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Abstract 
The most valuable cultured pearls in the world are produced from the silver-lip pearl 

oyster, Pinctada maxima. Although widely distributed throughout the tropics, with the 

exception of the north west coast of Western Australia there are no wild fisheries 

capable of supporting pearling industries. Further development of pearling industries 

based on P. maxima must therefore be based on hatchery production. 

The culture of Pinctada maxima spat is still a new and developing technology. Hatchery 

production has been successful in producing large numbers of spat, but there are still 

many unexplained mass mortalities in hatcheries and nurseries which have resulted in 

a significant reduction in the numbers of hatchery oysters seeded compared to the 

potential number. This study was initiated in response to persistent unexplained spat 

mortalities in commercial hatcheries in northern Australia. 

The general aims of this work are to investigate and quantify some of the factors which 

may influence the performance of P. maxima spat during the hatchery and nursery 

phases of production, and to identify the optimum for each parameter for commercial 

production. 

For all of the laboratory based trials, spat were maintained in temperature controlled 

flowthrough systems. Spat survival in the laboratory was greatest between 23 and 

32°C. At 20°C, survival was slightly lower, while 35°C was lethal. The calculated 

minimum tolerance limit was 17.7°C. The optimum temperature for spat growth was 

between 26 and 29°C. 

Spat maintained at an algal concentration of 6 cells pL 1  of an equal mixture of 

Chaetoceros muelleri and T. Iso had the highest survival rate. Otherwise, spat survival 

was not affected by algal food concentrations between 12 and 110 cells pL . Spat 

growth was not significantly affected by algal densities between 12 and 110 cells pL 
-1,  

but was reduced at 6 cells pL . High algal concentrations resulted in the inefficient 

usage of algae. The ash free dry weight (AFDW) of spat increased proportionally with 

algal concentration from 11% at 6 cells plL 1,  up to a maximum of ca. 13% at 54 cells 

This increase in spat tissue weight was primarily as lipid, particularly neutral lipid. 

Spat performance after transfer from the laboratory to a farm based nursery was not 

related to the feeding rate or organic content of fed spat. However, spat from unfed 

treatments, and those obtained directly from a hatchery both had a low organic content 

(<10%), and showed poor survival after transfer to the nursery. 
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During the first week following the transfer of spat, lipid reserves declined sharply, and 

spat with insufficient lipid reserves may be compromised. 

Spat showed a well developed ability to select algal cells from an algal/particulate 

inorganic matter (PIM) suspension. This ability was not immediate, but required ca. five 

days before acclimation to the diet suspension was complete. Even after acclimation, 

spat still lost a proportion of the available algal cells as pseudofaeces, commensurate 

to the level of PIM in the diet. Absorption efficiency was reduced at high PIM 

concentrations, but was compensated for by an increase in filtration rate and ingestion, 

hence maintaining a relatively stable absorbed ration. This was reflected in the similar 

growth and survival of spat maintained at PIM levels from 0 to 80 mg L 1. There was no 

demonstrated advantage of including PIM in the diet 

A variety of water pressures and intervals for cleaning spat were trialed during farm 

nursery growout up to seedable size. Overall growth averaged ca. 1 mm week 1,  and 

growth rate was not related to the initial size of the spat at the beginning of the trial. 

Spat survival was greatest at a combination of 1800 kPa pressure and a 28 day interval 

between cleans. Spat growth was greatest at a combination of 2400 kPa and 14 days. 

Oysters cleaned at low pressure (600 kPa) had the slowest growth. The optimum 

combination of pressure and interval for cleaning effort (cleaning time per month per 

panel of spat) was at 2400 kPa every 28 days. 

It is recommended that spat are maintained at temperatures between 26 and 29°C and 

fed using a continuous feeding method which maintains the algal density at between 20 

and 30 cells pL . Two weeks prior to transfer to farm based nurseries, the algal 

concentration should be increased to 50 cells pL 
1 
 to maximise spat organic content. 

Nursery PIM levels should be less than 40 mg L in order to minimise the amount of 

algal food that is discarded as pseudofaeces. 

The results of this work has been taken up by the Western Australian and Northern 

Territory pearling industries, and has led to significant improvements in the spat 

production of P. maxima. 

Based on the results of this study, and utilising results from other authors, in particular 

J. J. Taylor and associates, a protocol for the culture of P. maxima spat from settlement 

to seeding is presented. 

It is recommended that further work be conducted on the effects of food quality and 

quantity, and particulate inorganic matter on the growth, survival and feeding 

physiology of P. maxima spat and adults under field conditions. 
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Chapter 1: The Biology and Spat Culture of Pearl Oysters 

1.1 GENERAL INTRODUCTION 

Pearls have always been treasured through the ages as mysterious and romantic 

gems. In the mythology of many early cultures, pearls were gifts from the gods, 

created by dew falling from the heavens, suffused with sunlight, or tears from the 

moon. They have been credited with all manner of powers, from healing to 

endowing the owner with courage, merit, sensuality and marital bliss. 

Large fisheries were established, primarily in the Persian Gulf, Red Sea and Ceylon. 

With the discovery of the Americas by the Europeans came new pearling grounds in 

the Gulf of Mexico. As pearls became scarcer due to over-exploitation, prices 

increased and the worlds known stocks of pearl oysters were fished almost to 

extinction. In Australia, fishing of the pearl oyster beds commenced in 1861. These 

beds contained several species and stretched from Fremantle in the west along the 

northern coastline to Cooktown in the east. By the early 20th  century most of the 

beds had been fully exploited (Joyce and Addison, 1993). The demise of the worlds 

pearling grounds stimulated research into other means of producing pearls. 

The first cultured pearls were produced by the Chinese as early as the 12th  century. 

Small carved images of Buddha were attached to the inside of the valves of 

freshwater mussels. Over time these became coated with nacre, forming blister 

pearls. It is believed that W. Saville-Kent working in the Torres Strait in the 1890's 

was the first to successfully produce a round pearl, although this is the subject of 

much debate. Patents for the process were filed simultaneously in Japan by Dr 

Nishikawa and T. Mise. The production of half (blister) pearls had earlier been 

patented by K. Mikimoto, who subsequently bought out the joint round pearl patent 

of Nishikawa and Mise. The technique for round pearl production centers on the 

surgical implantation of a shell bead nucleus into the gonad of a recipient oyster 

together with a piece of mantle tissue graft cut from a donor oyster. The mantle 

graft epithelial cells proliferate around the nucleus, forming a pouch termed the 

pearl sac (Kawakami, 1952). After about 40 days the pearl sac begins to secrete 

nacre, forming concentric layers around the nucleus (Kawakami, 1952). In 

Australia, pearls are harvested after approximately two years, at which time another 

nuclei may be inserted into the already developed pearl sac (Scoons, 1988). 
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The marketing flair of Mikimoto brought widespread acceptance to cultured pearls 

after initial resistance from jewelers, and the cultured pearl industry in Japan thrived, 

with production peaking at 130 tin 1966 (Wada, 1973). Since then production has 

declined due to overstocking of culture sites, pollution and increased oyster 

mortality. The quality of Japanese pearls has also declined markedly due to 

disease, pollution and shorter culture periods in an effort to maintain profitability. 

Pearl culture in Australia has developed over several decades to produce among 

the best quality and most valuable pearls available, and has developed arguably the 

world's best production methods and management practices. The general methods 

employed by the Australian pearling industry have been reviewed by Dybdahl and 

Rose (1985), Scoones (1988) and O'Sullivan (1992). 

The Australian pearling industry was worth approximately $181 million in 2000/2001 

making it by far the most valuable aquaculture industry (ABARE). This compares 

with production value of $125 million in 1991 (Rose and Baker, 1994). The bulk of 

production comes from Western Australia with smaller industries in the Northern 

Territory and Queensland. 

Historically, wild oysters fished from the Eighty Mile Beach, Exmouth Gulf and 

Kimberley regions of Western Australia have been used for pearl production. 

Oysters are collected by divers being towed behind a vessel along a transect, 

generally at depths of 5 to 30 m. Collected oysters are cleaned, placed into mesh 

panels and stored temporarily on the seabed. In the cooler Dry season from May to 

August, these oysters are nucleated by skilled technicians before being transported 

to growout farms. On the farms the oysters are constantly tended. Good pearl 

production requires healthy oysters and they are regularly cleaned and inspected for 

disease and parasites. Two years later the pearls are harvested, and if an oyster 

has produced a good quality pearl, another nucleus will be inserted into the already 

formed pearl sac. Oysters not considered suitable for further round pearl culture 

may be killed or used for half-pearl (mabé or blister pearl) production. In the 

production of half pearls, various plastic shapes are glued onto the nacreous inside 

surface of the shell. Over the next 8 to 12 months these shapes are covered by a 

layer of nacre, after which time the oyster is killed and the nacre-covered shapes 

are removed with a hole saw. These are further processed to become the familiar 

teardrops, hemispheres and hearts used for jewelry, particularly pendants and 

earrings. The remaining shell is sold as mother of pearl. The adductor muscle is 

considered a delicacy and sells for up to AUS $120.00 kg (R.McLean, pers.com.). 
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In Japan, the shortage of oysters for pearl culture due to overexploitation of wild 

stocks was partially overcome by collecting wild spat and ongrowing them under 

carefully controlled conditions (Wada, 1973). The development of techniques to 

produce pearl oysters in the hatchery followed shortly after. Hatchery production of 

pearl oysters is becoming an increasingly important part of pearling worldwide. 

Apart from the Eighty Mile Beach area of Western Australia, there is no significant 

wild P. maxima fishery resource. Most pearl producing countries rely on spat culture 

(either from hatcheries or wild collected) as a source of oysters for seeding. 

Protocols for the larval rearing of pearl oysters have been reported by Hayashi and 

Seko (1986) and Alagarswami et al. (1983b) for the Japanese and Indian 

populations of P. fucata respectively, and by Alagarswami et al. (1989) for P. 

margaritifera. P. maxima was first successfully reared by Tanaka and Kumata 

(1981). This followed earlier unsuccessful attempts by Minaur (1969). Japanese 

technology initially used for hatchery production of P. fucata was also applied to the 

production of P. maxima by Japanese technicians working in private hatcheries 

within Australia, Malaysia and Indonesia. By the late 1970's these hatcheries had 

succeeded in large scale production of P. maxima spat (Rose and Baker, 1994). 

Mortalities of wild fished shell in the late 1970's and early 1980's commonly reached 

60%, and almost led to the destruction of the Australian cultured pearl industry 

(Pass et al. 1987). In response to high mortality of wild oysters collected for pearl 

seeding, a research program on the reproductive biology and artificial propagation 

of P. maxima was undertaken by the Department of Fisheries in Western 

Australia from 1987 to 1989 (Rose and Baker, 1994). This program was successful 

in producing significant quantities of P. maxima spat (Rose and Baker, 1994). At 

the completion of this program a commercial hatchery was established, despite 

Australian industry concerns that excess production from hatchery-produced spat 

would lead to a reduction in pearl prices. The lack of detailed published material 

prior to that of Rose and Baker (1994) reflects the commercial value of hatchery 

production techniques. 

To address these concerns a quota was introduced which was allocated to each 

licensed company according to their holdings of the wild fished oyster quota. 

Initially there was scepticism regarding the vigor and quality of hatchery produced 

spat (Gervis and Sims, 1992) but this has been largely overcome by subsequent 

performance. The first Australian pearls from hatchery spat were produced in 1996 

and were considered to be of similar quality to those produced by wild fished 

oysters. 
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1.2 AIMS 

While there has been considerable success in the hatchery production of Pinctada 

maxima spat, mass mortalities in small hatchery-produced spat are still common, 

particularly in the hatchery stage and immediately after transfer from the hatchery to 

farm based nurseries. There is comparatively little literature on the spat culture of 

pearl oysters, and the available information sheds little light on the physiological 

processes involved, or the effects of environmental variables on these processes. In 

Australia, P. maxima spat culture is still developing, with most of the culture 

methods remaining propriety information within individual companies. 

The general aims of this work are to investigate and quantify some of the factors 

which may influence the performance of P. maxima spat during the hatchery and 

nursery phases of production, and to identify the optimum for each parameter for 

commercial production. 

There is a clear need to determine the effects of the more common environmental 

and culture variables on the potential success of P. maxima spat culture. The most 

immediate of these are temperature, food densities, suspended solid loads and 

appropriate cleaning regimes on the farm. Investigation on the effects of these 

variables will provide information which can be used in spat production protocols 

and in the siting of nursery areas. 

The specific aims of the work are to: 

• Investigate the effects of temperature on growth, survival and feeding physiology 
of hatchery-maintained spat 

• Investigate the effects of algal food density on growth, survival and feeding 
physiology of hatchery maintained spat 

• Evaluate the effects of hatchery culture conditions on subsequent farm 
performance 

• Determine the effects of suspended solids levels on spat growth, survival and 
feeding physiology 

• Identify a physical or biochemical spat fitness indicator 

• Establish the effects of various cleaning intervals and water pressures on spat 
farm performance and cleaning effort 

• Using information from this and other studies develop a recommended protocol 
for the culture of P. maxima spat from settlement through to operations. 

Meeting these aims will increase the knowledge base on P. maxima spat biology, 
and provide valuable information to improve the culture process for P. maxima spat 
and related species. 
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1.3 LITERATURE REVIEW 

1.3.1 Taxonomy 

Due to the wide geographic distribution and large variation in colour and form, the 
taxonomy of the genus Pinctada was uncertain until the review by Hynd (1955). P. 
maxima was commonly confused with P. margaritifera but was recognised as a 
separate species by Jameson (1901). Kikuchi and Tamiya (1987) further showed 
that P. maxima and P. margaritifera were more closely related to each other than to 
other members of the genus by electrophoretic study of hinge ligament proteins. 

Pinctada maxima is the largest of the Pteriidae, and has been recorded with shell 
dimensions great than 320 mm and a total live weight of up to 4.5 kg (Knuckey, 
1995a). Most of the oysters fished from the 'western grounds' of the Northern 
Territory measured between 180 and 230 mm in height and weighed from 600 to 
1500g (Knuckey, 1995a). The external colour of P. maxima is a light fawn, with no 
trace of radial markings, although the umbonal region of the shell may be green, 
dark brown or purple (Hynd, 1955). 

The spat exhibit a variety of colours that include; brown, green, pink, bluish green, 
cream, purple or yellow and can be with or without darker patterns. These colours 
are lost as the spat mature Hynd (1955). 

The internal nacre is rich silvery white and has a lustre far superior to any other 
species (Hynd, 1955). A golden margin at the distal border may or may not be 
present. Oyster with the golden border are termed gold-lip, and those without are 
known as silver-lip. The gold colouration is common in both the Torres Strait and 
Western Australian oysters and may be present in up to 50% of the population, but 
the band is generally less conspicuous in those from the Torres Strait (Hynd, 1955). 
In contrast the marginal band of nacre in P. margaritifera is coloured smoky grey to 
black. Neither species possess hinge teeth in the adult form. 

Hynd (1955) considered that the shell marginal growth processes are the most 
reliable distinguishing characteristic for separating the Australian species of 
Pinctada. Those of P. maxima juveniles are slightly convoluted, and may be up to 
one third of the shell height long. They are two or three times as wide distally as 
proximally and do not have tapered ends as do P. fucata and P. albina (Gervis and 
Sims, 1992). 
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1.3.2 Biology 

1.3.2.1 Distribution 

Members of the genus Pinctada are found throughout the tropical and warm 

temperate waters of the world. They are mainly limited to tropical waters but their 

range may be extended due to warm tropical currents extending into more 

temperate areas, as occurs in southern Japan and Western Australia. Pinctada 

maxima occurs throughout the Indo-Malaysian region. This extends along the Asian 

mainland from Burma to southern Japan, and then south to northern Australia 

encompassing the Philippines, Indonesia and Papua New Guinea (Doumenge et al. 

1991). Its range extends into the south Pacific as far as the Solomon Islands (Gervis 

and Sims, 1992). 

Jameson (1901 in Hynd, 1955) gives the Australian distribution as from about 

Townsville (19° south) on the east coast, all along the northern coastline and down 

to Shark Bay on the west coast (250  south). The extended distribution down the 

west coast is due to the warm Leeuwin current which flows south from the Timor 

Sea along the Western Australia coast. The Australian distribution is limited to areas 

where normal seawater temperatures range from 19 to 32°C (Pass etal., 1987). 

The main Australian commercial fishing grounds are located along the Eighty Mile 

Beach, near Broome (Western Australia) and to the west of the Tiwi Islands (the 

'western grounds') and off the Arnhem Land coast (the 'eastern grounds') in the 

Northern Territory Knuckey, 1995a). Commercial quantities of oysters have been 

fished from Port Hedland in the west, across the north coast to Snapper Island in 

the east (Hynd, 1955). 

1.3.2.2 Habitat 

Although Wada (1953a) observed that P. maxima could be found in the intertidal 

zone prior to heavy exploitation, commercial quantities are generally fished at 

depths of 10 to 30m on gravel or reefy bottoms (Hynd, 1955). Talaver (1930, in 

Wada, 1953a) reported that the fishing grounds around the Sulu Islands may be up 

to 120m deep. Prime habitat is where strong currents provide good water exchange 

and a continuous replenishment of phytoplankton. 

Pediveligers will only settle on hard substrates, and the lack of suitable substrate 

may limit local abundance. Initial attachment is with byssal threads and small 

juveniles may discard their initial byssal threads, move and reattach (Taylor et al., 

1997d). Oysters lose the ability to secrete byssal threads when they reach 150 to 
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200 mm shell height (Wada, 1953a) at which time the weight of the shell is sufficient 

to prevent displacement. This may be used as a diagnostic feature to distinguish P. 

maxima from P. margaritifera, as the latter remains attached via byssal threads 

throughout its life (Gervis and Sims, 1992). 

1.3.2.3 Morphometrics 

The shell dimensions of P. maxima may vary considerably due to age, geographical 

location and habitat. For a given set of conditions, oysters at higher densities will be 

smaller (Wada, 1953a). Oysters from warmer waters, and those in straits between 

islands are larger than those from cooler and more open waters (Wada, 1953a). 

Young spat are somewhat oblique, and become more erect in shell form as they 

grow. 

Knuckey (1995) developed equations describing the relationships between shell 

length (height), hinge length, shell thickness and hinge (heel) depth for P. maxima 

from the western grounds of the Northern Territory (Fig. 1.1 a to d). 
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1 .3.2.4 Anatomy 

P. maxima is similar in anatomy to the typical monomyarian lamellibranch as 
described by Rao and Rao (1974). The soft body is protected by two heavy valves, 
which are opened by the elastic hinge ligament and closed by the single posterior 
adductor muscle. 

The shell consists of three distinct parallel layers: the outer horny periostracum, the 
middle layer of prismatic calcite and the inner nacre layer composed of alternating 
layers of a glycoprotein matrix and aragonite, the structure of which gives the nacre 
its characteristic pearly lustre. The shell layers are secreted by the mantle, which is 
attached by muscles to the inner surface of the shell at the pallial line (Doumenge et 
al., 1991). 

The mechanisms involved in feeding are similar to those of other filter feeding 
bivalves (Kuwatani, 1965a, 1965b). 

The large ctenidia act as filters, straining and sorting particles from the surrounding 
seawater before transporting them to the labial palps for further sorting and 
selection, from where they are directed to the mouth and ingested. Excess or 
undesirable particles are directed to the inner mantle fold and periodically ejected as 
pseudofaeces. The very large surface area of the gills is also responsible for 
respiratory gas exchange and ammonia excretion (Bayne et al., 1976). 

The gut consists of a mouth and oeosophagus which leads to a stomach which 
further sorts incoming particles and directs them to either the digestive diverticule 
within the surrounding digestive gland for further digestion, or to the intestine for 
excretion. The intestine forms a loop within the visceral mass before ending in an 
anus encircled by a funnel-shaped process. The gonad is not a discrete organ but is 
a system of follicles which proliferate within the connective tissue between the 
visceral mass and overlying epidermis (Rose et al., 1990). 

From the heart, haemolymph circulates throughout the body within arteries which 
open into lacunae of conjunctive tissue before entering sinuses. Haemolymph is 
then directed back to the heart via veins. Bivalves posses only non-specific cellular 
immune responses (Bayne et al., 1976). 

1.3.2.5 Food 

Pearl oysters are generally considered to be non-selective filter feeders (Nasr, 
1984; Gervis and Sims, 1992, Yukihira et al., 1999). Particulate material within the 
seston, particularly phytoplankton between 2 and 20pm, is generally considered to 
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provide the bulk of the diet in filter feeding bivalves. Mansour (1945) investigated 

the stomach contents of adult P. vulgar/s and P. margaritifera and found that these 

species could ingest zooplankton up to 1.5 mm long. He concluded that zooplankton 

contributed a significant proportion of the dietary requirements. Nasr (1984) 

concluded that P. margaritifera was a non-selective feeder due to the ingestion of 

neutral red stained sediment from a suspension of 2g L 1. This is a somewhat 

erroneous conclusion as the sediment load was unrealistically high for P. 

margaritifera, which inhabits waters of low turbidity (Gervis and Sims, 1992), and as 

the mean amount of sediment ingested (0.05g) was far lower than that rejected as 

pseudofaeces (0.8g) indicating some degree of pie-ingestive selection. 

From an investigation of gut contents, Nasr (1984) concluded that the range of food 

organisms ingested by P. margaritifera increased with age. Young oysters (4-10 

months old) largely fed on planktonic diatoms. As they grew, oysters ingested an 

increasing variety of algal species and 3-4 year old oysters were able to ingest 

larger particles such as fish eggs and gastropod larvae. Adult P. maxima retain 

>90% of particles greater than 3 pm in size (Yukihira et al., 1999). Retention 

efficiency reduces to approximately 75% for 2 pm particles. It is likely that the 

growth of different lifestages of P. maxima may be influenced by different 

environmental food levels. Small spat may be restricted by phytoplankton 

abundance, while larger oysters may have a higher available food resource in the 

same environment due to their ability to ingest larger particles such as fish eggs and 

zooplankton. 

There have been no studies to date on the utilisation by pearl oysters of the organic 

fraction of suspended solids, or on the uptake of low molecular weight dissolved 

organic molecules from the surrounding seawater. Growth in some species of 

bivalves is enhanced by the addition of moderate amounts of natural suspended 

solids, presumably due to increased mechanical processing of particles leading to 

increased absorption efficiency, or to the utilisation of the organic component of the 

sediment (Winter, 1975; Kiørboe et al., 1981; Kiørboe and Møhlenberg, 1981). 

Some bivalves have been shown to be able to absorb low molecular weight 

dissolved organics such as amino acids (Nell and Gibbs, 1986). Pearl oyster 

architecture would be well suited to absorbing dissolved organics due to the large 

surface area of the gills and mantle. This may partly account for the high 

productivity of pearl farms and wild fisheries of P. maxima along the northern 

Australian coastline, despite low phytoplankton abundance of inshore coastal 

waters (0.1 to 0.9 pg L chl. a, Pass et al., 1987; Rose atal., 1990). 
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In comparison, Hayashi and Seko (1986) stated that the maintenance ration of P. 

fucata was met by algal concentrations resulting in chlorophyll a levels of 3 pg 
[1,  

and that levels of 4-5 pg L 1  are required for good growth and reproductive success. 

The levels of phytoplankton required for good growth will vary according to the age 

of the oyster, as the feeding rate generally is highest in juveniles and decreases 

with age, although this is compensated for somewhat by the proportionally greater 

filtration rates of younger animals (Bayne et al., 1976). 

Temperature and suspended solid loads will also influence the amount of 

phytoplankton required for normal growth. As the maintenance ration increases with 

increasing temperature (Numaguchi, 1995), ingestion must also increase if growth 

rates are to be maintained. Increases in suspended solid loads will reduce the 

available food by 'diluting' phytoplankton with inert particles (Winter, 1975). As pearl 

oysters are regarded as non-selective feeders, the level of suspended solids may 

significantly decrease the availability of food and subsequent growth. Chellam 

(1987) considered that a decrease in the condition of cultured P. fucata in the Gulf 

of Mannar was due to high levels of silt over an extended period. The lack of P. 

margaritifera in some of the more turbid lagoons in Polynesia has been attributed to 

their inefficient selection ability (Gervis and Sims, 1992). In contrast, P. maxima 

inhabits waters with relatively high levels of suspended solids and low 

phytoplankton abundance, and presumably must have developed mechanisms to 

thrive under these conditions. Yukuhira et al. (1999) found that neither P. 

margaritifera nor P. maxima selected organic particles out of natural seston. 

However P. maxima was considered to be better adapted to higher inorganic seston 

loads due to comparatively higher clearance and ingestion rates, and increased 

digestive capacity. 

In a related study Yukihira et al. (1998a) showed both algal cell concentrations and 

species influenced the feeding physiology and subsequent scope for growth of both 

P. maxima and P. margaritifera, but that P. maxima was better adapted to cope with 

a wider variation of algal concentrations. 

1.3.2.6 Reproduction 

1.3.2.6.1 General Bivalve Cycle 

The gametogenic cycle of bivalve molluscs is generally regulated by environmental 

cues such as changes in temperature (Price and Maurer, 1971), food availability 

(Sastry, 1968) and photoperiod (Devauchelle and Mingant, 1991) which serve to 

synchronise breeding populations. 
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Latitudinaly separated populations of the same species may have different 

spawning seasons, probably in response to localised differences in temperature 

regime and time of maximum food availability (Sastry, 1970). 

In temperate regions bivalves commonly enter a reproductive 'resting' period after 

the spawning season. During this period reserves are accumulated, mainly as 

glycogen (Loosanoff and Davis, 1950). These reserves are stored in the somatic 

tissues, particularly the digestive gland, mantle and adductor muscle. 

Most temperate species initiate gametogenesis in early spring, in response to 

increasing water temperatures. Although poorly studied, it appears likely that the 

process of gametogenesis is initiated and controlled by neuroendocrine factors 

(Devauchelle and Mingant, 1991). The actual rate of development during 

gametogenesis is largely a function of temperature, but this may be influenced by 

food availability and the initial developmental stage of the gametes. For some 

species, increasing daylength may also be important. Devauchelle and Mingant 

(1991) found that photoperiod was a potent factor in the control of reproduction in 

the European scallop. By manipulating the photoperiod, scallops could be induced 

to initiate gametogenesis, or to enter a resting stage. For most other species 

however, there has been little demonstration of any photoperiod effect. Widowati et 

al. (1992) achieved best results for conditioning the scallop, Chiamys opercularis, 

when the photoperiod was maintained at either constant darkness or constant light. 

Sastry (1963) found no effect of light on the development of the bay scallop. 

