooding period.
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7.- The brooding process did not increase the metabolic demand as measured by
oxygen uptake, and most of the time there was no significant difterence in VO between
brooding and non brooding oysters.

8.- Scope for growth (SFG) in the experimental oysters varied according to the
reproductive state. Before spawning, oysters which later brooded showed a positive SFG,
principally as consequence of an increase in FR. Non brooding oysters sometimes showed a
negative SFG during the incubation period, as did brooding oysters In brooding individuals,
reduced SFG resulted from a decreased FR, and in non brooders from a large VO,. After the
brooding period, both groups showed a positive SFG, owing to a large increase in FR,
especially in former brooders. However, it should be noted that the impact of the larvac on the
SFG of the female was not measured, because the energy budget of the larvae is unknown.

9.- The growth of the larval shell was expressed by a linear model. However, both the
total weight of the larvae and the weight of the ash component increased exponentially with
time. The ash component was low during the embryonic stages, and increased considerably in
the later developmental stages.

10.- Larvae are able to ingest exogenous particles, and are therefore not lecithotrophic,
as previously believed. The first ingestion of particles by the larvae was detected when the latter
reached a shell length close to 300 um, immediately after the development of the velar ciliature.

11.- Ostrea chilensis appears to be very unusual among the bivalves, because the
embryonic stages and the early veligers are devoid of ciliature. The velum starts to develop
only when the larval shell reaches a length of about 290 to 300 um. The larval velum contains
most of the ciliary bands described for bivalves. The exceptions are the absence of the apical
tuft and of the postoral cirral ring, which may be i as i ions to
brooding.

12.- The growth of the gill rudiments in Q. chilensis larvae parallels shell growth. The
rudiments arise as evaginations from the lateral part of the mantle and increase in number



throughout larval development. Few cilia are present on the gill rudiments, so it is improbable
that these structures participate in the filter-feeding process.

13.- Larvae are located in the infrabranchial chamber, concentrated principally between
the palps and among the demibranchs. No physical connections between female and larvae
were identified. Larvae are mobile, following a clear circulatory pattem inside the female's
mantle cavity. Larvae are transported posteriorly by a strong water current produced by the
female. Larvae then move to the dorsal or the ventral food grooves, using the principal and
secondary filaments respectively, and finally reach the oral region of the female via the food
grooves. This larval movement may be interpreted as a mechanism to facilitate gas exchange
and to place the larvae near the inhalant margin of the mantle cavity, allowing them access to
the incoming food particles. The palps manipulate the larvae, possibly to remove the mucus
which may adhere to the larval shells during passage of the larvae through the food grooves.

14.- During the late embryonic and the larval phases, protein appears to be the most
important constituent of the meat, and the most important energy source for the developing
larvae. Lipid also represents an important energy source, but carbohydrate does not contribute
energy to larval development.
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VIL APPENDICES

Appendix 1. Multiple regression of dry tissue weight (g) against shell length, shell width and
shell height in never brooding oysters for different dates before, during and after the brooding
period in the reproductive season 1992/1993. During the pre- and post brooding periods all
oysters were grouped for the purposes of calculation. Regression equations are of the form Y =
atb L +b,W+bsH. Y = oyster dry meat weight (g), by = shell length (mm), b,= shell width (mm)
and b; = shell heigth (mm). **= P<0.01, *=P<0.05; 11/30 - 01/13 =brooding period.

Date : n a by by by r F
MD
10/04 98 -1.240 0.011 0.027 0.034 73 36.1*

1024 50 -0.942 0.007 0.024 0.040 67 123+

1/o1 50 -1.097 -0.000 0.041 0.032 .60 8.39%*

11/06 50 <0912 0.017 0.012 0.030 46 393*

121 45 -1.066 0.003 0.036 0.031 69 1254

11724 45 -1.149 0.018 0.017 0.040 72 14.4%*

1130 34 -0.827 -0.001 0.042 0.015 5 2=

12/10 37 -0.355 0.005 0.017 0.024 47 3.1#

12221 25 0234 -0.019 0.035 0.021 59 384

12/30 30 -0.681 0.028 0.004 0.001 52 32t

01/03 15 -0471 -0.006 0.015 0.060 69 33r

01/13 38 -0.608 0.005 0.013 0.041 15 14,14

01726 45 -0.947 0.007 0.021 0.042 67 109+

02/04 50 -1.106 0.008 0.022 0.043 67 12.5%*
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Appendix 2: “lultiple regression of dry tissue weight (g) against shell length, shell width and
shell height in brooding oysters for different dates during the brooding period in the
reproductive season 1992/1993. Regression equations are of the form Y = atbL+b,W+bH. Y
= oyster dry meat weight (g), b) = shell length (mm), b= shell width (mm) and b; = shell height
(mm). **=P<0,01, *=P<0.05

Date n a by by by T F
M/D

1130 14 -1.495 0.018 -0.002 0.083 .94 2277
12/10 12 |-0276 0.004 -0.008 0.968 74 3¢
12/21 25 | -0.864 0010 0.026 0015 a5 8.9*+
12/30 19 -1.275 0.025 0.017 0.007 68 4.4%*
01/03 13 ]-0735 0.021 0.002 0.024 66 23NS
0113 13 [-0.707 -0.005 0.029 0.036 86 8.5*+
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