During vitellogenesis the stored reserves are channelled into the developing 

gametes and stored as lipid (Devauchelle and Mingant, 1991). Hence there is a net 

decrease in carbohydrate during gametogenesis (Mann, 1979). This lipid is the main 

energy source during embryogenesis (Gallager etal., 1986). 

When gametes are ripe and a suitable stimulus is received, spawning occurs. Due 

to the synchronisation with increasing temperatures, the developing larvae of many 

temperate species are able to take advantage of the phytoplankton blooms that 

commonly occur during spring and summer. 

In tropical bivalves, the seasonality of gametogenesis and spawning is much less 

defined, and cues other than temperature, such as salinity, food availability and 

water quality become relatively more important. In many species spawning may 

occur to a limited extent year round, but with distinct seasonal spawning peaks. The 

factors that initiate and synchronise gametogenesis and spawning in tropical 

bivalves are still poorly understood. 
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1.3.2.6.2 Pearl Oysters 

According to Wada (1953c) there are two general reproductive strategies adopted 

by Pinctada species. In the more temperate areas, where water temperatures range 

from approximately 18° to 28°C, there is a short, intense spawning season when 

water temperatures peak in late spring/summer. In tropical regions, spawning may 

be more or less continuous all year round, with peaks occurring when water 

temperatures are rising in spring and falling in Autumn. Tranter (1959) also 

proposed that pearl oysters in temperate regions generally have a sharp peak in 

spawning activity when water temperatures peak in mid-summer, whereas those in 

tropical and sub-tropical areas have a much less defined spawning season, and 

there may be bimodal peaks, commonly occurring outside of the warmer months. 

In P. a/b/na spawning is more or less continuous in the Torres Strait, although there 

is a peak in autumn when water temperatures are declining (Tranter, 1958c). In the 

same region P. margaritifera spawning activity peaks in mid-summer and mid-winter 

(Tranter, 1958d) while in Okinawa (southern Japan) the main spawning seasons are 

spring and autumn (Tanaka et al., 1970). 

The annual reproductive cycle of P. mazatlanica and Pteria sterna were investigated 

by Saucedo and Monteforte (1997) using gonosomatic indices and histology. Both 

species were sexually mature at ca. 40 mm shell height, with gametogenesis being 

continuous throughout the year. P. sterna spawned twice a year when water 

temperature was 22 to 24°C. P. mazatlanica was shown to be a protandrous 

hermaphrodite with sex reversal observed in oysters larger than 100 mm shell 

height. 

Spawning occurred once a year when water temperatures peaked at 29.5°C. This is 

in contrast to the findings of Garciadominguez et al. (1996) who found no 

relationship between temperature and spawning in P. mazatlanica, which was 

considered to spawn throughout the year, although there was less activity during the 

winter. As both of these studies were performed in the same region (Baja California, 

Mexico), it is unlikely that temperature variation would account for the differences in 

reproductive patterns. 

The spawning season of P. fucata varies with changes in location. In the Persian 

Gulf spawning occurs in both spring and autumn (Behzadi et al., 1997). In the 

middle region of Japan the spawning season is short and intense (Wada et al., 

1995c) and occurs during the period of peak water temperature in mid-summer 

(June I July). However in the southern regions of Japan, the major spawning season 

is winter, with a smaller peak in late summer (Wada et al., 1995). Tranter (1959) 
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found that the peak spawning periods for P. fucata in the Torres Strait were in 

summer and autumn, although some settlement occurred all year. 

Wada (1953c) described the breeding season of P. maxima in the Torres Strait as 

from September to April, with the peak spawning period in October/November, 

when water temperatures rise to 29°C. Most oysters initiated gonad development in 

September, although some ripe oysters occur all year round. During the austral 

winter (July to August) 45% of oysters were either of indeterminate sex or only very 

poorly developed. In April most oysters were spent. Wada (1953c) concluded that P. 

maxima spawned intermittently from October to April. Settlement of P. maxima spat 

on artificial monofilament collectors in the Timor Sea was greatest between October 

and January (Knucky, 1995b). 

Tanaka and Kumeta (1981) described a similar reproductive pattern for P. maxima 

in the Torres Strait. They concluded that spawning peaked in November/December 

when water temperatures were 28 to 29°C, with a secondary peak in 

February/March. These peaks in spawning showed some variation, depending on 

seasonal water temperatures. Wada (1953c) found ripe individuals in the Torres 

Strait even in winter, and concluded that some oysters may be in spawning 

condition all year. 

This was not the case for the Broome population, which was reproductively inactive 

in winter (Rose et al., 1990). Presumably the higher winter water temperatures in 

the Torres Strait (approximately 24°C) compared to Broome (20°C) would lead to a 

greater number of ripe individuals in winter, and an earlier spawning season. Rose 

et al. (1990) investigated the seawater temperatures of the main Western Australian 

fishing beds and recorded bottom temperatures of between 20 and 26.8°C. Surface 

temperatures showed a larger range and much higher maximum (19.8 to 32.30C). 

This study concluded that temperature was the main effect controlling gonad 

development and spawning although in addition to temperature, the spawning 

season of P. maxima in Western Australia could be correlated to increases in 

chlorophyll a. However whether the rise in chlorophyll a stimulates gametogenesis, 

or simply parallels it, is unknown. 

Spawning appears to be inhibited when water temperatures exceed 30°C (Tanaka 

and Kumeta, 1981; Rose et al., 1990). Any spawnings during this period invariably 

produced poor quality gametes (Rose et al., 1990).Pearl oysters from the deeper 

waters (>15m) of the Eighty Mile Beach fishing grounds, where the temperature 

range was lower and more consistent, produced better spawnings and higher 

quality eggs than those from inshore sites. During the summer months when 
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temperatures were at their peak (> 3000),  induced spawnings were weak and 

produced a higher proportion of poor quality gametes than those produced at lower 

water temperatures (26 to 280C). Minaur (1969) also found that it was difficult to 

spawn apparently ripe oysters when the water temperature was greater than 30°C. 

1.3.2.6.3 Gametogenesis 

Gametogenesis in Pinctada species is similar to that of other bivalves (Tranter, 

1958a). The process of gametogenesis in P. maxima has been described by Rose 

etal. (1990), in accordance with the macroscopic gonad scoring method developed 

by Tranter (1958a); 

Stage 0. Indeterminate or inactive; 

Stage 1. Early gametogenesis, sex may be determined by the colour of the 

gonad: males are creamy white, females yellow or orange; 

Stage 2. Actively developing/near ripe. The gonad is larger and appears 

more confluent; 

Stage 3. Spawning ripe. The gonad is bulging and confluent, gametes are 

released if the gonad is pierced; 

Stage 4. Partially spawned or spent. 

The gonads of P. maxima are not discrete organs, and consist of branched tubules 

(follicles) that proliferate between the epidermis and the visceral mass. Lining the 

lumen of the follicles are stem cells which develop into the gametes. During stage 1 

of gonad development, the stem cells differentiate into primary and secondary 

spermatatids in the males, and into oogonia and primary oocytes in the females. As 

gametogenesis proceeds the initially flattened follicles begin to swell with the 

developing gametes. 

In Stage 2, free spermatazoa begin to appear within the lumen of the follicles in 

male oysters. In the females the oocytes are enlarging due to the accumulation of 

yolk, and some free oocytes appear in the lumen. 

Stage 3 gonads consist of swollen, confluent follicles, the lumen of which is densely 

packed with free gametes. After spawning (Stage 4) there is usually some residual 

gametes within the follicles, which are resorbed by specialised tissues and 

phagocytes. Rose et al., (1990) found that gametogenesis was a continuous 

process in both sexes, with some stages overlapping in the same gonad. This may 

indicate that P. maxima can spawn more than once per annum, as has been 

suggested by Wada (1953c) and Rose etal., (1986). 
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1.3.2.6.9 Spawning Inducement 

The stimuli used to initiate spawning in pearl oysters are similar to those used for 

temperate species, although temperature manipulation may not be as strong a 

stimulus for tropical species. 

Alagarswami et al. (1983b) successfully induced spawning of the Indian population 

of P. fucata, although the actual induction method was not given. Male oysters 

always spawned first, the resulting sperm stimulus triggering spawning in females 

(Alagarswami et al., 1983a). 

Sperm discharge occurs in several pulses of continuous streams from an aperture 

in the mantle opposite the urogenital opening, while the female discharges eggs in 

either a continuous stream, in which case they float, or as a discontinuous, ribbon-

like structure. The latter eggs are entangled in gonadal tissue and sink to the tank 

bottom. Rose (1990) regarded these sinking eggs as poor quality and suggests that 

they be discarded prior to further larval culture. Spawning oysters have widely 

gaping shells and take a considerable period to recover from spawning exhaustion 

(Alagarswami et al., 1 983a). 

Several methods of inducing spawning in P. fucata were evaluated by Alagarswami 

et al. (1983c). Stimuli tested were various chemical treatments (hydrogen peroxide, 

pH and ammonium hydroxide) and thermal stimulation. Good results (ca. 70 to 80% 

of oysters spawned) were obtained with treatments which resulted in elevated pH of 

9 to 9.5, while thermal stimulation gave some good although erratic results. 

Spawning was induced in conditioned P. sterna by firstly dropping the temperature 

from the conditioning temperature (23 to 26°C) to 18°C, followed by placing the 

oysters into a fresh tank filled with irradiated seawater at 28°C (Araya-Nunes et al., 

1991). As irradiating seawater promotes the formation of oxygen radicals such as 

hydrogen peroxide, which have been shown to be involved in the production of 

prostaglandin spawning hormones (Morse et al., 1978), this treatment included both 

thermal and chemical stimulation. 

Rho et al. (1986) achieved similar spawning success in P. fucata (40 to 55%) by 

thermal stimulation, either in heated air or water. Optimum time of air exposure was 

40 to 60 mm. Both P. fucata and P. margaritifera adults spawned after transfer from 

the farm to the hatchery without any other stimuli (Alagarswami et al. 1983c; 

Alagarswami et al. 1989), possibly due to changes in water conditions and 

chemistry. Rose and Baker (1994) obtained eggs from spawning oysters which 

were being transported from the fishing grounds to pearl farms. These authors also 

produced spawnings from oysters stimulated with ultra-violet irradiated seawater 
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heated 1 to 2°C above ambient. The use of chemical spawning stimulants such as 

seratonin and hydrogen peroxide was found to be largely ineffective in inducing P. 

maxima to spawn (Rose et al., 1986). Spawnings produced by chemical induction 

are commonly of poor quality, and if broodstock are sufficiently ripe, then thermal 

cycling and sperm suspensions should be sufficient to induce spawning (Rose, 

1990). Sperm suspensions are obtained by either separately spawning a male 

oyster, or by slicing the gonad and collecting the released sperm with a pipette. The 

sperm suspension can either be added directly to the tank water, or introduced into 

the inhalant aperture of individual oysters (Rose, 1990). 

If oysters cannot be induced by the above method, then zygotes may be obtained 

by stripping. In this procedure, the oyster is killed and the gonad sliced with a 

scalpel or sharp knife. Gametes are forced from the gonads and placed into a 0.5% 

solution of ammonium hydroxide for 50 to 70 mm (Wada, 1953b). This process 

results in the breakdown of the germinal vesicle in the eggs and activation of the 

sperm. Wada (1953b) and Minaur (1969) used this method of obtaining fertilised 

eggs from P. maxima and successfully reared the resultant larvae to the pediveliger 

stage. The first successful rearing of P. maxima larvae to spat was achieved by 

Tanaka and Kumeta (1981) using stripped gametes. Hayashi and Seko (1986) 

stripped the gonads of conditioned P. fucata and obtained viable larvae using the 

same method. 

Male oysters are generally easier to induce than females (Tanaka et al., 1970; Rose 

et al., 1994), and it may be the sperm suspension that is the trigger for females to 

spawn, rather than thermal or chemical stimulation. Tanaka et al. (1970) found that 

male P. margaritifera responded faster and more reliably to thermal stimulation than 

did females, and a similar observation was made by Rose and Baker (1994). 

Spawning is often incomplete and Rose et al. (1990) regarded P. maxima as a 

multiple spawner, producing between 0.5 and 12 x 106  eggs per spawning, with the 

average being about 2 to 3 x 106  (Rose, 1990). A female P. margaritifera was 

observed to produce 40 million eggs in a single spawning (Tanaka et al., 1970). 

1.3.2.6.10 Egg and Larval Development 

The development of P. maxima zygotes to the veliger stage has been described by 

Wada (1953b, Table 1.1). 
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Table 1.1 Development of Pinctada maxima embryos at 28°C. From Wada (1953b) 

Time after fertitisation Developmental stage 
1 5min* Extrusion of first polar body 
25min Extrusion of second polar body 
40min Formation of first polar lobe, onset of first cleavage 
43min 2 cell stage 
60min 4 cell stage 
1 .5hr+ 8 cell stage 
2.5-3hr morula stage 
3.5-4hr blastula, begins to rotate, 2 entoblastic cells 
5.5hr onset of gastrulation 
7.5hr apical flagella develop 

18.5-19hr the shell nearly covers the body 
28hr development of rudiments of hinge teeth, size: 84 x 68pm 

30-32hr apical flagella becomes less prominent 
* minutes 

+ hours 

The time to the development of the veliger, umbo and pediveliger stages were 

similar in the studies of both Tanaka and Kumeta (1981) and Rose and Baker 

(1989). The D shaped veliger stage lasts until day 10, the umbo stage then occurs 

from days 10 to 21 followed by pediveligers from days 21 to 30. Spat may begin 

settling from day 25 through to day 33. 

1.3.2.7 Environmental Tolerances 

1.3.2.7.1. Temperature 

There is evidence that the natural Australian distribution of P. maxima is limited to 

areas where normal seawater temperatures range from 19 to 32°C (Hynd, 1955: 

Pass et al., 1987). Anecdotal evidence suggests that P. maxima is intolerant to 

either low temperatures or to rapid changes in temperature. This in turn may be 

related to their sublittoral habitat, where large or rapid temperature fluctuations 

would not commonly occur. 

High mortalities of up to 80% of wild fished P. maxima in Western Australia in the 

late 1970's and early 1980's were attributed to reduced disease resistance during 

periods of low temperature (Pass etal., 1987). 

Growth relative to temperature may vary according to the age and metabolism of 

the oyster. Nasr (1984) observed that growth of immature P. margaritifera was 

largely determined by ambient temperatures, irrespective of phytoplankton 

abundance. Growth in larger oysters showed a similar pattern, but was confounded 

by a marked reduction in growth during the spawning season, when energy 

normally reserved for growth was channelled into gametogenesis. 
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1 .3.1.7.2 Salinity 

Salinity tolerance of bivalves is variable, and may be related to season, temperature 

and previous salinity experience (Fisher, 1988). Inshore and estuarine species 

commonly have a wider salinity tolerance than do oceanic species (Bayne et al., 

1976). The effects of salinity on growth and survival of P. maxima spat were 

investigated by Taylor et al. (pers.comm..). After 20 days culture, growth was 

significantly greater at 30%o compared to higher or lower salinities (Fig. 1.3). Growth 

at 25 and 45%o were similar. These results indicate that P. maxima is sensitive to 

differences in salinity, which is consistent with an oceanic species. Taylor et al. 

(1997d) also used hypersalinity (45%o) to induce detachment of P. maxima spat 

from nursery settling substrate. The use of hypersaline seawater did not cause any 

mortality of treated spat after 24 hours exposure, at which time spat had reattached. 

These trials were conducted at 28.5°C, which is within the optimum temperature 

range for P. maxima. It is possible that the effects of salinity may be more 

pronounced at less favorable temperatures. 

The salinity tolerance of P. fucata is considerably wider than that of P. maxima. 

Numaguchi and Tanaka (1986b) reported that growth and survival were not 

compromised at salinities ranging from 20 to 38%. Growth decreased sharply below 

20%, and all spat died within a week at 11.4%o. The changes in growth rate were 

mirrored closely by differences in heart rate. Salinities of 24 and 50%o could be 

tolerated for several days. Long term exposure to salinities of 14%o and 50%o may 

cause mass mortalities of P. fucata spat. 

chapter 1: The Biology and Spat culture of Pearl Oysters 19 



4 

3 

> 
( 

-o 

U) 

1 

0 
15 20 25 30 35 40 

Temperature (°C) 

Figure 1.2. Specific growth rate (% day) of Pinctada fucata spat at 
different temperatures. After Numaguchi and Tanaka (1986a). 
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Figure 1.3. Growth of Pinctada maxima spat after 20 days culture at 
various salinities. Data made available by Taylor et al. (unpub.). 
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1.3.2.8 Predation 

Small oysters are relatively more vulnerable to predation. Small spat particularly 

may suffer heavy losses by predation from fish, crabs and gastropod drills. 

Cymatium c/n gu/arum and Murex virgeneus have been found to be serious 

predators on wild beds of P. fucata in India (Chellam et al., 1983). Once oysters 

reach a size of 80 to 100 mm predation is greatly reduced (Gervis and Sims, 1992). 

Newman et al. (1993) reported that polyclad platyhelminths may be severe 

predators on newly settled pearl oyster spat, although how they actually kill the spat 

was unclear. Larger oysters on wild beds may be predated on by rays, sharks and 

starfish (Chellam, 1987). 

1.3.2.9 Fouling 

Pearl oysters are susceptible to colonisation by a wide variety of fouling organisms, 

both opportunistic and specific. The most common fouling organisms are barnacles 

(Ba/anus spp.), tunicates, sponges, bryozoans and other molluscs. The degree and 

composition of fouling will vary considerably according to site and seasonal factors. 

Taylor et a/. (1997c) showed that the accumulation of fouling reduced growth in 

nursery culture of P. maxima spat. Fouling accumulation may physically prevent 

growth and impede ventilation. Alternatively, fouling organisms may compete for 

food and space. Boring sponges (Cliona sp.), mussels (Lithophaga sp.) and 

polychaetes such as Polydora sp. cause considerable damage to pearl oyster 

shells. Boring sponges in particular cause extensive damage to the umbo region of 

oysters under culture conditions. Mao Che et al. (1996) found that shell abrasion on 

farmed oysters was 36 times that of wild oysters due to the regular cleaning. This 

may be of concern to culturists as the outer periostracal shell layer is the main 

defence against boring organisms, and premature erosion may increase 

susceptibility to boring sponges. 

1.3.2.10 Parasites and pathogens 

A recent health survey of both wild and farm held P. maxima from tropical Australia 

reviewed and identified numerous fouling organisms, disease agents and parasites 

(Humphrey et al., 1998). 

Many early researchers considered that infestations by trematodes, nematodes and 

other parasites led to the production of pearls by the host encapsulating the 

invading parasite with nacre. Sections of the Australian pearling industry were 
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almost destroyed by very high mortalities of fished and translocated P. maxima in 

the late 1970's and early 1980's, the aetiology of which was investigated by Pass et 

al. (1987). Low water temperatures and poor handling practices were the main 

factors predisposing the oysters to infection by Vibrio harveyi, with smaller oysters 

more susceptible than larger ones. 

The symptoms of the disease in wild fished oyster were similar to those observed in 

the laboratory in response to experimentally induced infection with V. harveyi. 

As a result of improved management practices, such as better transportation 

procedures, avoiding transporting oysters when water temperatures are low and 

increased water flow through holding tanks, mortalities have been dramatically 

reduced. 

1.3.3. Bivalve Feeding 

1.3.3.1 Feeding Mechanisms 

The role of the bivalve gills in retaining small particles has been well documented by 

numerous authors. Alder and Handcock (1851)first proposed that the gills act as a 

sieve, and that the laterofrontal cilia strain particles from the water as it is pumped 

through the gills. This theory, with some modification, is still currently widely 

accepted (Barnes, 1987). There have been several alternative hypotheses 

attempting to explain the apparent anomaly that filter-feeding bivalves such as 

Mytilusedulis can retain particles as small as 1-2pm in size, despite the distance 

between the laterofrontal cilia being 2-3pm. MacGinitie (1941) proposed that the 

laterofrontal cilia played no part in particle retention, but simply pump water through 

a mucus sheet covering the gill surface, trapping suspended particles. However, this 

theory has not been widely accepted, as it would be difficult for the two systems to 

co-exist, and no mucus sheet has ever been observed when gills have been 

examined using electron microscopy. Tammes and Dial (1955) suggested that the 

laterofrontal cilia were 'sticky', and that this attribute could account for the ability of 

M. edulis to retain particles smaller than the gill mesh size. Jørgensen (1981) 

proposed that particles are retained by exposure to steep velocity gradients 

between the water directed through the ostia by the lateral cilia, and the frontal 

current created jointly by the laterofrontal and frontal cilia. These velocity gradients 

were considered to produce transverse forces which direct particles perpendicularly 

to the direction of flow and hence towards the frontal cilia. As further evidence, he 

developed a hydromechanical model predicting that the pressure drop across a filter 

formed by the laterofrontal cilia would be approximately ten times that of the 
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measured drop. However Silvester and Sleigh (1984) found that the current 

generated by the lateral cilia is greater than that required to overcome the 

resistance of the laterofrontal cilia. 

With the development of the electron microscope, Moore (1971) and then Owen 

(1974) showed that the laterofrontal cilia were not simple structures, but themselves 

possessed twenty two to twenty six parallel, but alternating, pairs of lateral cilia 

which formed a meshwork of approximately 0.6pm, rather than the 3pm mesh 

formed by the laterofrontal cilia themselves. These findings accounted for the ability 

of bivalves to retain particles smaller than 3pm. 

By observing the cilia of small transparent live mussels, Dral (1967) described 

several mechanisms by which the laterofrontal cilia can regulate the filtration 

efficiency of the gills to prevent overloading of the feeding system. In dense food 

concentrations, filtration, as distinct to ventilation, may be reduced or even stopped. 

In non-filtering animals the cirri are no longer sticky, and may be more or less co-

ordinated or even immobile, reducing the retention efficiency of smaller particles. 

Reduced filtration efficiency can also be achieved by a reduced beat amplitude of 

the laterofrontal cirri, thus the efficiency of fine particle retention will be reduced as 

they will no longer completely bridge the ostia on the effective stroke. 

An additional mechanism reducing filtration efficiency has been observed in M. 

edulis, where the width of the ostia is increased in dense suspensions. This reduces 

the efficiency of the filtering mechanism, but allows free passage of water for 

respiratory purposes (Bayne et al. 1976). 

It has been shown that bivalve gills have a considerable degree of local nerve 

control, allowing ciliary activity to vary considerably in different areas of the gill 

(Aiello and Guideri, 1965). 

After capture by the laterofrontal cilia, particles are transferred to the frontal cilia at 

the end of the effective stroke. Particles are then moved to the marginal food grove 

and transported to the labial palps. Although the palps have often been considered 

to have a further sorting function, the particles are bound in a mucus string and 

therefore further sorting is unlikely. The main function of the palps is probably to 

reject excess particles as pseudofaeces to prevent overloading of the gut. Foster-

Smith (1978) observed that at high concentrations of particles, the food strings 

formed are quite thick, and there is a high degree of indiscriminate rejection by the 

palps. Conversely, at low concentrations there is high acceptability of all particles 

within a suitable size range. 
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1 .3.3.2 Filtration Rate 

Filtration rate is defined as the volume of water filtered free of suspended particles 

(within the size retention ability of the animal) per unit time (Winter, 1978) and is 

used as an index of feeding rates and general activity. This is distinct from the 

ventilation (pumping) rate which is the volume of water passed through the gills per 

unit time. If particle retention is 100%, then the two measurements are equal. This 

may be the normal situation when the particle density is low, however, as the 

density increases, a point is reached where the filtration efficiency is reduced to 

prevent overloading of the gut, and from this point the ventilation rate is higher than 

the filtration rate. When feeding on microalgae, this point is termed the critical cell 

density. 

There are two widely used methods of measuring bivalve filtration rates: direct and 

indirect. The direct method involves measuring the outflow of water from the 

exhalant aperture or siphon and the difference in particle concentration between the 

inhalant and exhalant water. In the indirect method, the filtration rate is calculated 

from the reduction in density of suspended particles, usually algal cells, over time in 

a fixed volume of water. 

While the direct method can be used to measure both the pumping and filtration 

rates, the indirect method can only measure the filtration rate. Problems with the 

direct method may arise from back pressure or siphoning of the tube collecting the 

exhalant flow. Care must be taken to ensure that normal ventilation function is not 

impaired (Bayne etal., 1976). 

The indirect method may utilise either static or flow-through systems. Static systems 

are the simplest method, but may be confounded by the decreasing particle 

concentration over time as the oyster filters particles out of the water (Jørgensen, 

1990). Thus the filtration rate will be expressed over a range of particle 

concentrations. Other problems encountered with a static system may be the 

accumulation of metabolites, and a decrease in oxygen concentration (Bayne et al., 

1976). The filtration rate in static systems is calculated by the equation 

m = In (Co/Ct)M/t 

where m is the volume filtered over time t, Co is the initial particle concentration, Ct 

is the particle concentration at time t and M is the tank volume (Jørgensen, 1990). 

The above mentioned problems are largely avoided by using a flow-through system. 

The particle concentration can be maintained at a constant level, and although there 
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will be a drop in the particle concentration due to grazing, this will be reduced 

compared to a static system due to replenishment of the medium. 

The actual magnitude of the difference will be related to the flow-rate and the 

biomass of animals in the system. In any event, the filtration rate can be expressed 

in relation to the effective particle concentration, rather than the initial concentration. 

Hildreth and Crisp (1976) argued that the concentration of particles surrounding the 

oyster was better represented by the outflow, rather than the initial concentration. In 

a flow-through system the filtration rate is calculated as: 

m = (Co - Ct)/Ct x F 

where F is the flow rate (after Bayne et al., 1976). 

The concept of filtration rate is rather abstract and may not reflect the filtration rates 

of oysters in the field. Jørgensen (1990) concluded that many studies were 

conducted under poor experimental conditions due to the low filtration rates 

obtained. Low filtration rates were related to reduced valve gaping and mantle 

protrusion. The primary reason to measure filtration rates has been to use the 

measured rates to estimate the feeding rates and capacities both in the wild and in 

the laboratory. This is particularly true in studies which use the derived data to 

estimate the 'scope for growth'. 

The estimated scope for growth is calculated as a function of the energetic 

dynamics of the animal and compares the energy ingested to the metabolic costs 

and losses under varying environmental conditions. 

The weight specific filtration rate has been investigated by many authors and 

generally declines with increasing size according to the equation: 

FR = aWb 

where FR = Filtration Rate (Lh 1), W is live or tissue weight, b is the exponent and a 

is a constant. 

Values for the filtration rate size-rate exponent (b) vary considerably between 

species from 0.46 for M. californianus (Bayne et al., 1976) to 1 for Choromytilus 

meridional/s and M. galloprovincialis (Van Erkom Schurink and Griffiths, 1992, 

1993), although the average is about 0.72. Thompson and Bayne (1972) found that 

the weight exponent for mussels less than ig dry weight was higher than that of 

larger mussels. 

Data on filtration rates of pearl oysters are scarce in the literature, and it is difficult to 

compare due to differences in methods and oyster size. Filtration rates for P. fucata 
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have been determined by several authors, however these studies do not relate 

filtration rates to dry tissue weights, but rather to either the shell height or age of the 

oyster. Sato et al.(1964) found that 61g P. fucata could filter 2.3 L h 1g 1  while 

Numaguchi (1994b) obtained values of about 3.8 L h 1g 1  for 50.8g P. fucata. 

Other authors have generally observed filtration rates of between 1 and 2 L h 19 1  

(Table 1.2). 

Yukihira (1998) examined and compared the filtration rates of P. maxima and P. 

margaritifera in great detail. There was no significant difference in the filtration rate 

between the two species and the generalised model according to body size can be 

described by the equation: 

Filtration Rate = 11.47 x w 0.613 

Using this equation, Yukihira et al. (1998b) calculated that large oysters of lOg dry 

tissue weight (ca. 185 mm shell height) would filter at the rate of 47 L h 1. 

Table 1.2. Filtration rates of pearl oysters by various authors and methods. 
Species Method Temp. Weight (g) Filtration Rate Reference 

0 

Lh g 
-1 -1* 

P. maxima Indirect 25 0.218 11 Bellanger (1995) 
P. maxima Indirect 25 2.08 5.2 Bellanger (1995) 
P. maxima Indirect 25 10.0* 4.7 Yukihira et al. (1998b) 

P. margaritifera Indirect 25 10.0* 4.7 Yukihira et al. (1998b) 
P. fucata Indirect 21-23 22a 47 Tsujii and Ohnishi (1957)b 
P. fucata Indirect 21-23 341a 1.4 Tsujii and Ohnishi (1957)b 
P. fucata Indirect 21-23 514a 1.1 Tsujii and Ohnishi (1957)b 
P. fucata Direct 21-23 488a 1.3 Tsujii and Ohnishi (1957)b 
P. fucata Direct 8-30 188a 0.74 Miyauchi (1962)b 
P. fucata Direct 8-30 388a 1.3 Miyauchi (1962)b 
P. fucata Direct 8-30 481a 1.2 Miyauchi (1962)b 
P. fucata Indirect 18-28 61.0 2.3 Sato et al. (1964) 
P. fucata Neutral >15 361a 2.3 Seki (1972)b 

red 
P. fucata Nitrogen Summer 361a 2.7 Seki (1972)b 

budget 
P. fucata Nitrogen Winter 361a 1.3 Seki (1972)b 

budget 
P. fucata Indirect 10-33 508a 3.8 Numaguchi(1994b) 

a estimated 
b cited in Numaguchi (1994b) 
* dry tissue weight 

The very high filtration rates attainable by P. maxima and P. margaritifera were 

considered by Yukihira et al. (1998a)to be an adaptation to an oligotrophic habitat. 
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1 3.3.3 Particle Sorting and Pseudofaeces Production 

As previously discussed, pearl oysters are considered to be non-selective feeders. 

Many other bivalves have been shown to exhibit pre-ingestive sorting, the actual 

mechanisms of which are unclear. 

Traditional theory is that particles trapped by the laterofrontal cilia and thence 

moved to the frontal cilia are bound in a mucus string and transported to the 

marginal food groove, where some sorting occurs. The marginal food groove 

transports the mucus string to the labial palps, where the particles are further sorted 

by size and density, with the undesirable particles rejected as pseudofaeces 

(Foster-Smith, 1978). Ingestion is regulated by stomach fullness and when the 

stomach is full, the excess material reaching the palps is rejected as pseudofaeces 

(Bayne et al., 1976). However for sorting to occur, the particles must be in an 

unbound form. Jørgensen (1981) removed samples of ingested graphite particles 

from the stomach of mussels and found that the great majority of particles were 

unbound, suggesting that they were ingested in a free state. Kiørboe and 

Møhlenberg (1981) also found that algal cells ingested by mussels and sampled 

within 30 seconds of opening the mussel were in a free suspended state in the 

oesophagus. 

Jørgensen (1990) proposed that much of the mucus seen on gills and in the 

stomach in various studies was due to either mucous production after mutilation of 

the animal, or the use of very dense particle suspensions used in experiments. He 

noted that soon after the adductor muscle was cut that there was copious mucous 

production, and particles that previously appeared to be freely suspended became 

entrapped in mucous strings in the marginal groove. 

Selection efficiency is the ability of the animal to sort food particles out of a mixed 

food and sediment suspension. Kiørboe and Møhlenberg (1981) exposed ten filter 

feeding bivalves to various mixed suspensions of algae (10 to 30 cells pL 1) and silt 

(10 to 20 mg L). The selection efficiency was defined as the relative chlorophyll a 

concentration of the inhalant water to that of the pseudofaeces, and this varied 

considerably between species. There was a strong correlation between palp-size 

index (palp area relative to clearance) and selection efficiency, suggesting that the 

selection was performed by the palps. However Jørgensen (1990) considered that 

the sorting occurred on the gills rather than the palps, and that the size of the palps 

was more related to the quantity of pseudofaeces produced under normal 

environmental conditions. Jørgensen (1990) proposed that the gills produce mucus 
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in proportion to the density of the suspension, and that there are two mechanisms 

transporting material cleared by the gills. The acceptance mechanism is considered 

to be a laminar water current produced by the cilia within the tracts of the gills. 

Simultaneously there is mucus strings carried directly on the cilia. Particles in the 

water current will come into contact with the underlying mucous and may be trapped 

depending on their size, density and surface characteristics. 

The remaining unbound particles in the overlying current are transported directly to 

the mouth and ingested, while the mucus strings and bound particles are formed 

into pseudofaeces on the palps and rejected. This theory is attractive in that it 

explains the apparent paradox of simultaneous binding of food particles and 

selective sorting, but is yet to be experimentally determined. 

1.3.3.4 Ingestion 

It is difficult to measure accurately ingestion of filter feeding bivalves due to the 

production of pseudofaeces. Many studies assume that ingestion is simply a 

function of the filtration rate and change in algal concentration and is calculated 

according to various forms of the equation: 

Ingestion rate = Ci-00lntv 

where Ci = initial algal concentration 

Co = final algal concentration 

t = time 

v = volume 

n = number or weight of animals 

(Khalil, 1996: Møhlenberg and Kiørboe, 1981; Navarro et al., 1996; Riisgard and 

Randlov, 1981; Strickland and Dabinett, 1993; Lu and Blake, 1997). 

A weakness of the above equation is that it assumes that no pseudofaeces is 

produced. 

Kiørboe et al. (1980) estimated the ingestion rate of mussels by measurement of 

faecal production, assuming that faecal production was the same as in previous 

experiments at similar algal and sediment concentrations, and then correcting for 

assimilation. Robinson et al. (1984) used phytopigments as a label, based on 

chlorophyll being degraded to phaeophytin during the digestive process. This 

method allows quantification of levels of ingestion, digestibility and pseudofaeces 

production. 

The calculation of ingestion rates as the product of clearance rate and algal 

concentration is questionable, particularly at high algal concentrations and may lead 
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(1996) for M. edu/is. This adaptation enables these bivalve species to thrive in 

habitats of high turbidity. 

It should be noted that if the surface characteristics of particles influence their 

likelihood of acceptance or rejection, as proposed by Jørgensen (1990), then the 

response to oxidised PIM found in this study may not be consistent with that of 

particles coated with an organic film. Further, if the natural suspended particulate 

matter is in the form of aggregations containing both the organic and inorganic 

fractions, then selective feeding is impossible. However in this study the algal cells 

and PIM particles were presented as distinct and independent fractions of the total 

suspension, and hence selection may have been achieved based on the particle 

characteristics. 

Yukihira (1998) also attempted to predict the growth of P. maxima and P. 

margaritifera according to the prevailing environment at two different locations 

without success. One of the author's considerations for the discrepancy was that 

the oysters may adapt to the changing environment, and that feeding patterns may 

change temporally. This agrees with the results demonstrated in this study. One of 

the advantages of a medium term study, such as the current one, where growth is 

directly measured is that if there is short term fluctuations in the feeding patterns of 

the experimental animal, it does not effect the outcome. In contrast scope for 

growth studies base results on the extrapolation of very short term experiments and 

as such are vulnerable to the effects of short term feeding fluctuations. Such short 

term fluctuations are evident in the results of Chapters 3,4,5 and 7 of this study. 

In Chapter 5, the feeding physiology responses in relation to algal cell density from 

the first week of the experiment were broadly similar to those of Yukihira et a! 

(1098a), particularly with regard to the AE at different algal concentrations. As the 

spat acclimated to the algal concentration over time the AE increased, resulting in a 

divergence between the estimated scope for growth as calculated by Yukihira et al. 

(1999) and actual growth. 

Similarly, the first week of results of this study may be compared with the scope for 

growth calculations of Yukihira et al. (1999) in response to dietary levels of 

suspended particulate matter (SPM). P. maxima was considered to be a non-

selective feeder due to the similar AFDW% proportions of the natural seston and 

pseudofaeces. 
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to an overestimation of ingestion. It is commonly reported that the concentrations 

used were below those that initiate the production of pseudofaeces, but this 

threshold level may change according to the size of the animal (Widdows et al., 

1979), the type of suspension, and the natural habitat (Jørgensen, 1990). Threshold 

particle concentrations for M. edulis have been determined by various authors as 

ranging from 1mg L (Jørgensen, 1990) to 5 mg L (Widdows et al., 1979). 

Pseudofaeces production is particularly difficult to detect in small spat and in 

species which forcibly reject pseudofaeces intermittently, rather than constantly 

deposit pseudofaeces at the posterior margin of the shell. Species which fit into the 

former category include clams (Bricelj and Malouf, 1984) and P. maxima (Bellanger, 

1995). Pseudofaeces produced by P. albina is well compacted and was separated 

from true faeces by Bellanger (1995). 

In the same study, it was found to be impossible to separate true faeces from 

pseudofaeces produced by P. maxima. Thus the ingestion rate for P. a!bina could 

be corrected for pseudofaeces production, whereas it could not for P. maxima. This 

resulted in an overestimation of ingestion and an underestimation of absorption 

efficiency for P. maxima with a subsequent error in the calculated scope for growth. 

Many authors have used questionable ingestion data for subsequent complex 

statistical integration and analysis. 

The rate of ingestion in dense suspensions is regulated in one of two main ways. 

Either the filtration rate decreases to compensate for increases in algal 

concentration, or the filtration rate remains relatively constant and excess algae is 

rejected as pseudofaeces. Examples of these responses are the hard clam (Bricelj 

and Malouf, 1984) and the flat oyster (Mathers, 1974) respectively. From the 

filtration rate data of Bellanger (1995), and Yukihira et al. (1998a), P. maxima and P. 

fucata appear to be somewhat intermediate. 

1.3.3.5 Digestion 

Feeding and digestion in P. maxima larvae commences approximately 24 hours 

post fertilisation (Yukan and Zhijian, 1980). Algae are filtered from the surrounding 

seawater with a ciliated velum. The alimentary canal present in early D stage is 

differentiated into an oesophagus, anterior and posterior stomach, a rudimentary 

digestive gland and style sac, and an intestine (Fujimura et al., 1995a). By the umbo 

stage the digestive diverticula is well developed and the crystalline style appears in 

the pediveliger stage (Fujimura, et al., 1995b). 
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In P. fucata, Kuwatani (1965b) found that only particles of 30 pm or less were 

ingested, with smaller particles having a higher rate of ingestion. Ingested particles 

pass through the oeosophagus and into the stomach. Here they are subjected to 

mechanical and chemical action from the crystalline style. The style is a gelatinous 

rod impregnated with enzymes formed from secretions of the style sac. 

It rotates against the gastric shield, a chitinised structure containing teeth which 

mechanically graze the style, releasing digestive enzymes and grinding ingested 

particles (Kuwatani, 1964). The resultant mixture is transported to the dorsal hood 

from where it is gradually conveyed by cilia to the posterior sorting area where it is 

separated into semi-digested and fine particles, and indigestible and coarse 

particles. The fine material (<17pm) is directed into the tubules of the digestive 

diverticula where particles of 5pm or less are phagocytosed and digested 

intracellularly. Two distinct cell types are present in the digestive gland of filter 

feeding bivalves (Owen, 1972). One is acidophilic and columnar and is considered 

to be responsible for intracellular digestion. The other is pyramidal and basophilic. 

The function of the latter cell type is unclear. 

As they contain large amounts of rough endoplasmic reticulum and golgi bodies, the 

basophilic pyramidal cells may produce and secrete digestive enzymes (Bayne et 

al., 1976). Larger particles are moved to the intestine, bypassing any further 

digestive process. Waste products are encapsulated in excretory spheres and 

directed to the intestine and thence to the midgut and anus. Tsujii and Ito (1964) 

found that the digestive diverticula of P. fucata contain a amylase and other 

enzymes for the catabolism of starch, raffinose and sucrose, but not for lactose, 

maltose, chitin, pectin or alginate. It has been noted in some species that if the 

digestive capacity is exceeded, a proportion of the ingested algal cells will be 

directed to the intestine, bypassing the digestive process (Van Weel, 1961). This 

has been termed intestinal faeces, as distinct from the faeces produced during 

normal digestion processes (glandular faeces) and can be readily recognised by the 

large numbers of undigested cells. 

1.3.3.6 Absorption Efficiency 

The absorption (= assimilation) efficiency (AE) is defined as the proportion of the 

ingested organic component of the food that is assimilated by the oyster. 

Traditionally the AE is calculated by comparing the relative proportions of organic 

matter in the food and faeces. This method, developed by Conover (1966) assumes 

that the inorganic (ash) fraction of the food is not affected by the passage through 

the gut and is calculated by the equation: 
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AE(%) = F-E/(1-E) x F x 100/1 

F is the organic fraction % of the food and E is the organic fraction % of the faeces. 

Other authors have used different methods. Foster-Smith (1975) used radio labelled 

algae and calculated the AE by comparing the quantity of label in the food, faeces 

and pseudofaeces. 

There is commonly an inverse relationship between algal concentration and AE. 

Presumably the reduction in AE at higher algal densities is due to an increase in 

ingestion, leading to either reduced gut passage time or an increasing proportion of 

the ingested ration bypassing the digestive process and being excreted as intestinal 

faeces. The degree to which this occurs is dependent on the ingestion regulation 

efficiency of the bivalve. 

Bellanger (1995) used Conovers method to determine the AE of T. Iso by P. 

maxima and P. a/b/na fed at various algal concentrations. AE of P. maxima was 

highest at low algal concentrations, and declined from ca. 75% at 6 cells 1JL 1  to ca. 

45% at 50 cells pL 1. A similar trend was evident for P. a/b/na but at generally lower 

efficiencies. The AE of P. maxima was relatively consistent at algal concentrations 

of 10 cells pL 1  or higher due to a reduction in filtration rate which maintained a 

relatively stable ingestion rate. 

As the pseudofaeces could not be separated from the true faeces, the ingestion rate 

is probably lower than reported, and the AE somewhat higher. 

Yukihira et a/. (2000) found that the AE of P. maxima was greater than for 

P. margaritifera at 32°C, while the reverse was the case at 19°C. Increasing food 

densities resulted in a significant decline in the AE for both species. 

1.3.3.7 Suspended Solids 

Suspended solids may effect filter feeders in different ways depending on the 

adaptive mechanisms evolved by individual species. The ability to select algal cells 

from a sediment I algal suspension varies between species as has already been 

discussed. 

Some authors have reported an increase in growth when silt is added to the algal 

diet (Winter, 1975; Kiørboe et al., 1981; Møhlenberg and Kiørboe, 1981). The AE 

may be increased due to either the sediment assisting in mechanical processing of 

algal cells, by dilution of the diet at high algal concentrations, or there may be 

significant nutritional inputs to the diet by the organic fraction of the sediment. 

Padovan (1997) found that the organic fraction of the suspended solids in Darwin 
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Harbour was relatively constant, ranging from 1 to 4 mg L 1  and comprised 20 to 

50% of the total suspended solids. Seasonal changes in the organic proportion were 

due to fluctuations in the inorganic fraction, rather than a decrease in organics. 

If the proposed filtration mechanism of Jørgensen (1991) is considered, then the 

size and surface characteristics of individual particles determines their acceptability 

by the gills and hence the likelihood of ingestion. Presumably, species possessing 

gills with a high selection ability could better utilise organic particles out of the 

seston mixture. 

The effects of suspended solids will also depend on the filtration rate response. 

Species which regulate ingestion by reducing their filtration rate will show reduced 

growth as this strategy will result in a net reduction in ingestion of food material 

(Bricelj and Malouf, 1984). Conversely, a species which maintains a high filtration 

rate with efficient particle selection will be less effected. 

As pearl oysters are considered to be non-selective feeders it could be assumed 

that high levels of suspended solids would have a detrimental effect on feeding. 

This appears to be true for P. fucata and P. margaritifera, both of which inhabit 

waters of low turbidity. Gervis and Sims (1992) suggested that inefficient feeding 

mechanisms were responsible for the lack of P. margaritifera in turbid lagoons. 

Chellam (1987) considered that a decline in condition of farmed P. fucata was due 

to long periods of high suspended solids loads. Other pearl oyster species such as 

P. maxima and P. albina inhabit more turbid waters. 

Both of these species naturally occur in Darwin Harbour where levels of suspended 

solids are commonly 15 to 30 mg L 1  (Padovan, 1997). Presumably these species 

would have evolved a suitable selection ability to enable them to thrive in this turbid 

environment. 

In a comparative study on the effects of seston load on P. maxima and P. 

margaritifera, Yukihira etal. (1999) concluded that P. maxima was better adapted to 

waters of high seston load due to superior ingestion and digestion abilities under 

these conditions. 
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1.3.4. Pearl Oyster Culture 

1.34.1 Hatchery Production 

Techniques for the hatchery production of P. maxima spat are similar to those used 

for other bivalves and are described by Rose and Baker (1994) and Nugranad et al. 

(1998). For a full description of the production schedules and the infrastructure 

required refer to Rose (1990). 

After spawning, fertilised eggs are stocked into tanks at an initial density of 5 mL 1. 

After approximately 24 hours metamorphosis to free swimming veliger is complete 

and cultured microalgae is added to the rearing tanks. The initial algal species 

utilised included Chaetoceros calcitrans, C. mue//eri, Tahitian Isochrysis sp. (T.lso), 

Tetraselmis sp. and Nannochioris sp. (Rose and Baker, 1994), Pay/ova !utheri 

(Minaur, 1969; Tanaka and Kumeta, 1981) and I galbana, C. calcitrans, 

Chiamydomonas sp. and Tetraselmis sp. (Nugranad et al. (1998). Gentle aeration is 

supplied to mix the suspension within the tank. Algal concentrations are increased 

during the culture period from 5 cells pL 1  on day 1 to 50 cells pL 1  on day 21 (Rose 

et al., 1990). Water changes are recommended every four days at which time 

culling and grading also take place. Nugranad et al. (1998) used antibiotics to 

combat bacterial infection which otherwise led to mass mortalities of larvae. 

Larvae begin to metamorphose on day 24. A settling density of 1 larva per mL is 

recommended by Taylor et al. (1998a) to maximise yield. Settlement occurs either 

on the tank walls and bottom, or on collectors hung inside the tanks. The former 

method allows more accurate counting when the spat are removed for re-settling, 

while the latter method requires less handling of newly settled spat. Spat attach to 

settling substrates with byssal threads and a variety of collectors have been used 

such as shadecloth, nylon netting, unraveled nylon rope and plates of dark coloured 

glass or plastic (Rose, 1990). Taylor et al. (1998c) compared a number of different 

settlement substrates and found that polypropylene rope either alone or in 

combination resulted in greater settlement than did monofilament mesh and PVC 

slats. Settlement is also considerably enhanced on horizontal substrates and on 

those with an established biofilm. 

Taylor et al. (1998a) showed that spat densities greater than 70 per 100 cm2  led to 

reduced growth and survival. 
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1.3.4.2 Spat Culture 

In the hatchery, newly settled spat are treated in a similar manner to larvae. As they 

become larger the feeding rates and water circulation are increased to ensure that 

attached spat have sufficient access to food and oxygen. Larger spat may consume 

considerable amounts of algae, and this is when the algal production resources of 

the hatchery may be limiting. At this time there is also frequent mass mortalities of 

spat. These generally occur with little or no warning signs. Commonly, spat will 

appear to be thriving, then there is a small number of weakly attached or dead spat 

the next day, followed by total mortality the day after. 

Once losses have begun, management responses such as increased water 

exchange, changing tanks or feeding rates have little effect. The causes of these 

mortalities are currently unknown and may be caused by a disease agent and/or 

nutritional and management factors. 

The performance of P. maxima spat on different monospecific algal diets has been 

investigated by Taylor et al. (1997a) and Southgate and Sanders (1995 unpub.). 

The study of Taylor et al. (1997a) tested the common species of algae used in 

commercial hatcheries while that of Southgate and Sanders (1995 unpub.) used 

similar species which had been isolated from tropical waters. Diatom species 

appear to be the best monospecific diets for pearl oyster spat, particularly 

Chaetoceros species. Taylor et al. (1997a) concluded that C. muelleri was the best 

of the algal species tested and C. simplex performed best in the study by Southgate 

and Sanders (1995 unpub.). Similar results have been found for P. fucata. 

Numaguchi (1994a) tested a variety of algal diets and found that C. ca/citrans and 

C. ceratosporum produced the best growth. Okauchi (1990) found that C. muelleri 

was a superior food to both T. iso and Isochnysis aff. Galbana. While most studies 

evaluated monospecific diets, the results of Southgate and Sanders (1995 unpub.) 

and Okauchi (1990) showed that spat perform better on mixed diets rather than on 

monospecific diets, presumably due to complimentary nutritional attributes of each 

species. Taylor et al. (1997a) demonstrated that the value of a diet could not be 

predicted from its biochemistry alone and that the value of an algal species needed 

to be evaluated by experimentation. Numaguchi (1994a) found Nannoch/oris 

ocu/ata to be a poor food, probably due to the relatively indigestible cell wall. T. iso 

was considered a poor food by Okauchi (1990), but its value was greatly improved 

when fed with other species. 
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1.3.4.3 Farm Culture 

Spat are commonly held in the hatchery until they are large enough to be placed 

into mesh cages or other structures. Small aperture mesh covers (0.75, 1.5 and 3.0 

mm) as protection from predators over PVC slats were trialed by Taylor et al. 

(1998b). Mesh sizes small enough to retain detached spat were not beneficial due 

to increased fouling and subsequent reduction in water flow. Larger mesh sizes 

produced greater spat growth. Once spat attain about 30 to 50 mm in shell height, 

they are transferred to mesh panels on surface longlines. As the spat size 

increases, they are transferred to panels with larger mesh size. 

Rose (1990) found that in downwellers supplied with flowing seawater, stocking 

densities of 4 spat 100 cm2  grew an average of 9.6 mm month, those at 7 per 100 

cm2  grew 7.3 mm month 1  while those stocked at 25 per 100 cm2  grew at only 6 mm 

month 1. Thus higher densities reduce growth, presumably due to increased 

competition for food or reduced water quality from metabolite buildup or oxygen 

depletion. Recently Taylor et al. (1997b) further examined the effects of density on 

P. maxima spat under farm nursery conditions. Growth and survival were highest at 

the lowest stocking density while shell deformity rates due to crowding increased 

with stocking density. Survival was not affected between 5 and 20 spat 100 cm 2  

(Fig. 1.4). 

Taylor et al. (1997b) showed that the growth and survival of P. maxima spat was 

greatest for spat culture on the surface using longlines compared to those cultured 

on the seafloor. Increased food levels at the surface were considered to be the most 

important influence on spat performance. 

Taylor et al., (1997c) investigated the effects of fouling organisms and cleaning 

periodicy on the culture success of P. maxima. Fouling was shown to decrease spat 

growth and survival, presumably due to increased competition and reduced water 

flow. The most efficient cleaning interval was 4 weeks. More frequent cleaning did 

not provide commensurate benefits in growth or survival, while more extended 

cleaning intervals led to shell deformities from invasive Pteria penguin. This trial was 

undertaken in oligotrophic Indonesian waters, and the results may not be directly 

applicable to Australian conditions. 
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Figure 1.4. Effect of stocking density on nursery performance of 
Pinctada maxima spat. After Taylor et al. (1 997b). 
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As the nursery period before the spat can be used for pearl production is commonly 

two to three years, the efficiency and effectiveness of the farm cleaning program 

must be optimised in order to reduce the considerable costs and infrastructure 

involved. 

Initially there were frequent heavy mortalities of small spat on farm nursery sites 

following transfer from hatcheries. T this was in part due to the unfamiliarity of farm 

personnel with handling small, fragile spat. Few farms had personnel specifically to 

maintain spat and simply applied the methods used to culture the larger, more 

robust oysters. Most farms now have specialist personnel and a much better 

understanding of spat requirements, and although mortalities do occur, they are less 

frequent and less severe than previously. The actual techniques used to culture 

spat are considered propriety information, and are kept closely guarded by 

individual companies. 

1.4 CoNcLusioN 

While spat culture of P. maxima has been successful, there are still recurrent mass 

mortalities in hatcheries and nurseries, the causes of which are unknown. Whether 

these mortality events are related to nutrition, culture conditions or environmental 

variables is unclear. There is very little literature in the public domain on the biology 

and culture of P. maxima spat, and the lack of information is restricting the 

production of oysters for seeding operations in Australia and overseas. 

This study aims to investigate spat survival, growth and feeding physiology relating 

to important environmental and culture variables such as temperature, algal 

concentrations and suspended solid levels, and to identify suitable ranges for the 

commercial production of P. maxima spat. Such information may prevent or reduce 

the incidence of mass mortalities of P. maxima spat in Australian hatcheries and 

nurseries. 
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Chapter 2: General Materials and Methods 

2.1 EXPERIMENTAL ANIMALS 

The production of P. maxima spat is a relatively new and developing technology, 

and is highly seasonal due to the availability of suitable broodstock. There is 

commonly severe limitations on the availability of spat for experimental purposes. 

As such the spat used in this study were obtained from various sources and 

histories. As these varied for each experiment, this will be detailed in the relevant 

Materials and Methods in each chapter. 

All of the spat used in this study were produced by the Darwin Hatchery Project, a 

commercial pearl oyster hatchery, from Western Australian broodstock, primarily 

from the Lacapede Island area. Broodstock were selected from commercial farms 

and transported by air to Darwin. Spawning and larval rearing techniques are 

broadly similar to those of other bivalves, and are based on those developed by 

Rose and Baker(1994). 

2.2 ALGAE 

2.2.1 Species 

For all of the spat experiments, excluding that of Chapter 7, the diet consisted of an 

equal mixture (by cell number) of Tahitian Isochrysis sp. (T. Iso, clone CS-177) and 

Chaetoceros muelleri Lemmermann (clone CS-176). These species have been 

previously shown to promote good growth and survival of P. maxima spat (Taylor et 

al., 1997a ; Southgate and Sanders, 1995 unpub.). The clone code refers to that 

used by the CSIRO Culture Collection of Microalgae, Division of Fisheries, Hobart, 

from where all of the stock cultures were obtained. 

In Chapter 7, the spat were fed a diet of T. Iso and Pay/ova lutheri (Droop) Green 

(clone CS-182) to enable better differentiation between algal cells and sediment 

particles, and to minimise the ash content of the diet and hence make the ashing 

analysis more sensitive. 

2.2.2 Algal Culture Conditions 

All the algae used in this study were supplied by the Darwin Hatchery Project. As 

their primary role was commercial spat production, the requirements for research 

purposes were dependant on the availability of excess algae. 
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The algal cultures used were commonly a mixture of carboy and bag cultures as the 

availability of each changed, with carboy cultures used in preference to bag 

cultures. 

The Darwin Hatchery Project maintained static unaerated cultures in 250 and 500 

mL borosilicate glass Erlenmeyer flasks. Cultures in larger flasks (2 and 5L) and 

20L carboys were aerated with 0.2 pm filtered air enriched with 2% v:v technical 

grade carbon dioxide. All flasks and carboys were filled with 1/2 media (Guillard, 

1983) prior to autoclaving at 121°C and 101 kPa for a minimum of 15 minutes 

(Lewis et al., 1988). Culture temperatures ranged between 24 to 28°C with a 12:12 

photoperiod at a light intensity of 150 iEm2S1.  Bag cultures (400 L) were 

inoculated from 20 L carboys and grown under similar culture conditions. Neither 

the carboy or bag cultures were axenic. 

2.2.3 Algal Cell Counting 

Algal samples were counted at X400 magnification using a Neubaeur ruled 

haemocytometer. Replicate algal counts, generally 3 or 4, were done until the 

standard deviation was < 10% of the mean total count. 

2.2.4 Algal Dry Weights 

Algal dry weights (pg cell 1) were determined according to the method of Epifanio 

(1979). A measured volume of algal suspension of known cell density was filtered 

through a pre-washed, ashed and weighed 47 mm Whatmans GF/F glass fibre 

filter. The filtered cells were washed with two 50 mL aliquots of 0.5 M ammonium 

formate to remove salts. The filter and algal cells were subsequently dried to 

constant weight at 80°C before being re-weighed. Mean cell dry weights were 

calculated by the formula: 

Cell dry weight (pg) = dry wt algae (g) I mean cell count (cells pL) x volume filtered 
(pL) (1) 

Mean cell weights (pg, mean and SE, n=10) for C. muel/eri were 46 ± 0.77, for T. 

Iso 19.2 ± 0.8 and 27.8 ± 0.75 for P. lutheri. 

2.3 LABORATORY FACILITIES 

All of the laboratory based experiments were done within an isothermal room 

equipped with reverse cycle air temperature control units. For all of the spat 
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experiments except that of Chapter 4, the ambient temperature was maintained 

between 28-29°C. 

All of the seawater used originated from Darwin Harbour, and was pumped through 

a series of sand filters into a 20 m3  header tank. From the header tank it was 

passed through a series of cartridge filters (10 pm, 1 pm and activated carbon) prior 

to use. 

Seawater used in the experiments was first pumped into tanks within the laboratory 

to allow it to equilibrate with the ambient experimental temperature. Seawater 

salinities during the experimental period ranged from 31.6 to 37.0 %. 

2.4 GROWTH 

In all of the experiments, growth was calculated as the specific growth rate (SGR) to 

minimise the effect of using different sized spat within or between experiments. 

Weight specific growth rate (% increase in weight day) was calculated using the 

formula: 

SGR = (In final tissue weight- In initial tissue weight)! time (days) x 100 (2) 

(De Silva and Anderson, 1997) 

The SGR refers to changes in dry tissue weights unless otherwise specified. 

Live oysters to be weighed were first cleaned with a soft brush, then blotted dry with 

paper toweling before being weighed to the nearest 0.1 mg. Dry weights of spat 

were obtained after drying to constant weight at 80°C. AFDW% was determined by 

loss on ignition after 5 hours at 475°C in pre-ashed and weighed porcelain 

crucibles. Weights were taken after the crucibles had been cooled in a desiccator. 

The AFDW% was calculated according to Equation 3: 

AFDW% = (Dry weight — Ash Weight) x 100 (3) 

During the course of the study, the AFDW% of the shell alone was found to be 4 ± 

0.1%. Consequently, any spat with an AFDW% of < 4% was considered to be dead, 

and was not included in subsequent analysis. 

Shell measurements on small spat (<10mm)  were obtained at x 10 with a calibrated 

ocular micrometer, while those larger than approximately 10mm shell height were 
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measured with calipers. Shell height was measured from the hinge to the edge of 

the distal continuous margin between the growth processes (Hynd, 1955, Fig. 2.1). 

I.' 

Figuru 2.1. Spat shell measurements. 

2.5 ALGAL CONSUMPTION 

Filtration Rate (FR) was calculated using the formula of Bayne etal. (1976) for flow 

through systems: 

FRCl—COICO xF (4) 

where: 

FR =(Lh1) 

Cl = the initial algal concentration 

CO = the final algal concentration 

F = flow rate (Lh 1) 

This was converted to a weight specific filtration rate by the equation: 

WSFR = FR I Dry tissue weight (5) 

Where: 

WSFR= (L ft1g 1) 

Dry tissue weight = g 

Samples of the effluent algal suspensions were taken and preserved with a mixture 

of Lugols iodine and formalin. These samples were later counted and the algal 

clearance for each replicate (dry weight of algae consumed day 
1) 

 was calculated 

by the equation: 

C=(l-F)xVx24ID (6) 
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where: 

C= algal clearance (dry weight in mg day) 

= initial algal concentration (mgL 1) 

F= final algal concentration (mgL 1) 

V= volume of effluent (L) 

D= duration of effluent collection (hours) 

Algal grazing rate for each replicate was calculated as: 

Grazing rate (%) = C (g)I Dry tissue wt (g) x 100 (7) 

Conversion efficiency was calculated by the equation 

Cony. eff. (%) = SGR (% day)/ Grazing rate (% day) x AFDW% of algae x 100 

(8) 

(modified from De Silva and Anderson, 1997) 

Absorption efficiency (% of the dietary organic component absorbed) was calculated 

by the method of Conover (1966): 

AE (%) = F-E /(1-E) x F x 100 (9) 

where: 

AE = absorption efficiency 

F= AFDW% of the faeces 

E= AFDW% of the food 

2.6 STATISTICAL ANALYSIS 

All of the responses to independent variables were tested using analysis of variance 

(ANOVA), the model of which varied according to the experimental design. Details 

of the models employed are given in the relevant chapters. Any survival percentage 

data which was not normally distributed was arcsine'i transformed before being 

analysed (Underwood, 1981). 
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Homogeneity of variances were tested with Cochran's test with the critical value 

calculated as: 

Largest variance I Z variance 

and was compared to a tabulated value with [replicatesltreatment]-1 and [treatment 

levels-i] degrees of freedom. 

Normality of response distributions were tested on residuals (yij-Yi) using the 

Shapiro-Wilk W test (Zar, 1984). If variances were found to be unequal, or the data 

had a non-normal distribution, appropriate transformations were done. Means 

comparisons within treatments was only undertaken if the overall ANOVA model 

was significant, using the Fishers PLSD test. 

If the data could not be transformed to meet the assumptions of ANOVA, the 

Kruskal Wallace test was used to examine main effects, and the Mann Whitney test 

was used to compare means within significant main effects. 

Relationships between measured responses were examined using regression 

analysis. A P value < 0.05 was considered significant for all statistical analysis. 

In all graphs, the error bars represent the standard error of the mean of the 

response to the independent variable, and means which share a common subscript 

are not significantly different. 
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Chapter 3: Growth Characteristics of Individual Spat, and the 
Effects of Weekly Growth Monitoring on Spat Performance 

3.1 INTRODUCTION 

There are very few reports in the literature where the performance of individual spat 

are monitored during nursery trials. This may be largely due to most bivalve spat 

generally being in plentiful supply and relatively inexpensive compared to pearl 

oyster spat. Hence the number of spat involved in experiments is often large. Pearl 

oyster spat are valuable, and attach to a substrate with byssal threads. Spat may re-

attach quickly after removal and are of irregular shape. These characteristics make 

it difficult to grade and hence obtain similar sized animals for experimentation. 

However, if the performance of individuals can be monitored, initial variation in size 

can be corrected for by comparing specific growth rates rather than increase in 

mass. To enable the monitoring of individuals within a trial, each animal must be 

labeled in some manner, and this may present technical difficulties. Roegner (1990) 

settled Crassostrea virgin/ca spat onto plates which were subsequently periodically 

photographed, and the shell growth of individual spat determined by image analysis. 

This approach is not suitable for pearl oyster spat as they are motile, and often only 

attach temporarily (Taylor et al., 1997d). 

The monitoring of individual spat would allow greater flexibility in the size range of 

spat that could be used in experiments. This may enhance the statistical power of 

an experiment and information can be gained on the performance and growth 

patterns of individual animals. 

Monitoring growth during experiments provides information on performance prior to 

the termination of the experiment. This allows temporal investigation of parameters 

such as growth and survival. The effects of handling bivalve spat, for the purpose of 

monitoring growth, have rarely been investigated as a factor in research. Jakob and 

Wang (1994) found that handling C. virgin/ca spat during nursery culture enhanced 

growth, although this result must be interpreted with caution, as there was only one 

tank of spat per handling treatment, and hence there was no replication. 

This experiment was conducted to examine the effects of using histological 

cassettes as holding containers, and of weekly growth monitoring, on spat growth, 

survival and feeding with a flowthrough method. Secondary aims were to examine 
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the relationships between various morphological measurements, and to determine if 

strict grading is necessary in nursery trials with P. maxima spat. 

if it can be shown that weekly handling does not effect growth or survival, and that 

the specific growth rate of spat is independent of size (within the size range to be 

used in this series of trials), then the design and analysis of further trials is greatly 

simplified and the pool of available animals much larger. 

3.2 MATERIALS AND METHODS 

3.2.1 Experimental Animals 

Approximately 700 P. maxima spat were obtained from the Bynoe Harbour Pearl 

Farm in August 1996 and transported to the Darwin Aquaculture Centre in an 

insulated box. These spat were produced by the Darwin Hatchery Project from 

Western Australian broodstock. On arrival the spat were stocked into a 500 L 

polyethylene tank and fed a mixed algal diet of C. mue/leri and T. iso. Seawater was 

replaced daily with sand filtered seawater. After seven days acclimation, 200 spat 

were cleaned of biofouling and restocked into a 400L recirculating system within a 

temperature controlled room. Biofouling mainly consisted of accumulated mud and 

faeces and was removed with a soft brush. The temperature of the room was 

subsequently increased from ambient seawater temperature (24° C) to 28° C over 

seven days. These spat were fed a mixed diet of T. iso, C. muelleri. The seawater in 

the 500 L tank was changed daily with seawater which had been filtered to 1 pm, 

and then passed through an activated carbon filter. 

Shell dimensions and weights (live, dry and organic) were determined for thirty 

randomly selected spat from the initial population. initial shell heights ranged from 

4.1 to 11.5mm and live weights from 8.7 to 173 mg. These data were used to 

determine the relationship between morphometric parameters of the spat within the 

initial size range used in the experiment. 

3.2.2 Experimental System 

The experimental system used was based on a flowthrough method, the rate of 

which was controlled by fixed flow irrigation drippers (Figs. 3.1 and 3.3). Spat were 

maintained either free (F) or within histological cassettes (C) (Fig. 3.2) on rigid 

plastic mesh within an aerated 1 L plastic tray (Fig. 3.3). Histological cassettes 

were chosen as they were of suitable size to maintain individual spat, and they have 

numerous apertures to facilitate water flow through the cassette. Spat were 
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continuously fed a suspension of T. iso and C. mue//eri from a dedicated 20 L 

reservoir at a combined concentration of 30 cells pL 1  (Ca. 1mg L1dry weight). The 

mean total volume delivered over 20 hours to each replicate by a submersible pump 

(Sacem Zepher 100) and 2L hour irrigation drippers (Philmac Pty. Ltd.) was 12.3 ± 

0.7 L. 

The positioning of the aerator and the algal inlet ensured maximum mixing of the 

algal suspension within the tray. Reservoirs were refilled daily with fresh algae and 

1pm, carbon filtered seawater. Trays and drippers were replaced weekly to 

minimise fouling. 

There were 10 replicates for each holding method, each containing six pearl oyster 

spat. At weekly intervals spat in five of the replicates from each holding method 

were removed from the plastic mesh or histological cassette and live weight, shell 

height and hinge length measured (H), while the remaining five were not measured 

(U) during the three week duration of the experiment. 

Algal grazing rate for each replicate was determined after collecting all of the 

outflow from the trays during the 20 hours prior to measuring spat. An in-line 60 pm 

mesh faeces collector prevented contamination of the outflow solution with faeces 

and/or pseudofaeces. 

A 50 mL sample of the collected outflow was preserved with 1% v:v iodine solution 

and the residual algae counted using a haemocytometer at X400 magnification. 

Typical outflow algal concentrations were between 0.3 and 0.6 mg Li. Replicate 

control systems (n = 3) containing no spat were run in conjunction with stocked 

replicates at each sampling, and confirmed that there was no algal loss due to 

sedimentation within the system. Temperature was measured by glass thermometer 

twice daily and maintained at 280  ± 0.5° C. Dissolved oxygen saturation levels were 

measured with a WTW 0X1320 dissolved oxygen meter and ranged from 93 to 

100% saturation, pH was measured with a Hanna HI 8424 meter and was stable 

between 8.12 to 8.23. Salinity was measured with a refractometer and ranged from 

35 to 37%o during the experiment. 

At the completion of the experiment after 21 days, all of the remaining spat were 

weighed and measured, then dried and the tissue weight determined as described 

in Chapter 2. 
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3.2.3 Statistical Analysis 

Although there was data on the individual responses of spat within the cassette (C) 

treatments, this was not the case for the free (F) treatments. Thus the growth and 

survival results are analysed in terms of replicate means rather than individual 

response. Individual morphometrics and growth were analysed using data from the 

spat held in cassettes. All the data obtained showed normal distributions (after 

arcsine square root transformation for survival data) and equal variances. Growth, 

survival and algal consumption was examined using a two way factorial ANOVA 

model, with holding method and handling as the two factors. 

There was total mortality in one of the CU replicates from an unknown cause. This 

replicate was excluded from the analysis as it was not considered to represent a 

treatment effect. Statistical tables are given in Appendix 3.1. 

Chapter 3: Histological Cassettes and Growth Monitoring 47 



Reservoir Ill F- Drip feed line 

Submersible IL tray 
pump 

Faeces  
collector 

L.I 

Outflow 

Figure 3.1. Experimental replicate system used to maintain Pinctada 
maxima spat. 
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Figure 3.2. Histological cassettes used to hold Pinctada maxima 
spat. 
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Figure 3.3. Details of the plastic trays used to maintain Pinctada 
maxima spat. 
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3.3 RESULTS 

3.3.1 Growth and Survival 

There was no significant effect of holding method on either growth (P0.83) or 

survival (P=0.50, Table 3.1). Similarly, handling and measuring spat at weekly 

intervals did not effect growth (P=0.57) or survival (P=0.92). Survival was generally 

high, ranging from 80 to 97%. 

Table 3.1. Growth and survival of Pinctada maxima spat in relation to holding 
method and handling frequency. 

Treatment Growth Survival 
(SGR % day ± SE) (% ± SE) 

Cassettes Handled 2.9 (0.15)a* 96.6 (3.4)a 
Free Handled 2.8 (0.27)a 80.0 (6.1 )a 
Cassettes Unhandled 2.6 (0.30)a 87.3 (7.3)a 
Free Unhandled 2.8 (0.23)a 90.0 (10.0)a 

*Values  with similar superscripts are not significantly different. 

3.3.2 Feeding 

Although there were no differences in growth or survival between free spat or those 

held in cassettes, free spat cleared a significantly greater amount of algae in relation 

to their dry tissue weight (P=0.03). Mean grazing rate for free spat was 5.3 ± 0.46% 

(mean ± SE) compared to 3.7 ± 0.45% for spat in cassettes. 

There was a significant reduction in filtration (P<0.01) and grazing rate (P<0.01) in 

all of the treatments during the experiment, with a corresponding decline in growth 

rate (P<0.01, Fig. 3.4). As suggested by this trend, there was a significant 

relationship between the grazing rate of a replicate and its subsequent SGR (r2  

=0.53). Filtration rate declined from 7.3 ± 1.15 L h1 
1 
 (mean ± SE) in week ito 39 

± 0.3 and 2.7 ± 0.78 L h 1  g 1  in weeks 2 and 3 respectively. 

There was an inverse relationship between the algal grazing rate and the 

conversion efficiency. Mean conversion efficiencies were 62.7% for spat held in 

cassettes, and 46.6% for free spat. The trends in growth and algal consumption 

were evident after only 7 days of culture. 
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There was no significant relationship between the initial live weight of individual 

spat, and their subsequent specific growth rate during the experiment (r2=0.13, Fig. 

3.5), indicating that there was no bias associated with the use of spat with different 

initial size in the experiment. 

3.3.3 Spat Morphometrics 

Spat sampled at the beginning of the trial did not differ significantly from treatment 

spat in the proportions of either dry or organic weight. Dry weight comprised 63.5% 

± 0.03% of live weight. Organic weight comprised 5.5% ± 0.09% of live weight, and 

8.7% ± 0.09% of dry weight respectively AFDW%). There were strong correlation's 

between the weight indices and shell dimensions of spat (Fig. 3.6), with shell height 

being a better indicator of live weight than was hinge length (r2=0.92 and 0.88 

respectively). These relationships were consistent for both the spat sampled before 

the beginning of the experiment and those at the completion of the experiment. 

The relationship between shell height and live weight can be described by the 

regression model 

Live Weight (g) = 0.00136 Shell Height (mm) 2.02 
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Figure 3.4. Growth (SGR % day) and grazing rate (% DTW day 1)  
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3.4 DiscussioN 

There appears to be no detrimental effect of using histological cassettes as holding 

containers for P. maxima spat culture trials, or of weekly removal of spat from a 

substrate in order to measure growth as practiced in this experiment (Mills, 1997). 

Survival and growth rates were generally high, and comparable with those obtained 

by Taylor et al. (1997a) and Southgate and Sanders (1995 unpub.) in feeding trials 

(Table 3.2). 

Table 3.2. Growth of pearl oyster spat in nursery trials. 
Species Growth (SGR)a Growth (SHSGR)1D erence 

P. maxima 2.7 0.97 Present study 
P. maxima 1.7-5.1 0.2 to 1.2 Taylor etal. (1997a) 
P. maxima 2.4 - 3.6 0.9 to 1.1 Southgate and Sanders, 1995 (unpub.) 
P. maxima 35C 1 4cd Rose and Baker (1994) 
P. maxima ND 1 .9' Tanaka and Kumeta (1981) 
P. fucata ND 1.2 to 5.1 Numaguchi (1994a) 
P. fucata ND 0.17to0.7 Okauchi (1990) 
P. fucata ND 3.8 Alagarswami et al. (1983b) 
P. margaritifera ND 3.9c Alaqarswarni eta (1989) 

a Live weight specific growth rate % day 1  
b Shell height specific growth rate % day 1  

ND No data 
C  Farm held spat 
d Estimated 

The growth rates shown in Table 3.2 indicate that P. maxima spat are relatively slow 

growing compared to those of P. fucata and P. margaritifera, and that spat held in 

farm based nurseries generally grow faster than those maintained in the hatchery. 

This is presumably related to differences in nutrition and water quality and indicates 

that the hatchery environment and diets currently provided for pearl oyster spat 

need further optimisation. The SGR of pearl oyster spat is generally lower than that 

of other bivalve spat, which may be 5 to 11% day' (Laing and Millican, 1991; 

Curatolo et al., 1993; Coutteau et al., 1994). 

Over the size range of spat used in this experiment, there was no effect of initial 

size on the subsequent specific growth rate, at least up to 250mg. Reduced 

sampling intensity above this size limits the confidence in this assertion as it relates 

to larger spat. This indicates that stringent grading is not essential, provided that the 

specific growth rate is used as the growth index. 
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Experiments that involve temperature or diet may incorporate an acclimation period. 

After acclimation spat sizes will cover a range reflecting the different treatments. 

However, this is less of a problem when spat of different initial sizes can be used 

without introducing any bias. 

The lack of a relationship between initial size and SGR also suggests that the 

difference in initial spat size was not genetically predetermined, but was a result of 

environment and I or husbandry practices. This confirms that factors such as 

density and spat microenvironment are be critical in spat culture. 

The reason for the higher growth in the first week of culture is unclear. It is possible 

that this growth was primarily shell rather than tissue growth. However this is 

unlikely as the greater growth was reflected by higher algal consumption, which 

suggests that the increase was allometric, as indicated by the correlation between 

algal consumption and SGR. Pearl farmers report that any significant disturbance to 

oysters, such as cleaning, may stimulate growth. The initial growth burst may be a 

response to stocking into the experimental system. As the filtration and grazing 

rates declined concurrently with growth it appears that growth is heavily dependent 

on ingestion, as is common for many bivalves (Bayne etal., 1976). 

Alternatively, the higher initial growth rate of the spat may have been a reflection of 

the diet they were being fed prior to stocking into the experimental system. This 

consisted of a mixture of four species, and this diet was observed to promote better 

growth than the two species mixture used in this experiment. There may have been 

a short-term flow-on effect on growth during the first week of the experiment. 

An advantage of the use of a flow-through system is that the feeding rate is to a 

large degree self-compensating for spat growth, although this will be related to the 

rate of exchange. This contrasts with static systems where the effective feeding rate 

will change according to the increase in biomass, such as in the study by Southgate 

and Sanders (1995 unpub.), where the initial ration was 0.47% (dry weight of algae 

to live weight), but after 35 days the effective rate was only 0.17% due to the 

increase in spat biomass. Taylor et al. (1997a) attempted to compensate for growth 

by sequentially increasing the ration, however at the end of the experiment the 

effective feeding rates for different treatments ranged from 1.2 to almost 2% of live 

weight due to the differences in final biomass in different treatments. Thus when 

using the batch fed static system there is often an experimental bias introduced 

where the treatment with the highest growth rates receive the lowest ration. Another 
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aspect of batch feeding in static systems is that the spat may be exposed to their 

optimum food concentration for only a small percentage of the feeding cycle. 

Numaguchi (1994a) found that the grazing rate of P. fucata spat was 2.4% of live 

weight at the optimum algal density increasing to 3.8% at higher concentrations, 

although growth was not enhanced. 

This suggests that the extra algae grazed was not assimilated. A similar pattern has 

been shown for P. maxima spat by Bellanger (1995) where scope for growth was 

maximal at 17 cells pL 1  of T. Iso, and declined with increasing or decreasing algal 

concentration. Thus in static systems the initial high concentrations may be poorly 

utilised and even suppress growth, while at the end of the feeding period the food 

concentration may be too low to support maximum growth. 

Coutteau et al. (1994) calculated the SGR for Northern Quahog spat and used this 

to compensate daily for increased spat biomass. While this approach may allow a 

better maintenance of a ration based on the biomass of spat within a replicate, it 

does not overcome the problem of changes in food concentration during the feeding 

period, and in that experiment diurnal algal concentrations within replicates varied 

from 15 to 130 cells pL 1. Pinctada maxima spat, being essentially oceanic, may be 

less preadapted to large fluctuations in algal density compared to bivalves which 

inhabit more dynamic environments, such as intertidal zones and estuaries. Flow-

through systems also allow the maintenance of higher water quality due to continual 

removal of bacteria and water-soluble metabolites. 

Filtration rates of 5 to 11 L h 1  g 1  were recorded for P. maxima spat by Bellanger 

(1995). In the same study the filtration rates of P. albina ranged from 3.5 to 5.5 L h 1  

9-1  (Table 3.3). The mean filtration rate in the first week of this experiment (7.3 L 

g 1) is similar to those recorded for P. maxima by Bellanger at a similar outflow algal 

concentration of 20 cells pL (8.1 L h 1  g1). Numaguchi (1994b) investigated the 

filtration rates of P. fucata spat and found that they increased in absolute terms with 

increasing temperature and spat size, and declined with increasing algal 

concentration, however there were not sufficient data presented to calculate a 

weight specific filtration rate, as rates were given in terms of filtration rate by spat of 

various hinge lengths. 
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Table 3.3. Weight specific filtration rates of Pinctada sp. spat. 
Species Method Temp. 0 0 Weight (g) Filtration Rate L h Reference 

P. maxima Indirect 28 0.11-0.82 2.7-7.3 present study 
P. maxima Indirect 25 0.218 5-11 Bellanger (1995) 
P. albina Indirect 25 2.08 3.5-5.5 Bellanger (1995) 
P. fucata Indirect 26 .0025 2.5 Numaguchi (1994b) 

The rate of algal consumption in this study (0.3 to 0.7% dry weight of algae to live 

weight day 1) for P. maxima is very similar to that obtained by Bellanger (1995) of 

0.46 to 0.675% (Table 3.4). 

Southgate and Sanders (1995 unpub.) exposed P. maxima spat to rations of 

between 0.17 and 0.47%, and achieved growth rates similar to those of the present 

study. Okauchi (1990) exposed P. fucata spat to rations ranging from 0.3 to 0.6%, 

well below the 2.4% optimum found by Numaguchi (1994a). This may have 

accounted for the lower growth achieved in that study (Table 3.2). Pinctada fucata 

appears to be adapted to more eutrophic conditions than is P. maxima, as shown by 

the higher algal consumption, which is similar to that of Mercenaria mercenaria of 

2.5% (Coutteau etal., 1994) and 2.86% (Laing and Millican, 1991). The generally 

low algal consumption relative to live weight for pearl oyster spat may be partly a 

function of shape, with a higher degree of lateral compression than many other 

bivalves. This results in a greater shell to tissue ratio and hence a lower proportion 

of tissue to live weight. The consumed ration may be better described as a function 

of the algae consumed relative to dry tissue weight, although this shows that P. 

maxima spat still have a relatively low feeding rate compared to other bivalves 

(Table 3.4). 

Table 3.4. Comparative algal consumption rates of some bivalve spat. 
Species - DTW%aConsumptionb 

- 

P. maxima 8.7 3.5-8.045 This study 
P. maxima 8.7c 4.6-7.425 Bellanger 1995 
P. albina 8.7 C 8.8 Bellanger 1995 
P. fucata 8.7 C 26.4 Numaguchi 1994a 
Tapes philippinarum 14.0 16.7 Laing and Verdugo (1991) 
Tapes philippinarum 14•0d 20.36 Laing and Millican (1991) 
Tapes decussata 15.7 16.78 Laing and Verdugo (1991) 
Mercenaria mercenaria 102d 19.5 Coutteau et al. (1994) 
Mercenaria mercenaria 10.3 25.84 Laing and Verdugo (1991) 
Crassostreai9as 9.2 26.7 Laing and Verdugo(1991) 

a Dry tissue weight/live weight 
b Dry algal weight: Dry tissue weight 
C  DTW% assumed to be the same as in the present study 

dDTW% assumed to be the same as in Laing and Verdugo (1991) 
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The lower feeding rate of P. maxima spat is probably a reflection of the relatively 

oligotrophic waters that it generally inhabits. This is also reflected in the high mean 

conversion efficiency of 54.7% compared to that of approximately 20% for M. 

mercenaria (Laing and Millican, 1991). 

The relative proportion of AFDW% to live weight was constant over the range of 

sizes used in the experiment. The AFDW% as a proportion of live weight (5.5%) 

was within the range obtained by Southgate and Sanders (1995 unpub.) of 4.4 to 

6%, but lower than that reported for Indonesian P. maxima spat by Taylor et. al. 

(1997a) of 6 to 8.2% (Fig. 3.7). 

This may indicate that there are genetic differences in the shell: meat ratio between 

the Australian stocks, and those from Indonesia, or may result from differences in 

culture methods. The spat used by Taylor et al. (1997a) had an initial AFDW% of 

only 4.47%, which is very low compared to the final range, and even lower than that 

of the unfed controls at the completion of the experiment (4.9%). This low initial 

value is similar to that obtained by Southgate and Sanders (1995 unpub.) for 

starved spat (3.9%). 

The results of Taylor et al. (1997a) show a strong positive relationship between the 

AFDW% and SGR of P. maxima spat fed various algal diets (r2  = 0.77, Fig. 3.7). 

This suggests that the AFDW% may be a good indicator of the instantaneous 

growth rate of spat. However, no such relationship was shown in the present study, 

or in that of Southgate and Sanders (1995 unpub). 

3.5 CoNcLusioNs 
Growth rate of spat was not affected by initial size between 92 and 250 mg live 

weight. Spat within this size range also had similar proportions of dry weight and 

AFDW%, making rigorous grading of animals for experiments unnecessary. Shell 

height was found to be a better indication of live weight than was hinge length. 

Algal consumption and weight specific growth rates are low compared to other 

bivalve spat from more eutrophic environments, but this is partly compensated for 

by high filtration rates and conversion efficiencies. 

The use of histological cassettes appears to be of significant benefit in experiments 

utilising P. maxima spat, as there is no detrimental effects on growth or survival, at 

least in the short term, and they allow the monitoring of individual spat. Growth rates 

in the experimental system were higher than those routinely obtained in commercial 
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hatcheries (N. Duyst, pers. Comm.) Similarly, handling as practiced in this 

experiment did not compromise spat performance. The flow-through system used 

has several advantages over the more traditional static upwellers, including better 

control of algal densities and the maintenance of higher water quality. The results 

from this chapter will considerably refine the methodology for further experiments in 

the following chapters. 
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Chapter 4 : Combined Effects of Temperature and Algal 
Concentration on Growth, Survival and Feeding Physiology 

4.1 INTRODUCTION 

Temperature is regarded as one of the most potent factors affecting the growth and 

metabolism of marine poikilotherms (Griffiths and Griffiths, 1987). Temperature has 

been shown to effect many physiological processes of bivalves such as filtration, 

feeding, respiration reproduction and growth. Within the tolerance range for an 

organism, metabolic processes commonly follow an similar pattern, increasing with 

increasing temperature up to a maximum, before declining sharply with further 

increases. All organisms have a minimum temperature below which growth and 

survival cannot occur. 

There is evidence that the natural Australian distribution of both P. margaritifera and 

P. maxima is limited to areas where normal seawater temperatures range from 19 to 

32° C (Hynd, 1955: Pass etal., 1987). High mortalities of up to 80% of wild fished P. 

maxima in Western Australia in the late 1970's and early 1980's were attributed to 

reduced disease resistance during periods of low temperature (Pass et al., 1987). 

This effect may have been exacerbated by the change in temperature (from 19 to 

26° C) between the collection grounds and the farms during transport. Yamashita 

(1986) also found that stressed P. maxima had higher mortalities in the low winter 

temperatures compared to those in summer. 

Recent literature has indicated that algal concentration is an important aspect in 

feeding pearl oyster spat. Numaguchi (1994a) found that the optimum algal 

concentration for P. fucata spat was 0.64 mg Ldry weight of Pav!ova lutheri, 

equivalent to approximately 20 cells pL. A concentration of 25 cells IJL1  of T. Iso 

(0.5mg Li)  was the optimum for spat of the Indian population of P. fucata (Krishnan 

and Alagarswami, 1993). Results from scope for growth trials with P. maxima spat 

predict an optimum cell density (of T. iso) of approximately 17 cells pL 1  (0.34 mg L 

1,  (Bellanger 1995). It therefore appears appropriate to feed pearl oyster spat by 

maintaining a specific concentration of food in the water column, rather than by the 

traditional approach of a ration which is fed once or twice per day within a static 

system, with a consequential large variation in algal cell concentration. 

There have been several feeding rates used for P. maxima spat, without any real 

evidence as to their suitability. Rose (1990) recommended twice daily feeding's of 
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55 to 65 cells pL1 ' while Rose and Baker (1994) fed spat a mixed algal diet at 40 to 

285 cells iJL 1  depending on spat size. The algal concentration dynamics in a batch 

fed system will vary according to tank size, spat stocking density and feeding 

frequency. 

The aim of this experiment is to quantify the effects of temperature and algal 

concentration on the growth, survival and feeding of P. maxima spat, and to 

determine optimum regimes for commercial culture and for further experimentation. 

4.2 MATERIALS AND METHODS 

4.2.1 Experimental Animals 

Pinctada maxima spat were obtained from the Darwin Hatchery Project on 17/12/96 

from batch NT 1/10/96. These spat averaged 11 ± 0.7mg dry weight, and had an 

initial AFDW% of 10.9%. 

4.2.2 System 

The system used in this experiment was a modified and scaled up version of that 

used in Chapter 3. There were three experimental blocks, each consisting of six 

100 L temperature controlled waterbaths and six elevated 100 L reservoirs. Each 

reservoir contained an algal suspension at one of the experimental concentrations, 

and supplied one replicate in each temperature controlled waterbath through a 4mm 

tubing manifold. The flow of algal suspension to each replicate was controlled by 2 

L h' irrigation drippers (Fig. 4.1). Thus each temperature controlled waterbath in 

each block contained one replicate tray at each algal concentration, giving one 

replicate of each combination of temperature and food concentration per block. As 

there were three blocks, this resulted in three replicates of each combination. 

Both the incoming air and algal suspension were preheated to the correct 

temperature prior to entering the replicates by first passing through approximately 

4m of the 4mm supply lines coiled within the temperature controlled waterbath. Spat 

were held individually within histological cassettes, with ten spat in each replicate 

tray. 

Trays were supported by the rim in holes cut into a 32mm thick sheet of extruded 

polystyrene foam, which was floated within each temperature controlled waterbath 
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and acted as both tray support and insulator. Irrigation drippers and trays were 

replaced at weekly intervals to minimise fouling. 

Outflow from each replicate was collected from a 4mm tube connected to the tray 

outlet. An in-line 60pm mesh faeces collector prevented contamination of the 

outflow sample with faeces and/or pseudofaeces. 

4.2.3 Temperatures and Algal concentrations 

There were six temperatures used in the experiment: 20, 23, 26, 29, 32 and 35° C. 

This temperature range was chosen as it encompasses the annual range 

experienced in Darwin Harbour (23° C to 32° C) and is similar to that recorded at 

Broome (Rose et al., 1990). The ambient room temperature was maintained at 200 

C (the minimum temperature attainable in the isothermal room) and all of the 

waterbaths at higher temperatures were heated with 300w immersion heaters. 

Temperatures of the replicates were checked twice daily and maintained at ± 0.5° C 

of the desired experimental temperature. Standard errors of experimental 

temperatures were generally ± 0.15 to 0.2° C. 

The initial algal concentrations delivered from the reservoir were 0 (unfed), 10, 20, 

40, 80 and 160 cells pL1. This range was chosen to encompass the optimums 

found for P. fucata (Numaguchi, 1994a: Krishnan and Alagarswami, 1993) and for 

P. maxima by Belianger (1995) and also the commonly used feeding rates in 

commercial hatcheries (80 to 100 cells ijL 1). However, the effective algal 

concentration surrounding the oyster may be better represented by the 

concentration in the outflow (Hildreth and Crisp, 1976). That the concentration of the 

outflow was representative of that within the replicate was confirmed by comparing 

the algal concentration in samples taken from several replicates at 4 hourly intervals 

with the subsequent concentration in the outflow. Thus the results presented are 

given relative to the effective (outflow) algal concentration rather than the initial 

reservoir concentration. The mean effective outflow concentrations were 0, 6, 12, 

23, 54 and 110 cells pL1. 

Spat were fed the standard algal diet of equal cell numbers of T. iso and C. mueller!. 

Algal reservoirs were cleaned and refilled daily with the appropriate algal 

suspension. 
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Figure 4.1. Schematic of the delivery and collection system for each 
algal concentration. 

chapter 4: Effects of Temperature and Algal Density 63 



4.2.4 Preliminary Trial 

Prior to the beginning of the experiment, a trial was conducted to determine if there 

was any algal damage, growth or sedimentation, or any variations in delivery 

volumes due to differing friction head loss within the system. One block of replicates 

was run over 24 hours without any animals in the system, and with an initial algal 

concentration of 100 cells pL 1. Outflow volumes, and initial and final algal 

concentrations were compared by ANOVA (Appendix 4.1). 

There were no significant difference between the volumes delivered (P = 0.92) or 

the outflow algal concentrations (P = 0.96) between the replicates supplied by 

different algal reservoirs. Initial and final algal concentrations were not significantly 

different (P = 0.78). Subsequent trials showed that the volume of suspension 

delivered by a dripper was independent of the number of drippers on the manifold 

line at least up to n = 8. This occurs as the pumps used were not positive 

displacement, but rather maintained a set delivery pressure, and with a delivery 

capacity exceeding that of the combined number of drippers. Thus the number or 

status of drippers on a manifold line has no effect on the delivery pressure (and 

hence output) of individual drippers. 

4.2.5 Sampling 

At days 7 and 14 each spat was removed from the histological cassettes, washed in 

seawater of the appropriate temperature to remove adhering faeces, then weighed 

and measured as described in Chapter 2, General Materials and Methods. Outflow 

volume and collection duration were recorded, and oufflow samples preserved for 

later counting and calculation of filtration and grazing rates. 

As it was not logistically possible to weigh and measure all of the 1080 spat, and 

sample all of the 108 outflows during a single day, both the startup and sampling 

procedures were sequenced over three days. A full block could not be sampled on 

one day as there was not enough floorspace for all of the oufflow collection vessels, 

hence a part of each block was sampled on each day. The startup and sampling 

sequence is illustrated in Table 4.1. 
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Table 4.1. Sequencing of experimental startup and subsequent sampling 
Day,  Block 1*  Block  2*  Block 3* 

1 0, 10+ 20,40 80, 160 
2 20,40 80, 160 0,10 
3 80,160 0,10 20,40 

* replicates at all temperatures 

+ cells pL1  

The sequence used was designed to sample one replicate of each treatment 

combination on each day. 

It was intended to run the experiment for 21 days, however the experiment was 

terminated on day 14 due to the imminent arrival of a tropical cyclone, and the 

ensuing threat of electricity failure. 

4.2.6 Statistical Analysis 

All of the responses to temperature and algal concentration were analysed using a 2 

way factorial ANOVA model. Although measurements of growth, filtration and 

grazing rates were taken at weekly intervals, due to the variation in spat AFDW% 

the analysis was conducted only on the final values, as these responses are all 

calculated relative to spat dry tissue weight. 

There was very low survival at 35°C (1 .2%) and the results from this temperature 

were used only in the survival analysis, and was excluded from all other subsequent 

analysis due to the low number of surviving individuals (4). 

Procedures for normality, equal variances and means comparisons tests were as 

outlined in Chapter 2, General Materials and Methods. 

4.3 RESULTS 

4.3.1 Survival 

Both temperature (P<0.001) and algal concentration (P=0.029) affected spat 

survival, although there was no significant interaction. Temperature was a much 

stronger influence than was algal concentration (Fig. 4.2). Within the naturally 

occurring temperature range for Darwin Harbour (23 to 32°C) there was no effect of 

temperature on mortality rates, and survival was greater than 90%. 
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At 350 C mortality was almost complete (98.9%) and at 2000  survival was 

significantly lower (82%) than at 23, 26, 29 and 32°C. 

Spat at the lowest algal concentration of 6 cells pL showed the highest survival, 

which was significantly higher than those at 23 and 110 cells plL and unfed spat 

(Fig. 4.3). It is notable that the only survival at 35° C was at lower algal 

concentrations (6 and 23 cells pL 1). 

4.3.2 Growth 

Specific growth rate was significantly influenced by both temperature (P= 0.001) and 

algal concentration (P<0.001). Growth increased with increasing temperature up to 

29°C, then declined from 29 to 32°C (Fig. 4.4). The decrease in growth at 32°C 

indicates that this is approaching the upper temperature tolerance limit, as 

confirmed by the very high mortality at 35°C (Fig. 4.2). Growth at 29°C was more 

than twice that at 20°C, and growth at 32°C was similar to that at 23°C. As found in 

the previous experiment, there was no significant relationship between the initial 

weight of spat and the subsequent specific growth rate (r2= -0.11, P = 0.08). 

Growth was negative in unfed spat, indicating that there was no significant 

nutritional value of the filtered seawater. In fed spat, growth increased progressively 

with increasing algal concentration up to 54 cells pL 1, after which there is a slight, 

non-significant decline (Fig. 4.5). Growth at 54 cells pL 1  was ca. 50% greater than 

that at 6 cells pL 1, this illustrates that P. maxima spat are capable of significant 

growth even at very low algal concentrations. 

The relationship between growth and temperature from 20°C to 29°C can be 

described by the second order polynomial equation: 

Growth (SGR) = -0.005 Temp. + 0.345 Temp. - 0.49 (r2  = 0.75) 

From this equation, the calculated temperature of zero growth is 17.7°C, which 

agrees well with the estimate of the lower temperature limiting the distribution of P. 

maxima by Pass etal. (1987) of 18°C. 
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Growth relative to algal concentration showed a similar pattern to that obtained by 

Numaguchi (1994a) for P. fucata spat, where growth increased rapidly up to a 

concentration of 20 cells with no advantage of further increases in 

concentration. In this study growth increased rapidly up to 12 cells j1,  with further 

increases in concentration producing slightly higher growth (Fig. 4.14). This lower 

growth threshold value for P. maxima may reflect the very high filtration rates 

attainable in this species. 

Growth at algal concentrations between 2.5 and 50 cells pL 1can be described by 

the equation: 

Growth (SGR) = -0.005 algal conc. (cells pL) + 0.345 algal conc. - 0.493 

This equation predicts a maintenance ration (where SGR = 0) of 1.45 cells pL 1. This 

value is substantially lower than that of Bellanger (1995), where the scope for 

growth (calculated surplus energy available for growth, SFG) was calculated to be 

zero at 7.6 cells pL 1. 

4.3.3 AFDW% 

Increases in algal concentration were reflected in increases in spat AFDW%, from 

9.4% in unfed spat to > 13% at 54 and 110 cells pL 1  (P = 0.002, Fig. 4.6). The 

AFDW% of spat cultured at the lower algal concentration of 6 and 12 cells pL 1  was 

not significantly different to the initial value of 10.9% at the beginning of the 

experiment. Temperature had no significant effect on spat AFDW% (P=0.80). There 

was a positive correlation between the SGR of spat and their AFDW% (r2=0.51, P < 

0.001, Fig. 4.7), with faster growing spat having a higher AFDW%. 
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Figure 4.2. Survival of Pinctada maxima spat after 14 days culture at 
various temperatures. Error bars indicate the standard error of the 
mean. Means which share a common subscript are not significantly 
different. 
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Figure 4.3. Survival of Pinctada maxima spat after 14 days culture at 
various algal concentrations. Error bars indicate the standard error of 
the mean. Means which share a common subscript are not 
significantly different. 
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Figure 4.4. Growth (SGR % day 1)  of Pinctada maxima spat after 14 
days at various temperatures. Error bars indicate the standard error 
of the mean. Means which share a common subscript are not 
significantly different. 
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Figure 4.5. Growth of Pinctada maxima spat after 14 days at various 
algal concentrations. Error bars indicate the standard error of the 
mean. Means which share a common subscript are not significantly 
different. 
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Figure 4.6. AFDW% (% of dry weight) of Pinctada maxima spat after 
14 days at various algal concentrations. Error bars indicate the 
standard error of the mean. Means which share a common subscript 
are not significantly different. 
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Figure 4.7. Relationship between growth rate and AFDW% of 
Pinctada maxima spat. 
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4.34 Feeding 

The two different algal species comprising the diet were counted separately in all of 

the outflow samples obtained during the first week. There was no preferential 

selection by the spat for either of the species at any concentration or temperature 

and the ratio of T. iso to C. muelleri in the outflow was not significantly different to 

one (P=0.26). Henceforth, for the calculation of feeding rates it was assumed that 

there was no selection for either species by the spat, and the combined mean cell 

weight of both algal species was used to calculate feeding responses. 

The weight specific filtration rate increased with moderate increases in algal 

concentration up to 23 cells pL 1, before declining significantly at 54 and 110 cells 

pL 1  (P = 0.002, Fig. 4.8). This is similar to the findings of Bellanger (1995) and 

Yukihira et al. (1998a). The absolute values were very high, with the maximum of 40 

L h9 1  at 23 cells pL 1  compared to values of 7.3 L h 1g 1  in Chapter 3 and 11 L h 1g 
1 

in Bellanger (1995). 

Filtration rate was highest at 200  C (54 L h 1g 1) and declined significantly with 

increasing temperature to 17.3 L h 1g 1  at 32° C (P<0.001, Fig. 4.9). This is an 

inverse response to that shown in most bivalve studies where filtration rate 

generally increases with increasing temperature up to a maximum, after which it 

declines. 

The reduction in filtration rate with increasing temperature is contrary to results from 

other studies on pearl oysters. Numaguchi (1994b) found that the filtration rate of 2 

year old (5.7 to 6.1 cm SH) increased with increasing temperature up to the 

tolerance limit before sharply declining. A similar pattern was shown for P. fucata 

spat (Numaguchi, 1994a). The unusual results in this study are probably an artifact 

of the differences in size of the spat at the various temperatures, and a high rate 

exponent. Mean final dry tissue weight at 20°C was 7 ± 1.5mg and increased 

proportionally with temperature up to 21 ± 1.7mg at 32°C (Fig. 4.15). Filtration rates 

of the largest spat (17 L h 1g 1  at 32°C) approached those obtained in Chapter 3(7.3 

L h 19 1) and those of Bellanger (1995) (11.9 L h 1g). The lack of a temperature 

effect on grazing rate may also be an artifact of the differences in spat size at the 
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different experimental temperatures, as the higher filtration rate by smaller spat 

would have masked the increase in grazing rate with higher temperatures. 

The grazing rate increased linearly with increasing algal concentration from Ca. 

15% of DTW at 6 cells pL 1  to 136% at 110 cells pL 1(P<0.001) following the 

equation: 

G% = 0.74 x algal concentration + 18.2 (r2  = 0.96, Fig. 4.10) 

With the increase in grazing rate there was a corresponding decline in the gross 

conversion efficiency from ca. 38% at 6 cells iJL 1  to 5% at 110 cells 1JL 1  (P = 

0.0014, Fig. 4.10). As the production of pseudofaeces was not quantified, the gross 

conversion efficiency refers to growth from algae grazed, rather than ingested. The 

logarithmic decline in conversion efficiency can be described by the equation: 

CE = [128.4 x algal concentration (cells IJL 1)] 0.745  

As the grazing rate increased greatly in response to increasing algal concentration 

without a commensurate increase in growth rate, it seems likely that the majority of 

the algae grazed was rejected as pseudofaeces. Neither the grazing rate nor 

conversion efficiency was affected by temperature (P0.76 and P0.57 

respectively), or the interaction of the two factors. 
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Figure 4.9. Filtration rate of Pinctada maxima spat at different 
temperatures. Error bars indicate the standard error of the mean. 
Means which share a common subscript are not significantly 
different. 
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Figure 4.8. Mean filtration rates of Pinctada maxima spat at various 
algal concentrations. 
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Figure 4.15. Dry tissue weights of Pinctada maxima spat after 14 
days culture at various temperatures. Error bars indicate the 
standard error of the mean. 

IN 

10 

0 
0 

)

0j  
10 

0 
0 

0 

-10 
0 20 40 60 80 100 120 

Algal concentration (cells jL 1 ) 

20 

15 

10 
Cu 

0) 
C 
N 
£ 5 
0 

•ii 

Figure 4.10. Grazing rate and conversion efficiency of Pinctada 
maxima spat at different algal concentrations. Error bars indicate the 
standard error of the mean. Means which share a common subscript 
are not significantly different. 
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4.4 DiscussioN 

4.4.1 Survival 

The pattern of survival exhibited in this experiment is consistent with the 

observations of Pass et al. (1987) who regarded that the natural distribution of P. 

maxima was limited to areas with a normal temperature range of between 18 and 

32° C. 

Although it was not possible to examine the effects of temperatures below 20°C, it is 

apparent from the significantly lower survival at 20°C that the oysters were 

approaching their lower tolerance limit. The very low survival at 35°C indicates that 

this is above the upper tolerance limit, as foreshadowed by the reduced growth at 

32°C. 

Temperatures on the natural beds in Western Australia would rarely be high or low 

enough to be deleterious to P. maxima, as they generally range from 20 to 32°C 

(Rose et al., 1990). In the Northern Territory summer inshore water temperatures 

are generally ca. 31°C from December to April (Padovan, 1997) and may be 

approaching stressful temperatures. Wada (1953a) observed that the temperature 

of the main commercial oyster grounds in the Northern Territory was the same 

throughout the water column and averaged 29°C during the summer. The lower 

offshore temperatures may be more conducive to growth and reproduction than the 

inshore waters. 

Temperature stress may be more pronounced on pearl farms where temperatures 

may be more extreme due to the shallower depth (Rose et al., 1990). As surface 

seawater temperatures reach higher levels than bottom waters, pearl oysters hung 

from longlines on commercial pearl farms (typically 1-3 m deep) may experience 

temperatures greater than 32°C, especially in sites further to the north such as the 

Kimberley region and the Northern Territory, and in calm sheltered bays. These 

temperatures may be approaching the tolerance limit of the species and while there 

does not seem to be any direct mortality associated with them, there could be 

significant sub-lethal effects such as reduced growth, reproductive output, pearl 

quality, resistance to disease and resistance to stressors such as cleaning and 

handling. 
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This may account for the lower quality spawnings and gametes produced by oysters 

from farm longlines compared to those from the offshore fishing grounds (Rose at 

al., 1990), although this may also be partly attributable to the frequent cleaning and 

handling of farm oysters. 

High water temperatures may be more critical in Northern Territory hatcheries as 

during the summer air temperatures commonly reach 33°C and occasionally 35°C 

and this may be reflected in the temperature of the rearing tanks. Currently this is 

addressed by shading of the seawater supply and rearing tanks, however 

temperatures may still reach stressful levels. Stressed larvae and spat may be more 

susceptible to disease and water quality problems. The algal cultures used to feed 

larvae and spat are generally temperate species which are grown at below ambient 

water temperatures (20 to 240C). Problems may occur due to the abrupt increase in 

temperature experienced by the algal cells following transfer from the algal culture 

system to the spat culture tanks. Minaur (1969) noted that P. lutheri became 

moribund at temperatures above 30°C and considered this to be a major problem in 

attempts to rear P. maxima larvae and spat in the Torres Strait during the northern 

Australian summer. 

Numaguchi and Tanaka (1986a) investigated the effects of temperatures from 7.5 to 

35°C on P. fucata and concluded that the lower and upper tolerance limits were 15 

and 32°C respectively, with the optimum range being from 17.5 to 28°C (Fig. 4.11). 

This conclusion was obtained not only from data on growth and survival, but also 

attachment and heart rates, which paralleled the growth and survival data. The 

tolerance range of P. fucata appears to be greater than that of P. maxima. 

Numaguchi (1994d) considered that an increase in the mortality rates of farm held 

P. fucata in Japan was due to sustained elevated temperatures of greater than 

28°C. This may have been due to temperature stress combined with reduced food 

intake and higher metabolic costs, as the same author demonstrated that filtration 

rate declines dramatically at temperatures above 28°C (Numaguchi, 1994b), while 

catabolic losses increase at higher temperatures (Numaguchi, 1995). There 

appears to be a similar process occurring in P. maxima spat. 
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Assuming that the AFDW% of the spat at day 7 was the same as that at the 

beginning of the experiment, then at 35°C the mean filtration rate over all algal 

concentrations at 35°C was 9.6 L h 1g 1  compared to > 30 L h 1g 1  at temperatures 

from 20 to 32°C. Unfed spat showed increasingly negative tissue growth with 

increasing temperature (Fig. 4.12). This strongly suggests that if the experiment had 

been extended that there would have been large mortalities in unfed spat, 

particularly at the higher temperatures. The combination of these two factors 

indicate that at 35°C there is reduced feeding and increased metabolic costs, 

leading to negative growth and mortality. 

Algal concentration had a small, but significant effect on spat mortality, with the 

survival rates at 6 cells 1JL 1  significantly greater than those of unfed spat, and those 

at 23 and 110 cells pL 1. High feeding rates may lead to greater bacterial loads, and 

a subsequent decline in water quality. Higher algal feeding rates also introduce 

more nutrient media which may enhance bacterial growth. 
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Figure 4.12. Negative tissue growth of unfed Pinctada maxima spat 
at various temperatures. Error bars indicate the standard error of the 
mean. 
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4.4.2 Growth 

Increasing growth rates with increasing temperature up to an optimum, followed by 

a rapid decline is a common pattern in bivalves. This pattern was shown by P. 

fucata (Numaguchi, and Tanaka, 1986a) exposed to temperatures ranging from 7.5 

to 35°C (Fig. 4.13). 

Of the two species, P. fucata appears to have a wider temperature tolerance than 

does P. maxima, a common characteristic of temperate species which may be 

exposed to greater temperature fluctuations. Pinctada fucata is exposed to an 

annual temperature range of 17°C (13 to 3000)  in Ohmura Bay (Numaguchi, 

1994d) compared to P. maxima which is exposed to a temperature range of 7°C on 

the fishing grounds at Broome (20 to 27°C, Rose et al., 1990) and 8°C in the 

Northern Territory (23 to 31°C Padovan, 1997). 

Yukihira et al. (2000) compared the feeding physiology of P. maxima and P. 

margaritifera at different temperatures between 19 and 32°C. For both species most 

of the parameters measured (filtration rate, absorption efficiency, absorbed energy, 

respired energy and excreted energy) increased with increasing temperature. P. 

margaritifera was calculated to possess a greater scope for growth at 19°C than P. 

maxima, while at 32°C the reverse was shown due largely to a reduction in filtration 

rate, and increase in respiration rate for P. margaritifera. Hence P. maxima was 

considered to be better adapted to higher temperatures than P. margaritifera, an 

adaptation which allows P. margaritifera to inhabit slightly cooler waters (Yukihira et 

al., 2000). 

Riisgard (1991) calculated that mussels required approximately 0.9 cells tiL 1  of 

Rhodomonas bait/ca (0.24 mg L1) for metabolic maintenance, and three times that 

for maximum growth expression. He also proposed that feeding rates in bivalve 

experiments were generally too high to promote optimum feeding and growth, and 

that unnaturally high algal concentrations lead to reduced valve gape, retracted 

mantles and reduced metabolism and growth. Similarly, the SFG of P. maxima spat 

calculated by Bellanger (1995) predicted that growth would decline at algal 

concentrations greater than 17 cells pL 1. Although the results of the present study 

indicate that low algal concentrations support good growth, there is no evidence that 

higher algal concentrations are detrimental. Yukihira et al. (1998a) also calculated 
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that the SFG of P. maxima adults was highest at 10 to 20 cells pL 1. Above this 

concentration, SFG was calculated to decline, mainly due to a large decrease in 

absorption efficiency, and a commensurate decline in the absorbed energy. As 

demonstrated in this study, growth is not retarded at high algal concentrations. In 

both of the above studies, it is likely that pseudofaeces were not completely 

separated from true faeces, leading to an under estimation of the absorption 

efficiency, and a decline in the calculated SFG. 

Hayashi and Seko (1986) monitored chlorophyll a levels and growth of P. fucata on 

pearl farms in Japan and concluded that maintenance requirements were met by 

chlorophyll a levels of 3 pg L 1  and that chlorophyll a levels of 4-5 pg LI  were 

required for good growth and reproductive development. These levels of chlorophyll 

a are equivalent to 6 and 10 cells pL 1  of P. lutheri respectively (Hayashi and Seko 

1986). Mean chlorophyll a levels recorded at the natural Broome collection grounds 

ranged from 0.3 to 0.9 pg L 1  (Rose et al. 1990) equivalent to approximately 0.6 to 

1.8 cells pL 1  of P. lutheri. Thus the calculated maintenance ration in this experiment 

agrees well with observed food levels in the field. As growth rates increased by 50% 

from 6 to 54 cells pL 1, it may be that growth of oysters in the field is commonly food 

limited. 
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4.4.3 AFDW% 

AFDW% is rarely determined in bivalve studies and there are few references to 

pearl oyster spat. As AFDW% increased with both algal concentration and SGR, 

and that SGR increased proportionally with algal concentration, it is possible that 

the increase in AFDW% is related to the SGR rather than the algal concentration 

per Se. This would agree with the results of Taylor et al. (1 997a) where the AFDW% 

of P. maxima spat increased with higher SGR despite a reduced weight specific 

ration fed to the fastest growing spat (Fig. 3.7). This will be covered in more detail in 

Chapter 5. 

4.4.4 Feeding 

A limitation of the experimental method utilising histological cassettes is that it is 

impossible to collect biodeposits, thus the estimation of ingestion, absorption and 

conversion efficiencies cannot be carried out. These aspects of feeding physiology 

will be investigated in Chapter 5. 

The filtration rates obtained in this experiment are very high compared to those of 

the previous experiment and other published filtration rates. This is probably due to 

the small size of the spat used, as the weight specific filtration rate generally 

declines with increasing size (Bayne, 1976). 

Yukihira et al. (1998b) confirmed that the filtration rate of P. maxima with DTW 

between 0.1 and lOg followed a similar pattern, and could be described by the 

equation: 

Filtration Rate = 10.73W 0.617 

Using this equation, the filtration rate of the final mean sized spat maintained at 23 

cells pL 1  is predicted to be 110 mL h 1, compared to a measured mean volume of 

95 mL h 

Yukihira et al. (1998b) also developed an equation describing the decline in filtration 

rates of a standardised 10 g DTW adult with increasing concentrations of T. iso: 

FR = 47x10 0102FC 
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where FR is the filtration rate in L h 1, and FC is the food concentration in mg mL 
1  

dry weight. This equation predicts a consistent logarithmic decline in FR with 

increasing algal concentration, which does not fit the response of spat in relation to 

increases in algal concentration, as illustrated in the present study and that of 

Bellanger (1995). In both cases filtration rates initially increased with moderate 

increases in algal concentration, then declined at higher algal concentrations (Fig. 

4.8). 

The increase in grazing rate with increasing algal concentration reflects the 

relatively low corresponding decrease in filtration rate. As growth did not increase 

proportionally the extra algae grazed at higher algal concentrations were probably 

rejected as pseudofaeces. This was consistent with observations that light brown, 

in-cohesive pseudofaeces was produced at initial algal concentrations above 20 

cells pL 1. A similar observation was made by Bellanger (1995) at algal 

concentrations greater than 22 cells pL. This increased rejection as algal 

concentration increases is reflected in the decrease in conversion efficiency from 

ca. 37% at 6 and 12 cells pL to ca. 5% at 54 and 110 cells pL 1  (Fig. 4.10). 

Both the grazing and growth rates in this study are substantially higher than those 

recorded in the previous chapter, suggesting that growth is heavily dependent on 

food intake. 

This is consistent with the higher growth at higher algal concentrations, although 

both Bellanger (1995) and Yukihira et al. (1998a) calculated that the SFG would 

decline at algal concentrations greater than 17 and 40 cells iiL 1  This was due to 

increasing metabolic costs (Bellanger, 1995) and decreased absorption efficiency 

(Yukihira et al., 1998a). The respiration rate is commonly approximately 20% of the 

absorbed ration (Bayne etal., 1989), however the values given by Bellanger (1995) 

are far higher than this, (Fig. 4.16). 

In the present study the growth rate at 6 cells pL 1  was still quite high, although 

Bellanger (1995) predicted growth to be negative. Yukihira et al. (1998a) obtained 

high SEC values for P maxima at algal concentrations as low as 5 cells pL. It is 

likely that the metabolic costs in the study of Bellanger (1995) was overestimated, 

leading to erroneous conclusions as to the predicted growth at various algal 

concentrations. 
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Similarly, the very low absorption efficiency at high algal concentrations found by 

Yukihira et al. (1998a) were probably due to the incomplete separation of 

pseudofaeces from true faeces. 
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Figure. 4.16. Metabolic cost as % of absorbed ration for Pinctada 
maxima spat at different algal concentrations. After Bellanger (1995). 
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4.5 CONCLUSIONS AND RECOMMENDATIONS 

Temperatures between 26 and 29°C are the most suitable for spat culture of P 

maxima. These temperatures result in optimal survival and growth. Temperatures 

below 23°C or between 30 and 32°C result in sublethal temperature stress which 

reduces growth and may also result in increased susceptibility to disease. The 

tolerance range is estimated to be from 18 to 32°C, which agrees with the 

observations of Pass et al. (1987) on the temperature range limiting the natural 

distribution of P maxima. 

Spat are able to maintain good growth and survival at algal concentrations as low as 
- 

i 6 cells pL
1 
 and the maintenance concentration s estimated to be ca 1.5 cells pL 

-1 
 

Growth increases by approximately 50% from 6 to 54 cells pL 1, with a 

corresponding increase in AFDW% of 28%, although the conversion efficiency 

declines dramatically from 37% to 5% over the same range. 

Given the inefficient use of algae at high concentrations, a drip feeding method 

which maintains a moderate algal concentrations (10 to 30 cells pL 1) is the most 

appropriate to maintain good growth and conversion efficiencies. 

The results from this chapter have described the measured response of P. maxima 

spat to temperature and algal concentration and some of the physiology determining 

the response. However more clarification is required on other aspects of the 

physiology governing the various responses, in particular additional information on 

feeding such as the absorption efficiency relative to algal concentration, which will 

enable more direct comparison of measured experimental results with those of 

published SFG trials. Further clarification is also needed on the dynamics of spat 

AFDW%, and if a higher AFDW% (condition index) confers an advantage to spat 

when they are transferred to farm based nurseries. 
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Chapter 5 : Effects of Laboratory Feeding rate on Farm 
Performance 

5.1 INTRODUCTION 

In the previous chapter it was shown that the ash free dry weight % (AFDW%) of P. 

maxima spat increased with increasing food concentration, and it was considered 

likely that this may have a positive effect on spat performance after transfer to on- 

farm nurseries. Further clarification was also sought on the effects of food 

concentration on absorption efficiency, particularly as the decline in absorption 

efficiency (AE) with increasing algal concentration was the primary cause of the 

reduction in the calculated scope for growth in the studies by Bellanger (1995) and 

Yukihira et al. (1998a). 

The studies by Bellanger (1995) showed that absorption efficiency was relatively 

independent of food concentration but could not clarify the loss in pseudofaeces as 

it was not separated from true faeces. This may have resulted in an 

underestimation of absorption efficiency and overestimation of ingestion. 

Conversely, Yukihira et al. (1998a) found that absorption efficiency declined 

proportionally with increasing algal concentrations. This resulted in a theoretical 

decline in the scope for growth (SFG) at higher algal concentrations which was not 

reflected in the measured growth observed in Chapter 4. 

This experiment was conducted to further investigate and confirm spat feeding 

responses in relation to increasing algal concentration. In particular, how algal 

concentration effected the AE, and if an increase in spat AFDW% confers any 

performance advantage to spat after transfer to farm-based nurseries. 

5.2 MATERIALS AND METHODS 

5.2.1 Experimental Animals 

Spat were obtained from the Darwin Hatchery Project and graded through a 6 mm 

mesh to obtain a pool of similar sized animals. These spat were subsequently 

maintained for seven days to recover from grading, before being stocked into the 

experimental system. The spat weighed between 9.6 and 12.4 mg (mean 10.3), 

with a mean ± se of dry weight and AFDW% of 66.6 ± 0.8% and 9.8 ± 0.4% 
respectively. 
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5.2.2 Experimental Design 

There were six algal concentrations (10, 20, 40, 80, 160 and 320 cells pL 1) and 

unfed controls. 

The composition of the algal diet was as described in Chapter 2, General Materials 

and Methods. For each concentration there were 5 replicates, each containing 50 

spat. After 4 weeks of culture in the laboratory, spat were transferred to a farm lease 

in Darwin Harbour and held for a further four weeks, after which time the survival, 

specific growth rate and AFDW% were determined. As the effective algal 

concentrations surrounding the oyster may be better represented by the 

concentration in the outflow (Hildreth and Crisp, 1976). These concentrations were 

calculated from the collected outflows as outlined in the previous chapter and 

averaged ca. 2.5, 5, 10, 30, 80 and 160 cells pL 1. 

5.2.3 Laboratory System 

The system used was similar to that described in Chapter 3, however it was 

modified to enable the collection of faeces. Spat were not held in cassettes but 

rather in mesh bottomed cylindrical PVC downwellers which in turn were placed 

within a 1 L plastic jug (Fig 5.1). Otherwise the algae/seawater suspension 

maintenance, delivery and outflow collection systems were as described in Chapter 

3. 

Mean cell sizes (equal spherical diameter) of algal samples from the reservoir and 

outflow at all feeding concentrations was measured with an electronic particle 

counter (Coulter Counter Multisizer 2) to investigate any effect of algal density on 

particle size selection by the spat. 

Temperature for the duration of the laboratory phase was maintained at 28 ± 

0.02°C. Salinity varied between 34.5 and 36%. 

5.2.4 Laboratory Sampling 

Biodeposits (faeces and pseudofaeces) produced by the spat were sampled daily. 

Biodeposits sedimented through the 2 mm mesh base of the downweller and 

collected at the bottom of the jug. The downweller containing the spat was removed 

from the jug and then transferred to a new jug containing algal suspension at the 

appropriate density. The remaining fluid in the original jug was decanted and the 

biodeposits rinsed with filtered seawater through a 40 pm screen to remove 

pseudofaeces. The remaining faeces were subsequently stored frozen at -30 °C. 
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As the amount of faeces produced daily from a replicate was very small (10 to 70 

mg dry weight), samples from each replicate were pooled over the seven day period 

between weighings. 

The absorption efficiency was determined by comparing the organic and ash 

contents of the algal food and faeces using the method of Conover (1966). 

Spat were weighed every seven days, at which time five spat from each replicate 

were sampled for the determination of dry and organic weight. Effluent was 

collected over the 20 hours prior to weighing and samples preserved with Lugol's 

iodine for later enumeration of residual algae. As there was sampling of animals 

during the experiment, survival rates were calculated relative to the number of 

unsampled spat. 

Filtration rates, grazing rates and conversion efficiencies were calculated as 

described in Chapter 2. 

5.2.5 Farm System 

After four weeks of culture in the laboratory, the remaining spat were transferred to 

an on-farm nursery site adjacent to Channel Island in Middle Arm, Darwin Harbour. 

Each remaining spat was weighed and placed into one of six individual pockets 

within a labelled 2mm mesh envelope. Firstly a slit was cut in the pocket and the 

spat inserted, the slit was then closed with stainless steel staples to prevent escape. 

The envelope in turn was inserted into one of 15 pockets in a pearl oyster longline 

panel (Fig.5.2) and held in place with cable ties to prevent the pocket bunching up 

and restricting water flow. These panels are widely used in the industry for holding 

juvenile oysters of 50 to 100 mm shell height before they are used for pearl 

production. All of the spat from one replicate were inserted into the same column of 

pockets on the panel, beginning at the top and working down. The top envelope 

was designated A, and subsequent envelopes as B, C, D and E. Panels were then 

relocated to a commercial spat nursery lease within Darwin Harbour. 

A sample of 100 similar sized spat were also obtained directly from the hatchery as 

controls. These were from the same batch as the experimental spat and had been 

cultured using normal hatchery practices as broadly described by Rose (1990). 

These spat were also placed into panels as previously described and formed a 

reference control group. These spat had an initial AFDW% of 8.6 ± 0.3%. 
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Panels and the attached envelopes were inspected on a weekly basis and cleaned 
with a low pressure water jet to remove accumulated mud and debris and allow 
unimpeded water flow through the panel mesh. 

After four weeks of farm growout, all of the remaining spat were brought back to the 
laboratory, cleaned of any adhering biofouling, weighed and then placed into 
individually labelled histological cassettes and oven dried. The use of histological 
cassettes facilitated the collection of dry and AFDW% from each individual spat. Dry 
and AFDW% were determined as described in Chapter 2, General Materials and 
Methods. 

Thus the growth characteristics of each individual spat was monitored during the 
farm growout period, removing any bias associated with selective mortality and 
providing information on the growth of individual spat. 
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Figure 5.1. Downweller used to hold Pinctada maxima spat x 0.25 

Figure 5.2. Apparatus for on-farm nursery culture of Pinctada 
maxima spat x 0.1. 
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5.2.6 Statistical Analysis 

As spat and feeding samples in the laboratory were taken over successive weeks, a 

2 way ANOVA model was used with algal concentration and time as the factors. 

The assumptions of ANOVA were tested for homogeneity of variance and normal 

distributions as outlined in Chapter 2, General Materials and Methods. The 

conversion efficiency data could not meet the assumptions of ANOVA despite 

several transformations and the main effects were analysed using the Kruskal 

Wallace test followed by the Mann Whitney test for within factor means comparisons 

(Zar, 1984). 

Farm data were analysed using a one way ANOVA with laboratory algal 

concentration as the factor. 

5.3 RESULTS 

5.3.1 Laboratory Results 

5.3.1.2 Survival 

Variations in the algal concentration rates had a significant effect on spat survival 

rates (P=0.004, Fig. 5.3). Survival during the laboratory phase of the experiment 

was generally high and similar to that obtained in Chapter 4. Unfed spat had a 

lower survival rate than spat at all of the other algal concentrations. Spat exposed 

to an algal concentration of 80 cells i.JL 1  had lower survival than those at either 10 

or 160 cells pL 1. 

5.3.1.2. Growth 

As found in the previous chapter, spat growth is influenced significantly by the algal 

concentration used (P<0.001, Fig. 5.4). Unfed spat showed negative tissue growth 

over the duration of the experiment, indicating that there was insufficient nutritional 

value in the filtered seawater to sustain normal metabolic activity. All of the fed spat 

grew significantly better than the unfed spat. Although there was no significant 

differences between growth in any of the spat fed at different algal concentrations, 

there was a trend towards higher growth with increasing algal concentration up to 

30 cells pL 1, followed by a slight decline at higher concentrations. 
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This is similar to the pattern shown in Chapter 4, where growth increased up to 50 

cells pL , then declined. Growth was variable over time (P<0.001) but followed no 

evident pattern in relation to other measured responses (Fig. 5.5). 
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Figure 5.3. Survival of Pinctada maxima spat after 4 weeks at 
various algal concentrations. Error bars indicate the standard error of 
the mean. Means which share a common subscript are not 
significantly different. 
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Figure 5.4. Mean growth of Pinctada maxima spat at various algal 
concentrations. Error bars indicate the standard error of the mean. 
Means which share a common subscript are not significantly 
different. 
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5.3.1.3 AFDW% 

Spat AFDW% increased with increasing algal concentration in a similar manner to 

the response described in Chapter 4, increasing from 10.3% at 2.5 cells plL to 

12.2% at 160 cells pL 1  (P<0.001, Fig. 5.6). AFDW% increased up to week 2, after 

which it declined to a value similar to that at the beginning of the experiment 

(P<0.001, Fig. 5.7). 

5.3.1.4 Feeding 

Filtration rates were high up to 30 cells pL 1, followed by a progressive decline with 

increasing algal concentration (P<0.001, Fig. 5.8). There was an increase in 

filtration rates over time, probably due to the increase in spat biomass leading to a 

general reduction in the effective algal concentration and a compensatory higher 

filtration rate (P<0.001, Fig. 5.9). At the higher algal concentrations, the reduction in 

effective algal concentration over the duration of the trial was less pronounced and 

the filtration rates were relatively constant. 

The algal grazing rate of spat increased proportionally with algal concentration from 

6% at 2.5 cells pL 1  to 112% at 160 cells pL 1  (P<0.001, Fig. 5.10), although this was 

matched by only a slight increase in growth. 

Absorption efficiency was highest at 2.5 cells pL 1  (72%), and declined to ca. 60% at 

all of the higher algal concentrations (P<0.001, Fig. 5.11). Absorption efficiency 

increased for all treatments during the duration of the experiment (P<0.001, Fig. 

5.12). 

Conversion efficiency showed an inverse relationship with grazing rate, being 

highest at 2.5 cells pL 1 1  (64%) and declining to < 5% at 160 cells pL (P<0.001, Fig. 

5.13). Conversion efficiency varied significantly over the duration of the experiment 

(P=0.008). 

There was no evidence of algal size selectivity by the oysters. Mean algal cell size 

prior to feeding was not significantly different to that of the oufflow at any of the 

concentrations tested (3.6 ± 0.017 pm, P= 0.93). 
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Figure 5.5. Growth of Pinctada maxima spat at algal concentrations 
between 2.5 and 160 cells pL over successive weeks. Error bars 
indicate the standard error of the mean. Means which share a 
common subscript are not significantly different 
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Figure 5.6. AFDW% (% dry tissue weight) of Pinctada maxima spat 
at algal concentrations between 2.5 and 160 cells pL . Error bars 
indicate the standard error of the mean. Means which share a 
common subscript are not significantly different 
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Figure 5.7. AFDW% (% dry tissue weight) of Pinctada maxima spat 
at various algal concentrations over successive weeks. Error bars 
indicate the standard error of the mean. Means which share a 
common subscript are not significantly different. 
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Figure 5.8. Weight specific filtration rate of Pinctada maxima spat at 
various algal concentrations. Error bars indicate the standard error of 
the mean. Means which share a common subscript are not 
significantly different. 
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Figure 5.9. Weight specific filtration rate of Pinctada maxima spat at 
various algal concentrations over successive weeks. Error bars 
indicate the standard error of the mean. Means which share a 
common subscript are not significantly different. 
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Figure 5.10. Grazing rate of Pinctada maxima spat at various algal 
concentrations. Error bars indicate the standard error of the mean. 
Means which share a common subscript are not significantly 
different. 
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Figure 5.11. Absorption efficiency by Pinctada maxima spat over 
time at various algal concentrations. Means which share a common 
subscript are not significantly different. Error bars have been omitted 
for clarity. 
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Figure 5.12. Absorption efficiency by Pinctada maxima at various 
algal concentrations in several studies. Error bars have been omitted 
for clarity. 
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Figure 5.13. Conversion efficiency of grazed algae at various algal 
concentrations. Error bars indicate the standard error of the mean. 
Means which share a common subscript are not significantly 
different. 
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5.3.2 Farm Results 

The previous laboratory treatment had a significant effect on spat survival during the 

four week nursery growout period (P=<0.001, Table 5.1). Survival rates of fed spat 

were not significantly different, however unfed spat, and those directly from the 

hatchery had lower survival compared to all of the fed spat treatments. Growth and 

AFDW% at the end of the trial were not related to the laboratory feeding rate 

(P0.54 and 0.35 respectively). 

Table 5.1. Farm nursery performance of Pinctada maxima spat previously cultured 
at various laboratory algal concentrations. Means with similar subscripts are not 
significantly different. 

Lab. AIg. Conc. Survival (%) Growth (SGR) AFDW% (%) 
(cells pL 1) 

0 18.4 (4.2)a 1.7(0.6)a 9.8(0.6)a 
2.5 80.0 (2.3)b 2.6 (0.4)a 10.0 (0.1)a 
5 89.8 (3.4)b 2.0 (0.4)a 9.1 (0.2)a 

10 88.5 (7.0)b 1.9 (0.3)a 9.4 (0.2)a 
30 87.6(4.3)b 1.5(0.3)a 9.1 (0.4)a 
80 82.0 (0.7)b 1.6(0.3)a 9.1 (0.2)a 

160 86.1 (3.2)b 2.3(0.5)a 9.4(0.3)a 
(0.8) 9.1  ...(0.4) 

There was no effect of position on the nursery panel on spat growth or AFDW%, 

indicating that food levels were homogeneous throughout the depth of the panel. 

There were no significant correlation's between laboratory treatment and farm 

growth (P=0.07) or survival (P=0.37). 

5.4 DiscussioN 

5.4.1 Survival 

As found in the previous experiment, survival in the laboratory was generally high. 

The lower survival in the unfed spat indicates that some death due to starvation did 

occur, although this was lower than expected after 4 weeks without food. The 

reason for the lower survival at 80 cells pL 1  is unclear but was caused by lower 

survival in two of the five replicates, with the other three having survival rates of 

90% or greater. This suggests that the lower survival rate may have been caused 

by some factor unrelated to algal density, rather than a general treatment effect. 
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Farm growth and survival of both the unfed and hatchery control spat was poor. 

The reason for the reduced nursery survival of these spat is likely to be linked to the 

low AFDW% on transfer to the farm nursery (7.8 and 8.6% respectively) compared 

to values of 10.3 to 13% for the fed spat within the laboratory system. Spat 

obtained from the hatchery consistently had a low AFDW which improved rapidly 

within the experimental flow through culture systems, and the low AFDW% of spat 

within the hatchery may be a reflection of the feeding methods used. Spat within 

the hatchery are routinely batch fed at 100 to 200 cells pL 1  once a day, and this 

may result in alternating periods of excessive and inadequate algal concentrations. 

5.4.2 Growth 

Growth rates in response to algal concentration were comparable to those of 

Chapter 4, although they were slightly higher, peaking at ca. 5% day 
1 
 compared to 

ca. 4% day 
1 
 in Chapter 4. The weekly fluctuations in growth could not be 

explained by any of the feeding responses measured, and may be related to 

changes in algal nutritional quality. 

5.4.3 Feeding 

Changes in growth due to algal concentration or time were not reflected in spat 

AFDW%, suggesting that the AFDW% of spat was more of a function of food 

concentration, rather than growth as was proposed in the previous chapter. 

Although not significantly different, growth appeared to be restricted at 2.5 cells 

at which concentration the spat consumed a 6% ration of the 7.7% ration available. 

The reduction in growth may have also been due to the energetic cost of extracting 

the algae from such a dilute solution, although there was no increase in filtration 

rate at this algal concentration. Grazing rates increased linearly with algal 

concentration with a commensurate decrease in conversion efficiency. 

Absorption efficiency was highest at the lowest algal concentration (72% at 2.5 cells 

and declined to ca. 60% at all of the other algal concentrations used. There 

was no reduction in AE with increasing algal concentration as was found by 

Bellanger (1995) and Yukihira et al. (1998a). In the latter study, the difference in 

results may be attributable to the larger adult size of the shell used, although in a 

previous study Yukihira et al. (1998b) found that AE of P. maxima was independent 

of body size within a range of 0.03 and 11 g DTW. 
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The results of Bellanger (1995) are intermediate between those of the present 

study, and that of Yukihira et al. (1998a). As Bellanger (1995) did not separate 

pseudofaeces from true faeces, the AE was almost certainly underestimated. This 

would tend to support the results of this study, where the removal of the 

pseudofaecal component of the biodeposits resulted in a higher AE than reported by 

Bellanger (1995). 

Similarly, the decline in AE found by Yukihira et al. (1998a) was probably due to the 

incomplete removal of pseudofaeces prior to ashing. Further evidence to support 

this is the demonstrated high growth at high algal concentrations in this study, in 

contrast to the large decline in growth predicted by both Bellanger (1995) and 

Yukihira et al. (1998a). 

As both of these studies on scope for growth were conducted over very short time 

scales with acclimation periods of only 1 to 2 hours the effects of longer term 

acclimation to the dietary algal concentrations could not be investigated. In this 

study the AE increased over time and this acclimation to the dietary algal 

concentrations may also play a large part in the discrepancy between the predicted 

scope for growth and actual measured growth. The AE results from the first week of 

this study reflect similar values and trends in relation to algal concentration as that 

of both Bellanger (1995) and Yukihira et al. (1998a). 

There was a slight and non-significant decline in growth rates at algal 

concentrations above 30 cells pL 1  in this experiment, and above 54 cells pL 1  in the 

previous chapter. This agrees in principle with the trend of declining growth 

predicted by both Bellanger (1995) and Yukihira et al. (1998a), however the 

measured decline in growth was minimal compared to that predicted in these 

studies. 

As the AE was relatively independent of algal concentrations above 2.5 cells pL 1, 

and the filtration rate declined, it is likely that the ingested ration remained relatively 

constant. The reduction in filtration rate, coupled with an increase in the filtered 

algae rejected as pseudofaeces would provide an effective means of regulating 

ingestion. This strategy is consistent with the observations of Bricelj and Malouf 

(1984) on ingestion regulation by the hard clam. Providing that the particle selection 

ability of the spat is high, this strategy allows the oyster to effectively feed in an 

environment where food particles occur mixed with large numbers of inorganic 

particles such as sediment. This is consistent with the often turbid environment 

inhabited by P. maxima (Gervis and Sims, 1992). 

Chapter 5 : Effects of Laboratory Feeding rate on Farm Performance 103 



The lack of a concentration effect on the size of algal cells filtered shows that P. 

maxima does not regulate ingestion by reducing the efficiency of the gills by 

increasing the width of the ostia, as has been observed in the mussel M. edulis 

(Bayne et al. 1976). Rather, the primary regulation mechanism is to reduce overall 

filtration rates by reducing pumping rates, and by the production of increased 

amounts of pseudofaeces. 

5.5 CoNcLusioNs AND RECOMMENDATIONS 

As in the previous experiment, the optimum algal concentrations for feeding of spat 

was shown to be between 10 and 30 cells i.iL 1. These concentrations support good 

growth and survival while maximising the efficient use of algal production. 

Spat feeding physiology showed similar responses to changes in algal 

concentration as those found in the previous chapter. Growth increases with 

increasing algal density up to moderate concentrations, after which it stabilises 

before declining slightly. Compared to unfed spat, AFDW% increases rapidly with 

small increases in algal concentration. At higher algal concentrations, the AFDW% 

continues to increase but at a far slower rate. 

Filtration rate is stimulated by small increases in algal concentration at very low 

algal levels, after which it declines proportionally with further increases. Regulation 

of ingestion at high algal concentrations is achieved by a combination of reduced 

filtration rates and increased pseudofaeces production. As algal concentration 

increases, there is a commensurate increase in the grazing rate, with most of the 

excess algae being rejected as pseudofaeces. This is reflected in the conversion 

rate, which declined dramatically at higher algal concentrations. 

Absorption efficiency was found to be independent of algal concentration above 2.5 

cells pL 1. This is in contrast to the results of Bellanger (1995) and Yukihira et al. 

(1998a), where AE was found to decline proportionally with increases in algal 

concentration. In the latter study, the AE was probably underestimated due to 

contamination of the ashing samples with pseudofaeces. Additionally, due to the 

short term nature of these studies, any acclimation to the experimental algal 

concentration could not be compensated for. 
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There was no demonstrated advantageous flow-on effect of laboratory feeding rates 

between 2.5 and 160 cells pL 1  on the subsequent performance of spat in farm 

based nurseries. However, this result is based on a flowthrough feeding system 

maintaining these algal concentrations. Batch feeding spat once or twice per day 

creates alternating under and overfeeding of spat which probably is the cause of the 

low AFDW% in the hatchery produced spat. 

From the poor performance of the unfed spat and the hatchery controls, an 

AFDW% of at least 10% is recommended for spat prior to transfer to farm based 

nurseries. AFDW% below this level may lead to reduced growth and survival when 

spat are transferred to farm nurseries. 
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Chapter 6: Spat Biochemistry 

6.1 INTRODUCTION 

In the previous chapters it was demonstrated that the AFDW% of P. maxima spat is 

variable depending on differences in feeding regime. Additionally, spat with a low 

AFDW% showed reduced growth and increased mortality following transfer to farm 

based nursery culture. 

Hence it appears that the AFDW% is a potentially very useful indicator of the fitness 

of spat for farm based nurseries. Further, there may be a specific fraction of the 

spat biochemistry that will provide evidence of suitable or deleterious culture 

conditions. The identification of this fraction may yield a general indicator of the 

quality of spat produced by hatcheries and allow the detection of compromised spat 

that may perform poorly after transfer to nurseries. It may also be used to optimise 

spat culture conditions, and as a monitoring tool. 

This experiment had the following specific aims: 

How changes in AFDW% are reflected by changes in specific fractions of spat 

biochemistry 

to determine how the proximate composition of spat changes according to 

culture practices (laboratory and farm) 

to identify appropriate biochemical indices which may relate to spat nursery 

performance 

to monitor the chronology of changes in spat biochemistry during laboratory 

culture, and after transfer to farm based nurseries 

to provide information on the biochemistry of P. maxima spat 

If spat biochemistry of spat was found to reflect that of its food, information will be 

gained on the biochemical makeup of the natural diet within Darwin Harbour. 
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6.2 MATERIALS AND METHODS 

6.2.1 Experimental Animals 

Five hundred spat were obtained from the Darwin Hatchery Project. These spat had 

a mean live weight of 175 ± 35 mg, and shell height of 12.4 ± 3.7 mm. 

6.2.2 Experimental System 

Spat were stocked into three replicate recirculating systems, each incorporating a 

drip feed which provided a constant algal density of 20 to 40 cells pL 1  (Fig. 6.1). 

Spat were held on a tray within the main culture tank of the system and supplied 

with a constant circulation of seawater. Outgoing water was filtered prior to returning 

to the reservoir tank. The seawater within the reservoir was changed every day with 

filtered ambient temperature seawater at 28 to 30°C. 

The algal drip feed reservoir was refilled daily with filtered seawater and sufficient 

algae to provide a 10% ration (dry algal weight to spat dry tissue weight). The algal 

diet consisted of equal dry weights of T. iso and C. mud/en. 

Spat were cultured in these systems for 4 weeks, after which they were transferred 

to a farm based nursery. The culture method on the nursery site was as described 

in Chapter 5, with the exception of the mesh size which was increased to 8mm due 

to the larger size of the spat. Spat were cultured at the nursery for a further 4 

weeks. Spat from each replicate tank were maintained and sampled separately on 

the nursery site. 

During the nursery stage, seawater temperatures and saiinities ranged from 28 to 

32°C and 35.6 to 36.3% respectively. 
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Figure 6.1. Recirculating system used for the cultivation of Pinctada 
maxima spat. 
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6.2.3 Sampling 

Spat were sampled for analysis of biochemistry and AFDW% at weeks 0, 2, 3, 4, 5, 

6, 7 and 8. Initially, it was intended to sample at two weekly intervals due to the 

small number of spat available for the trial, however due to the high growth rates 

achieved in the recirculating system, there was sufficient biomass to sample from 

each replicate group on a weekly basis after week two. 

Spat to be sampled were placed overnight in filtered seawater to evacuate the gut, 

then cleaned with a brush to remove any adhering faeces or biofilm. 

For biochemistry, samples of 1.7 to 6.9g live weight were taken from each replicate 

at each sampling time, with the majority of samples being between 2 and 3g. 

Sampled spat were frozen to -80°C, then freeze dried at -55°C to constant weight. 

Samples were subsequently stored wrapped in aluminium foil at -80°C until 

analysed. 

Algal samples were taken at weeks 1, 2, 3 and 4 and processed for biochemical 

analysis as described above. Cultures of T. Iso and C. muelleri used for feeding 

experimental spat were centrifuged at 5°C and 4000 RPM for 5 mm. Algal pastes 

were resuspended in isotonic ammonium formate solution before being re-

centrifuged and freeze dried at -55°C prior to analysis. The minimum weight of 

freeze dried algae obtained for analysis was 200 mg. This is sufficient for accurate 

biochemical analysis according to the methods employed by Renaud etal. (1994). 

Ash content of algae was determined by the gravimetric method as outlined by 

Horwitz (1980). Algal and spat carbohydrate was determined by the phenol-sulfuric 

acid spectrophotometric method of Gillies et al. (1956). Total lipid was determined 

by the gravimetric method of Bligh and Dwyer (1959) and total protein by 

spectrophotometric measurement of kjeldahl nitrogen after sulphuric acid digestion 

according to the method of Renaud etal. (1994). Mean values presented for each 

sample are the average of triplicate analysis. 

Proximate analysis of spat were converted to % of tissue weight by the equation: 

% of dry tissue weight = % of total weight x 100/AFDW%. 

Spat AFDW% was determined as described in Chapter 2. 

Fatty acid composition of algae and spat was analysed by gas chromatography of 

fatty acid methyl esters as described by Christie (1989). 
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6.2.4 Statistical Analysis 

Analysis of spat AFDW% and biochemical composition over time was analysed 

using a one way ANOVA model with time as the factor. 

6.3 RESULTS 

6.3.1 Algal Composition 

6.3.1.1 Proximate 

Algal sample biochemistry was similar throughout the laboratory period. Proximate 

analysis is summarised in Table 6.1. Full results are given in Appendix 6.1. 

Table 6.1. Proximate analysis of algae (% DW, mean ± std.dev.) n=8 
T. Iso C. muelleri 

Protein 44.1 (1.73) 44.2 (2.9) 
Carbohydrate 13.1 (1.83) 10.3 (1.0) 
Lipid 25.8 (2.00) 19.2 (2.2) 
Ash 7.6 (1.73) 12.9(2.7) 

6.3.1.2 Lipid Profile 

For both species, the proportion of neutral lipid was similar, and relatively constant. 

The content of eicosapentanoic acid (EPA) and docosahexanoic acid (DHA) did not 

vary greatly over time, however there were considerable differences according to 

species, with T. iso having a high proportion of DHA, and C. muelleri containing a 

greater level of EPA (Table 6.2). Full results are given in Appendix 6.2. 

Table 6.2. Mean and standard errors (% of total fatty acids) of neutral lipid and 
HUFA content of food algae. n=8 

T. Iso C. muelleri 
Neutral lipid 25.5 (0.8) 24.0 (3.7) 

EPA 0.47 (0.2) 13.6 (3.2) 
DHA 595(1:5)0A6(0.1) 

In both species, tetradecanoic (14:0) and hexadecanoic (16:0) acids comprised the 

greatest proportion of neutral lipids. The mean proportions of microalgal fatty acids 

are given in Table 6.3. 
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Table 6.3. Fatty acid composition of the two microalgal species used as food, and of 
Pinctada maxima spat after four weeks of culture. Values shown are mean and 
standard errors. 

Fatty Acid C. muelleri % I.Iso% Spat % 
14:0 16.1 (1.7) 15.1 (0.4) 6.5 (1.9) 
14:1 0.5(0.1) 0.33(0.1) 0.95 (0.02) 
15:0 0.8(0.1) 0.59 (0.1) 1.1 (0.18) 
16:0 5.7 (0.4) 8.7 (0.2) 39.4 (0.7) 

16:1n-7 21.4 (0.7) 8.0 (0.2) 1.0 (0.2) 
16:2n-4 9.1 (0.7) 0.0(0) 0.5 (0.15) 
16:2n-7 4.9 (0.2) 0.7 (0.2) 0.35 (0.2) 
16:3n-6 17.1 (0.9) 2.3 (0.1) 1.2 (0.3) 

16:4 0.0(0) 0.0(0) 0.3 (0.1) 
17:0 0.5 (0.04) 0.7 (0.3) 4.8 (0.2) 
18:0 0.5 (0.03) 0.9 (0.1) 18.6 (0.3) 

18:1n-7 0.9(0.1) 1.5(0.2) 0.93(0.4) 
18:1n-9 0.5 (0.1) 9.4 (0.6) 0.8 (0.3) 
18:2n-6 0.9 (0.1) 13.3(1.8) 1.1 (0.1) 
18:3n-3 0.74 (0.1) 8.0 (1.3) 1.2 (0.2) 
18:3n-6 0.5 (0.03) 3.0 (0.7) 1.0 (0.8) 
18:4n-3 0.4 (0.05) 14.6 (0.9) 0.6 (0.07) 
18:5n-3 0.0(0) 2.5 (0.4) 0.0(0) 

20:0 0.0(0) 0.1 (0.05) 0.0(0) 
20:4n-6 1.3 (0.2) 0.03 (0.02) 0.2 (0.07) 
20:5n-3 13.6 (1 .2) 0.41 (0.04) 1.6 (0.07) 
22:5n-6 0.0(0) 0.94 (0.05) 0.7 (0.1) 
22:6n-3 0.46 (0.05) 5.95 (0.54) 8.4 (0.4) 

Both the proximate compositions and lipid profiles of T. iso and C. muelleri are 

similar to those reported in the review by Brown etal. (1989). 

6.3.2 Spat Composition 

6.3.2.1 Growth 

Spat growth rates in the laboratory and nursery phases were similar. Daily specific 

growth rate over the duration of the trial averaged 1 .56%, with mean spat dry tissue 

weights increasing from 129 mg to 350 mg from week two to week eight. 

6.3.2.2 AFDW% 

The initial AFDW% of spat obtained from the hatchery was very low (7%). After two 

weeks the AFDW% had increased significantly to ca. 10% (P<0.001, Fig. 6.2), at 

which it stabilised during the laboratory culture period. After transfer to the nursery, 

the AFDW% dropped rapidly in the first week to ca. 9%, then slowly decreased to 

ca. 8.3% by week 8. 
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6.3.2.3 Proximate Analysis 

Spat protein content was relatively constant over the duration of the trial (P=0.08, 

Fig. 6.3), and did not appear to reflect either the culture system or changes in the 

AFDW%. Mean protein content over the duration of the trial was 66.2%. Full 

results are given in Appendix 6.2. 

Changes in the spat AFDW% were reflected primarily as changes in the 

carbohydrate and lipid content (P=0.003 and <0.001, Figs 6.4 and 6.5). 

Carbohydrate increased from 2.9% of DTW in week 0 to 4.1% by week 2, and was 

then stable for the remainder of the laboratory phase of the trial. After transfer to 

the nursery there was a sharp decline, followed by an increase, and then 

stabilisation at a similar level as that at the end of the laboratory phase. 

Mean spat lipid content increased from a very low level of 0.81% at week 0 to 5.8% 

by week 4. This was followed by a decline in the first two weeks after transfer to the 

nursery, then a subsequent increase and stabilisation at similar levels to those in 

the laboratory before transfer to the nursery. 

The change in lipid content occurred primarily in the neutral lipid component 

(P<0.001, Fig. 6.6). The proportion of neutral lipids, as a % of total fatty acids, 

increased from 41% at week 0 to 70% by week 4, at which it stabilised. The 

majority of the increase was in hexadecanoic acid (from 22% to 47%) and 

octadecanoic acid (11.5% to ca. 20%). There was little change in any of the other 

neutral lipids. 
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Figure 6.2. Changes in the AFDW% of Pinctada maxima spat in the 
laboratory (weeks 0 to 4) and in the field (weeks 5 to 8). Error bars 
indicate the standard error of the mean. Means which share a 
common subscript are not significantly different. 
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Figure 6.3. Changes in the protein content (% of DTW) of Pinctada 
maxima spat in the laboratory (weeks 0 to 4) and in the field (weeks 
5 to 8). Error bars indicate the standard error of the mean. Means 
which share a common subscript are not significantly different. 
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Figure 6.4. Changes in the carbohydrate content (% of DTW) of 
Pinctada maxima spat in the laboratory (weeks 0 to 4) and in the 
field (weeks 5 to 8). Error bars indicate the standard error of the 
mean. Means which share a common subscript are not significantly 
different. 
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Figure 6.5. Changes in the lipid content (% of DTW) of Pinctada 
maxima spat in the laboratory (weeks 0 to 4) and in the field (weeks 
5 to 8). Error bars indicate the standard error of the mean. Means 
which share a common subscript are not significantly different. 
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Figure 6.6. Changes in the neutral lipid content (% of DTW) of 
Pinctada maxima spat in the laboratory (weeks 0 to 4) and in the 
field (weeks 5 to 8). Error bars indicate the standard error of the 
mean. Means which share a common subscript are not significantly 
different. 
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Figure 6.7. Changes in the HUFA content (EPA and DHA as % of 
DTW) of Pinctada maxima spat in the laboratory (weeks 0 to 4) and 
in the field (weeks 5 to 8). Means which share a common subscript 
are not significantly different. Error bars are omitted for clarity. 
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6.3.2.4 Fatty Acid Profile 

The major components of the spat lipid fraction were the saturated fatty acids 14:0, 

16:0 and 18:0. Similar results were shown by Albentosa et al. (1996) for R. 

decussatus spat. Levels of these fatty acids increased as the nutritional status of 

the spat increased during the laboratory phase of the experiment. Levels of the 

essential fatty acids EPA and DHA reflected the changes in total lipid content (Fig. 

6.7). DHA accounted for a larger proportion of dry tissue weight than did EPA, and 

more closely mirrored changes in total lipid. 

6.4 DiscussioN 
Spat were clearly in a relatively poor nutritional condition when obtained in week 0. 

Spat condition (AFDW%, carbohydrate and lipid content) improved rapidly within the 

recirculating system and appeared to be stabilising after only two weeks, although 

the lipid content continued to increase for a further two weeks. 

The period after transfer to the nursery resulted in a significant drop in AFDW%, 

carbohydrate and lipid content. This drop probably reflects the utilisation of stored 

energy reserves during a period of acclimation from laboratory conditions, to those 

of the natural environment. This period was relatively short, approximately one 

week, but imposed considerable pressures on the stored energy reserves of the 

spat, with dry tissue weights declining by 11%. If the spat are in poor condition on 

transfer, then stored energy reserves may be insufficient to meet the metabolic 

demand of the acclimation process. This may account for the poor survival of 

control and unfed spat with low AFDW% in Chapter 5 after being transferred to the 

nursery site. The high lipid content of the spat, and its utilisation as the primary 

energy source, is consistent with the results of Holland and Hallant (1974) for M. 

edulis. These authors demonstrated that the reliance on lipid for energy storage 

and catabolism was replaced by carbohydrate as spat grew larger. Conversely, 

Albentosa et al. (1996) considered that clam spat, R. decussatus, utilised dietary 

carbohydrate in preference to protein or lipid. However the clam spat were not 

starved, and the energy sources utilised during starvation may not reflect those from 

ingestion under fed conditions. These authors also stressed that nutritional 

requirements of different species of spat may vary widely, and hence the dietary 

value of particular algal species may also vary considerably. 

Numaguchi (1995) determined the catabolic losses of starved adult P. fucata at 

several temperatures. Tissue losses increased proportionally with temperature. 
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Carbon and nitrogen content declined, indicating that both protein and carbohydrate 

and/or lipid were being utilised. Carbon levels declined at a faster rate than did 

nitrogen, presumably due to preferential catabolism of the carbohydrate or lipid 

fractions over protein. In a related study, Numaguchi (1994d) showed that glycogen 

levels declined rapidly during initial starvation, indicating its utilisation as an energy 

source for metabolic activity. Thus the primary energy source of adult pearl oysters 

appears to be carbohydrate, not lipid as was shown for the small spat used in this 

study. 

Spat biochemistry and fatty acid profile did not greatly reflect that of the diet during 

the laboratory phase. A similar result was obtained for R. decussatus spat 

(Albentosa et al. 1996). 

The small changes in EPA content would suggest that this fatty acid is essentially 

structural, while the greater volatility of DHA may indicate that it may be catabolised 

as an energy source, as well as having a structural role in cell membranes. Bayne 

et al. (1975) concluded that both neutral lipids and phospolipids were utilised as 

energy sources during the larval development of M. edulis. 

6.5 CoNcLusioNs AND RECOMMENDATIONS 

The period immediately after spat are transferred to farm-based nurseries is a 

critical stage of the culture process, and high mortalities are common (R. Rose, 

pers. comm.). It is likely that part of the reason for the mortalities may be that 

hatchery feeding regimes are not conducive to maximising the AFDW% of spat. 

The AFDW% of spat appears to be a reliable indicator of spat nutritional condition. 

This is not unexpected, as the AFDW% is simply one of a number of alternative 

methods of describing the condition index of spat. Various forms of the condition 

index have been widely used to describe the physiological, reproductive and 

nutritional status of bivalve molluscs (Bayne et al., 1978). It is apparent that the 

dynamics of the AFDW% in small P. maxima spat are driven mainly by changes in 

carbohydrate and lipid, especially the neutral class of lipids. This is consistent with 

the wider literature, where these two biochemical classes have been shown to be 

energy storage compounds in bivalves (Bayne et al., 1976). The results of this study 

demonstrate that spat condition may change rapidly under varying culture 

conditions. 

The reason for the poor initial condition of the spat is unclear, but is consistent with 

the condition of spat obtained in chapter 5. 
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Possible reasons for the poor condition probably relate to excessively high 

temperatures in the hatchery (commonly 31-33°C), or to the batch feeding method 

that is generally used. Batch feeding results in large diurnal fluctuations in algal 

density, and may not be the most appropriate feeding regime for P. maxima spat. 

Results from chapters 4 and 5 show that low to moderate algal densities are 

optimal, and that temperatures over 29°C should be avoided. That low algal 

densities are the most suitable was also confirmed by Yukihira et al. (1998a) and 

Bellanger (1995). 

There is a clear advantage in producing spat with a high AFDW% in the hatchery 

prior to transfer of spat to on farm nurseries. Well-conditioned spat will have a 

greater resistance to the physiological stress that is inherent in a transfer from a 

controlled environment to one where many parameters may fluctuate widely within a 

short time span. The monitoring of spat organic and lipid content would provide an 

important means of optimising the condition of the spat in the hatchery, and will 

maximise the subsequent performance of spat transferred to farm based nurseries. 
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Chapter 7 : Effects of Particulate Inorganic Material (PIM) 
Concentration on Spat Feeding and Performance 

7.1 INTRODUCTION 

One of the fundamental differences in habitat between the two closely related 

species P. maxima and P. margaritifera is the concentration of PIM (particulate 

inorganic material) in the environment (Yukihira et al., 1998a, Yukihira et al., 1999). 
P. maxima inhabits inshore waters that are often turbid due to high levels of PIM. 

This in turn may be caused by the often very large tidal amplitudes recorded 

throughout their habitat. P. margaritifera in contrast inhabits waters of low turbidity. 

The lack of P. margaritifera in some of the more turbid lagoons in Polynesia has 

been attributed to their inefficient selection ability (Gervis and Sims, 1992). Chellam 

(1987) considered that a decrease in the condition of cultured P. fucata in the Gulf 

of Mannar was due to high levels of PIM over an extended period. 

Pearl oysters are generally considered to be non-selective filter feeders (Nasr, 

1984; Gervis and Sims, 1992, Yukihira et al. 1999). Yukihira et al. (1999) showed 
that P maxima was better adapted than P. margaritifera to cope with higher levels of 

PIM due to greater clearance rates and ingestion, and greater digestive ability. 

PIM levels in northern Australian waters vary considerably between locations 

according to factors such as depth, tidal flow, exposure, regional geology, prevailing 

climatic conditions and proximity to estuaries. Levels of PIM in Darwin Harbour vary 

from ca. 10 to ca. 120 mg Li, but are generally within the range of 15 to 25 mg L 1  

(Padovan, 1997). 

The effects of high levels of PIM on P. maxima feeding physiology is poorly known. 

Yukihira et al. (1999) demonstrated that high concentrations of PIM had a negative 

impact on the calculated scope for growth of adult P. margaritifera, while the effect 

was reduced for P. maxima due to greater ingestion rates and more efficient post 

ingestive absorption. 

Knowledge of the effects of elevated levels of PIM may influence pearl farm and 

spat nursery site selection. If spat have a well developed selection ability, there will 

be a greater abundance of protected inshore areas suitable for nursery production. 

Conversely, if spat selection ability is poor, then PIM load may be an important 

criteria to be considered when appraising a nursery site. As suitable sites utilise 

sheltered inshore waters, this may be an important criterion for site selection. 
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The specific aims of this study were to: 

• Determine how spat growth, survival, and AFDW% is effected by various levels 

of PIM loads 

. Examine the effects of PIM levels on spat feeding physiology 

• Using this information make recommendations regarding the siting of nursery 

areas for P. maxima spat growout. 

7.2 MATERIALS AND METHODS 

7.2.1 Experimental Animals 

Spat were obtained from the Darwin Hatchery Project and stocked directly into the 

experimental system. These spat had been maintained under normal hatchery 

conditions, with ambient temperatures ranging from 30-320  and batch fed twice per 

day at ca. 100 cells pL 1. At the beginning of the experiment, the spat weighed 

between 85 and 250 mg (mean 157 ± 16 mg) and had an initial AFDW% (mean ± 

Se) of 7 ± 0.7% (n = 30). 

7.2.2 Food Suspensions 

In contrast to all of the previous experiments, the diet composition was changed and 

consisted of equal proportions of T. Iso and P. lutheri. This change was for two 

reasons: 

• Faecal AFDW% analysis is more sensitive due to the lower ash content of the 

flagellate diet (8.4%) as compared to the standard diet containing both 

flagellates and diatoms (10.8%) 

• To enhance the visual microscopic differentiation between algal cells and PIM 

particles in effluent and pseudofaeces samples. 

Algal culture and counting methods were as described in Chapter 2. 

Natural PIM was obtained by settling and decanting approximately 50 000 L of 

unfiltered seawater in fiberglass tanks. PIM was then screened through 42pm mesh 

before being resuspended in fresh water, settled and decanted several times to 

remove seasalts. The PIM was considered to be free of salts when the fluid 

medium salinity was 0%. Washed and screened PIM was then digested with 100 
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vol. H202  at 8000  to oxidise organic matter. The processed PIM had a weight loss 

after ignition of 7.5 ± 0.09% (n = 10). 

PIM was subsequently dried at 80°C and weighed into vials containing sufficient 

quantity for the daily experimental requirement. Sterile distilled water (25 mL) was 

then added to the vial to enhance hydration and subsequent re-suspension. 

7.2.3 Experimental System 

The system used in this experiment was the same as that described in Chapter 5, 

the only change being the addition of extra replicates. 

The spat response to PIM was tested by exposure to a fixed algal concentration (80 

cell pL 1) representing approximately a 10% ration (dry weight of algae to dry tissue 

weight), and varying levels of PIM (0, 5, 10, 20, 40 and 80 mg L1). In addition there 

were unfed and PIM-only fed controls (20 mg L). There were five replicates of 

each treatment which were monitored and maintained for three weeks at 28 ± 0.8°C 

and 34 ± 1.2%o salinity. Each replicate contained 20 spat. The larger initial biomass 

of spat per replicate (mean 3.13 g live weight) allowed the collection of daily faecal 

production. 

All suspensions in the reservoirs were replaced daily with the appropriate 

concentrations of algae and PIM. The daily algal requirement was mixed in a 60 L 

tank and the volume made up to 30 L with filtered seawater. One litre of this algal 

suspension was allocated to each replicate (with the exception of the unfed and 

PIM-only treatments). The daily PIM requirement was similarly resuspended in 20 L 

of seawater and appropriate volumes allocated to each replicate according to the 

desired final PIM concentrations. Reservoirs were then filled with temperature 

equilibrated filtered seawater to a final volume of 20 L. PIM in the reservoir was kept 

in suspension by constant vigorous aeration. 

7.2.4 Sampling 

Samples of the influent and effluent suspensions, and biodeposits were taken daily 

for the first week, then at day 14 and on completion of the experiment on day 21. 

These samples were used to determine the absorption efficiency (AE), selectivity 

index and loss in pseudofaeces. Spat biomass was determined at days 1, 7, 14 and 

21. Calculated filtration rate (WSFR), grazing rate (CR), ingestion and absorbed 

chapter 7: Effects of Particulate Inorganic Material (PIM) Concentration on Spat Feeding and Performance 121 



ration were thus only calculated for these days, as they require a known spat 

biomass. 

Samples to determine feeding responses consisted of the initial reservoir algal 

concentrations, effluent algal concentrations, faeces and pseudofaeces. 

Biodeposits were collected as described in Chapter 5. 

Faeces were separated from pseudofaeces by decanting excess fluid from the jug 

before pouring the residual biodeposits into a 42 pm screen placed within a 200 mL 

beaker. The screen was then gently moved up and down, pumping water through 

the screen and dissipating the pseudofaeces. The screen was then removed and 

the remaining true faeces washed from the screen into a 75 mL sample container 

and frozen. The pseudofaeces within the beaker was transferred to a 75 mL 

sample container and preserved by the addition of 1 mL of a mixture of Lugols 

Iodine and 37% formalin (50:50 v:v). 

Samples of the initial and final algal concentrations were counted using a 

haemocytometer as described in Chapter 2. Algal cell numbers in pseudofaeces 

samples were enumerated by resuspension in a standard volume of 60 mL, 

followed by counting using a haemocytometer. Samples from the 20, 40 and 80 

mgL1  treatments were first diluted 10:1 to aid microscopic particle differentiation 

between algal cells and sediment particles. 

The AFDW% of faecal samples was determined as described in Chapter 2. 

7.2.5 Calculations 

Equations for the calculation of filtration rate, SGR, grazing rate, conversion 

efficiency and spat AFDW% are given in Chapter 2. 

Ingestion (I) was calculated as the difference between algal clearance (C) and loss 

in pseudofaeces (L): 

I (g day) = C (g day) - L (g day) 

The ingestion rate (1% DTW day) rate was calculated as: 

I (% DTW day) = I (g day) / dry tissue weight (g) x 100 
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As there was significant selection to preferentially ingest the algal cells, the 

calculation of absorption efficiency (AE) by Conovers method is invalid (Conover, 

1966). 

Hence an alternative calculation was used: 

AE (%) = 1- [Organic weight of faeces (g day) I Organic weight ingested (g day 1)] 

x 100 

The absorbed ration (AR) was calculated as 

AR (g day) = l(g day) x AE (%) /100 

Loss of algae (L) in pseudofaeces was determined by: 

L (g) = algal cell density mL1  x 60 mL x algal cell weight (g) 

The proportional rate of loss (L%) was determined as: 

L(%)= L(g)IGx 100 

Particle selection efficiency (SE) was calculated using a similar method to that of 

Kiørboe and Møhlenberg (1981), however, the proportion of algal weight I dry 

weight of the mixed suspension was used rather than the Chl a I dry weight: 

SE = Suspension (Algae (g mL1)/dry weight (g mL1)) I Pseudofaeces (Algae (g mL 

1 )Idry weight (g mL1)). 

7.2.6 Statistical Analysis 

Analysis of results was as described in Chapter 2, General Materials and Methods. 

For responses where samples were collected over time, a factorial ANOVA model 

was used with time and treatment as factors, otherwise a single factor one way 

model was used. 

7.3 RESULTS 

7.3.1 Growth and Survival 

The overall effect of the experimental treatments on survival was highly significant 

(P<0.001) However the effect was limited to unfed and PIM-only treatments, and 

there was no significant effect of PlM level on fed spat survival, with rates ranging 

from 78.6 to 89.2% (Fig. 7.1). Survival rates for the unfed and PIM-only fed controls 
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were 8 and 16% respectively and were significantly lower than those of the fed 

treatments. 

Experimental treatment, time and their interaction were highly significant effects on 

spat growth (all P<0.001). PIM concentrations between 0 and 20 mg L 1  had no 

apparent effect on growth rate throughout the duration of the trial (Fig. 7.2). 

At PIM concentrations greater than 20 mg L 1, growth appeared suppressed, but 

only for the first week of the experiment. In week two there were less differences in 

growth of fed spat, and at the completion of the trial, the growth rates of all of the 

treatments were similar. Although the unfed spat appeared to increase in size, this 

is an artifact of the high mortality rates associated with these treatments. This 

mortality was not random, but was observed to occur selectively in the smaller size 

classes, leading to an artificial increase in the mean size and hence growth rate. 

Spat growth declined progressively throughout the experiment from an average of 
-i -i 

2.74% day in week 1 to 0.9% day  in week 3. The exception to this was the 

unfed and PIM treatments, where the calculated growth increased over time. Overall 

growth of the unfed and PIM-only fed treatments were not significantly different, but 

were lower than all of the fed treatments with the exception of the 80 mg 
[1 

treatment. As the absorbed ration did not decline over time, the reduction in growth 

may be linked to changes in the gross and net conversion efficiencies (Ki and K2). 

Values for both of these responses declined over the duration of the experiment, 

from 53 to 17% for Ki and from 74 to 25% for K2. This decline indicates that as the 

experiment progressed, less of the absorbed energy was being channeled into 

growth. 

Excluding the unfed and PIM only treatments, there was no interaction between 

spat growth, PIM concentration and time. 

The AFDW% of fed spat was not affected by PIM levels and averaged 9 ± 0.06%. 

AFDW% of unfed and PIM-only fed spat were not significantly different to the initial 

AFDW% of 7%, but were lower than fed spat at 6.6 ± 0.23% and 7.7± 0.34% 

respectively (Fig. 7.3). These levels of AFDW% are generally lower than those from 

previous experiments and may be linked to the overall slower growth rates. 
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Figure 7.1. Survival of Pinctada maxima spat after 21 days at 
various levels of PIM. Error bars indicate the standard error of the 
mean. Means which share a common subscript are not significantly 
different. 
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Figure 7.2. Growth rates over time of Pinctada maxima spat at 
various levels of PIM. Error bars have been omitted for clarity. 
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7.3.2 Feeding 

Filtration rate increased with increasing PIM levels from ca 5.3 L
-1 

h
-1 

g
-1 

at 0 mg L
-1 
 

to ca 15 L 1h 1g 1 1  at 20 mg L, before stabilising at the highest concentrations 

(P<0.001, Fig. 7.4). Filtration rates were variable over the duration of the experiment 

(P0.006, Fig. 7.5). Changes in the filtration rate over time were not reflected by 

changes in growth. 

Grazing rate was not significantly affected by levels of PIM (P=0.1 1), although there 

was a trend towards higher grazing rates at PIM concentrations up to 20 mg 
[1,  

before a stabilisation at higher concentrations (Fig. 7.6). The rates obtained (4.6 to 

5.4%) are similar to those obtained in previous experiments (3.5 to 8%). Grazing 

rates were variable over the duration of the experiment (P<0.001, Fig 7.7). 

Initially there was a commensurate loss of algal cells as pseudofaeces with 

increasing PIM concentrations (P<0.001, Fig. 7.8), culminating in a proportional loss 

of up to 66% at 80 mg L PIM on day 2. This high level of loss reduced significantly 

over time (P<0.001), and the acclimation process was essentially completed by day 

5. However, it still remained relatively high in the 40 and 80 mg L 1  PIM treatments 

at ca. 8 and 14% respectively compared to ca. 2 to 3% for the remainder of the fed 

treatments. 

As indicated by the reduction in algal loss as pseudofaeces, the ability to select 

algal cells out of the algal and PIM suspension increased over time (P<0.001), 

particularly for the spat exposed to low PIM levels (Fig. 7.9). Above 20 mg L 1  the 

selection ability was much lower, indicating that the selection processes of the spat 

were having difficulty in coping with the high concentrations of PIM. Spat exposed 

to PIM levels above 20 mg L 1  had acclimated to their limit of ability by day 6, which 

agrees well with the reduction in algal loss in pseudofaeces. Spat exposed to lower 

levels of PIM continued to improve their selection ability, and this is reflected in the 

continued reduction in the proportion of algae lost as pseudofaeces. 

Although the spat showed a well developed ability to acclimate to high levels of PIM, 

there was still a loss of algae as pseudofaeces proportional to the PIM 

concentration at the completion of the experiment. 
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Although grazing rates were greater at higher PIM concentrations, ingestion rates 

declined slightly due to the greater loss of grazed algae as pseudofaeces, although 

the differences were not significant (P=0.1, Fig. 7.10). Ingestion rates during the 

experiment paralleled those of the grazing rate, which varied considerably over time 

(Fig. 7.11). 

Absorption efficiency varied considerably in response to levels of PIM and time 

although their interaction was not significant (P<0.001, P<0.001 and P=0.06 

respectively, Fig. 7.12). AE generally increased over time from low levels of ca 30- 

40% to ca 75% for the lower levels of PIM (0 to 20 mg L1) while treatments with 

higher levels (40 and 80 mg L1) remained relatively low (40 to 50%). 

The absorbed ration (AR) is a function of both the ingestion rate and absorption 

efficiency and was highest in pure algal suspension and lowest at the highest levels 

of PIM (P<0.001, Fig. 7.13). The lower AR at the higher PIM concentrations were a 

product of similar or slightly lower ingestion rates, but lower AE. Absorbed ration 

showed considerable variation over time (P<0.001, Fig. 7.14), ranging from ca. 2 to 

4% of DTW. 
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Figure 7.3. AFDW% of Pinctada maxima spat after 21 days at 
various levels of PIM. Error bars indicate the standard error of the 
mean. Means which share a common subscript are not significantly 
different. 
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Figure 7.4. Filtration rate of Pinctada maxima spat maintained at 
various levels of PIM. Error bars indicate the standard error of the 
mean. Means which share a common subscript are not significantly 
different. 
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Figure 7.5. Mean filtration rate over time of Pinctada maxima spat 
maintained at various levels of PIM. Error bars indicate the standard 
error of the mean. Means which share a common subscript are not 
significantly different. 
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Figure 7.6. Grazing rate of Pinctada maxima spat maintained at 
various levels of PIM. Error bars indicate the standard error of the 
mean. Means which share a common subscript are not significantly 
different. 
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Figure 7.7. Mean grazing rate over time of Pinctada maxima spat 
maintained at various levels of PIM. Error bars indicate the standard 
error of the mean. Means which share a common subscript are not 
significantly different. 
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Figure 7.8. Loss of filtered algae in pseudofaeces by Pinctada 
maxima spat maintained at various levels of PIM (mg L1). Error bars 
have been omitted for clarity. 
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Figure 7.9. Pre-ingestive selection of algal cells by Pinctada maxima 
spat from suspensions containing various levels of PIM (mg L ). 
Error bars have been omitted for clarity. 

10 -. 

T 

0 

I— 
a 

C 
0 
U) 
U) 
0) 
C 
- 2.5 

W_  

I - 
PIM (mg L -1  

Figure 7.10. Daily algal ingestion by Pinctada maxima spat at 
various levels of PIM. Error bars indicate the standard error of the 
mean. Means which share a common subscript are not significantly 
different. 

Chapter 7 : Effects of Particulate Inorganic Material (PIM) Concentration on Spat Feeding and Performance 132 



10 

T 7.5 
-o 

F- 
0 

5 
C 
0 
U) 
0 0) 

2.5 

0 -1 I I I 

0 5 10 15 20 25 

Time (days) 

Figure 7.11. Mean ingestion over time by Pinctada maxima spat at 
various levels of PIM. Error bars indicate the standard error of the 
mean. Means which share a common subscript are not significantly 
different. 
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Figure 7.12. Absorption efficiency of Pinctada maxima spat 
maintained at various levels of PIM. Error bars have been omitted for 
clarity. 
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Figure 7.13. Absorbed ration by Pinctada maxima spat maintained at 
various levels of PIM. Error bars indicate the standard error of the 
mean. Means which share a common subscript are not significantly 
different. 
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Figure 7.14. Absorbed ration of Pinctada maxima spat at various 
levels of PIM. Error bars indicate the standard error of the mean. 
Means which share a common subscript are not significantly 
different. 
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7.4 DISCUSSION 

7.4.1 Growth and Survival 

The lack of a significant effect of PIM concentration on growth of fed spat is a 

reflection of the well developed ability of the spat to select algal cells from the mixed 

feeding suspension. The lack of a significant difference in growth rates between the 

unfed and PIM only treatments indicate that the PIM component of the diet did not 

contribute any measurable nutritional benefit to the spat. 

Although there are numerous studies in the literature relating bivalve feeding and 

energetics to levels of PIM, few of these measure growth directly. Typically these 

are short term experiments on adult animals which measure physiological 

responses and use the derived energetic equivalents to calculate the scope for 

growth. While the predictive value of this approach has been confirmed for some 

bivalve species in studies with pure algal suspensions (Riisgard and Randlov, 1981; 

Beiras et a!, 1993) this has yet to be established in longer term experiments with 

suspensions which include an inert fraction. 

Winter (1975 and 1978) found that growth was enhanced in mussels when PIM was 

added to the diet, with the best results occurring at moderate PIM concentrations 

(32% increase in growth at 12.5 mg L1). The increase in growth was attributed to 

an increase in the filtration and ingestion rates and possibly to the PIM aiding the 

digestive process. The PIM used in that experiment was obtained and processed in 

a similar manner to that in the current study. Kiørboe et. al. (1981) also found that 

the inclusion of 5 mgL1  of natural PIM to a phytoplankton diet increased growth of 

mussels by 30 to 70%. They considered that the increase in growth was due to 

increased filtration and ingestion rates, and the utilisation of the organic component 

of the PIM as an additional food source. Møhlenberg and Kiørboe (1981) also found 

that growth was increased by 10 to 110% in mussels fed diets with added PIM. 

These authors attributed the increase in growth to increased algal AE and/or the 

utilisation of PIM organics. Of the two, the former appears to be more likely, as 

Winter (1975) achieved similar growth enhancement with PIM which had been 

chemically oxidised and did not contain any metabolisable organic fraction. 

The results of the present study show that the addition of PIM to a pure algal diet 

does not increase growth in P. maxima spat. 

The addition of PIM to the diet produced a decline in growth of the surf clam Spisula 

solidissima (Robinson et al. 1984). This decline was attributed to a commensurate 
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reduction in filtration rate and AE. However the PIM concentrations used (100 to 

1000 mg L) were much greater than the clams are exposed to in their natural 

habitat (< 5 mg L 1). 

The lack of a significant negative effect of high levels of PIM on growth in this study 

is due to the ability of spat to selectively ingest the algal component of the 

suspension and by compensatory increases in the filtration and ingestion rates. 

Yukihira et al. (1999) also noted that P. maxima ingestion rates increased in 

response to moderate additions of natural suspended particulate matter, which 

helped to maintain the calculated scope for growth. Even with the increase in 

ingestion, the calculated scope for growth was negative at 40 mg L1  of suspended 

particulate material (SPM), whereas in this study growth was still positive at 80 mg 

L1. The use of Conover's ratio in the study of Yukihira et al. (1999) may have led to 

an artificially low AE at higher levels of SPM. 

7.4.2 Feeding 

There appears to be several mechanisms by which P. maxima spat maintain a 

similar energy intake at up to moderate levels of PIM. There is a very good ability to 

select for algal cells from a mixed algal and PIM suspension, as shown by the high 

selection index and rapid reduction in the proportion of algae grazed in 

pseudofaeces. Although the AE declines with increased PIM concentrations, there 

is a compensatory increase in filtration and ingestion. The addition of moderate 

amounts of PIM (5 to 20mg L 1) produced a commensurate increase in filtration rate, 

after which it stabilised. A similar pattern has also been shown for the mussel 

(Winter, 1975: Kiørboe et al., 1980: Kiørboe et al., 1981). This result is in contrast 

to that obtained by Yukihira et al. (1999) where no selection was observed, as 

evidenced by similar AFDW% in the pseudofaeces and natural suspended 

particulate matter. 

Several bivalve species have been shown to have the ability to selectively ingest the 

organic fraction of mixed PlM/POM suspensions. Navarro and Widdows (1997) 

found that Cerastoderma edu!e could compensate for increasing PIM 

concentrations between 1.6 and 300 mg L1  by increasing filtration rates and 

selectively ingesting the organic particles from a mixed suspension. 

The ability to selectively ingest organic particles from a mixed suspension has also 

been shown by Barillé et al. (1997) for Crassostrea gigas and by Hawkins et al. 
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The estimated decline in scope for growth at elevated SPM concentration was 

greatly influenced by the assumption of non-selective feeding and hence the use of 

Conover's method to estimate AE. Absorption efficiency in studies such as this is 

commonly evaluated by the use of Conovers ratio as described in Chapter 5. 

However a key assumption of this method is that there is no qualitative particle 

selection prior to ingestion. This is an invalid assumption for P. maxima spat in this 

study, in which they were shown to selectively ingest algal cells in preference to 

inorganic particles. 

In the current study the selection ability of the spat was initially greatly reduced 

compared to subsequent weeks when the spat had acclimated to the level of dietary 

PIM. Hence the results of Yukihira et al. (1999) reflect the energetics of spat prior to 

their acclimation to the experimental diet. 

In order to maintain equivalent growth, spat partially compensated for the lower AL 

at the higher PIM concentrations by an increase in filtration and ingestion rates to 

enable the maintenance of a relatively stable energy intake, although this 

compensatory process appeared to be breaking down at PIM concentrations of 40 

and 80 mg L 1. As selection ability increased, the filtration rate also declined to 

compensate. Hence the filtration rate may be controlled by the fullness of the gut. 

7.5 CONCLUSIONS AND RECOMMENDATIONS 

Spat showed a good ability to acclimate within the range of PIM concentrations 

used. The ability to select between algal cells and inorganic PIM improved over 

time for all treatments, with acclimation being essentially complete by day 5, 

although most treatments continued to improve. The ability of P. maxima spat to 

acclimate to moderate levels of suspended inorganic particles is consistent with the 

often turbid inshore areas where it inhabits. 

In consideration of the results from this study, nurseries for P. maxima spat should 

be located in areas where the PIM concentration does not routinely exceed 40 mg L 

However other considerations such as appropriate temperature and salinity 

regimes would be of greater consideration when selecting a nursery site. 

When transferring spat from the hatchery to a farm based nursery, consideration 

should also be given to the results of Chapters 5 and 6. These results demonstrated 

that spat utilise a considerable proportion of their stored energy reserves 

acclimating to the field conditions, and that spat in poor nutritional condition may 
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perform poorly. In this chapter it was demonstrated that spat initially exposed to high 

levels of PIM have limited ability to selectively ingest the organic proportion of the 

diet, and hence have a reduced energy intake until acclimation progresses. 

As this will impose an additional drain on the energy reserves of spat, transfer to 

farm based nurseries should be timed to coincide with low levels of PIM, such as 

during neap tides and still conditions. This will minimise the initial energy loss 

following transfer, and enhance the spat's ability to utilise the available food at the 

nursery site. 

There are still some inconsistencies in the literature regarding the response of P. 

maxima to increasing levels of PIM, which need to be clarified. Of particular 

importance is to ascertain if the selection ability of the spat is maintained under 

natural conditions of elevated PIM. 
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Chapter 8: Farm Husbandry of Spat 

8.1 INTRODUCTION 

In the production of spat to be used for seeding, the hatchery phase lasts between 

10 and 20 weeks, depending on the regime employed by individual companies. In 

contrast, the farm nursery phase is from 2 to 3 years and represents a large 

financial investment in the spat by the farmer. High mortalities are common during 

the nursery phase, and a combination of high mortalities and poor growth may 

reduce the viability of pearl production utilising hatchery produced oysters (R. 

McLean, pers. comm.). 

The husbandry requirements of P. maxima spat between delivery from the hatchery 

and seeding has received less attention from researchers than has the hatchery 

phase of production. Rose (1990) successfully used upwellers to culture small spat, 

but these are not used by industry due to their high capital and pumping costs. The 

majority of spat in Australia are cultured in mesh panels either suspended from 

surface longlines or placed on the seafloor. A recent study by Southgate and Beer 

(1999) showed that P. margaritifera spat grown in panels on longlines outperformed 

those earhung or grown in cages on the seafloor. Longline and panel culture is the 

most common form of spat culture in Australia. 

As the spat grow they are moved into panels with successively larger mesh and 

pocket size. At various intervals the spat and panels are cleaned to remove fouling. 

The cleaning process is expensive and laborious. Primary cleaning is achieved 

using high pressure water jets, followed by manual scraping with steel chisles to 

remove hard growth such as barnacles and oysters. Within the industry, this 

process is generally considered to be detrimental to the spat, but is necessary to 

remove fouling, which may otherwise result in shell deformities or clogged panels 

(Taylor et al. 1997c). Excessive fouling on panels impedes water flow through the 

panel, resulting in decreased availability of food and oxygen. Additionally, the 

weight of the fouling placed considerable stress on the longline structures. 

Many different spat cleaning regimes have been used on commercial farms in 

Australia, from weekly (N. Duyst, pers. comm.) to every 2-3 months (W. Mangen, 

pers. comm.). The delivery pressure of the water jets used also varies from 600 to 

>2000 kPa (N. Duyst, pers. comm.). Generally, as the cleaning interval increases, a 

higher cleaning pressure is used to compensate for the increased fouling. 
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The only published study on P. maxima spat cleaning protocols is that of Taylor et 

at. (1997c) who concluded that the optimal cleaning interval was 28 days. This was 

based on shell growth and deformity rates, neither of which were affected by 

cleaning intervals of up to 28 days. More frequent cleaning did not produce any 

performance advantage, and increased the cost of spat production. In this study 

there was no evaluation of the effect of different cleaning pressures on spat culture 

success or economics. 

Fouling growth varies considerably between locations, and the study by Taylor et al. 

(1997c) was conducted in oligotrophic Indonesian waters. Australian farming 

regions, particularly those in the Northern Territory, have a far higher fouling 

pressure and farm oysters are generally cleaned more frequently than those in 

Indonesia (N. Duyst, pers. comm.). The more frequent cleaning regimes in 

Australia increases the cost of spat production, hence it is important to optimise the 

spat cleaning regime in terms of growth, survival and efficiency in order to minimise 

production costs. 

This farm husbandry trial was undertaken to investigate the combined effects of 

cleaning interval and cleaning pressure on spat performance and cleaning effort 

under Australian conditions. Secondary aims were to record growth and mortality 

rates of spat maintained on a typical longline farm in northern Australia. 

8.2 MATERIALS AND METHODS 

8.2.1 Experimental Animals 

Spat used in the farm cleaning trial were located at the Paspaley Pearls Bynoe 

Harbour pearl farm, located in Bynoe Harbour NT. Spat had been produced in the 

Broome Co-Operative Hatchery and transported to Bynoe Harbour several months 

previously. Initial shell size averaged 52mm and ranged from 39 to 64mm. These 

spat had been maintained in monofilament panels with 24 pockets on surface 

longlines and were being cleaned weekly at 600 to 1000 kPa water pressure. 

8.2.2 Experimental System 

8.2.2.1 Cleaning Trial 

Spat were transferred to mesh panels with 15 pockets constructed from 20mm 

monofilament mesh suspended on 3m long ropes from a 70m long surface longline. 

The longline was anchored across the tide at a commercial pearl farm lease within 

Bynoe Harbour in 15m of water (MLWS). 
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There were 4 water pressures used for cleaning: 600, 1200, 1800 and 2400 kPa. At 

each of these pressures, there were three cleaning intervals: 7, 14 and 28 days, 

giving a total of 12 experimental combinations of pressure and cleaning interval. 

For each combination, there were 6 panels of 15 oysters, giving a total of 90 oysters 

per treatment and 1080 in the trial. 

Oysters were cleaned using specialised, purpose-built cleaning machines mounted 

on large aluminum work barges. The barge is equipped with winches, and moves 

along the longline as required. 

The cleaning machines use high-pressure water jets on a reciprocating arm to clean 

both sides of the oyster and panel. Cleaning crews haul up the panels and feed 

them into the machine. The panel, containing the oyster, is drawn into and through 

the machine by a speed-regulated chain drive. The pressure of the water jets can 

be regulated, and is indicated by an in-line pressure gauge. Once through the 

machine, the oysters and panel are further cleaned by other crew members using 

stainless steel chisels. This part of the cleaning process targets hard growth such 

as barnacles and oysters that are not removed by the high-pressure water jets. 

After the crew are satisfied that the panel and oysters have been sufficiently 

cleaned, they are gently returned to the water. 

The cleaning pressure used for each panel was indicated by the colour of a cattle 

ear tag attached to the panel, and was also engraved on the tag itself. The cleaning 

interval was indicated by a coloured cable-tie fastened to the dropper rope, adjacent 

to the longline (yellow for 7 day interval, green for 14 and black for 28). This 

prevented the need for cleaning crews to physically haul the experimental panels 

out of the water to read the tag and determine if the panel was to be cleaned on that 

day. For example if only the 7 day interval panels were to be cleaned, then the 

crews would only need to pull up panels with yellow cable-ties on the dropper rope. 

Cleaning crews were provided with detailed plastic laminated instructions and a 

cleaning calendar outlining the cable-tie colours to be cleaned on any given date. 

During cleaning, dead oysters were removed and recorded, but not replaced. 

8.2.3 Sampling 

The trial was initiated in April 1998 and continued up to the seeding operation of the 

oysters 16 months later in August 1999. Experimental oysters were measured 

every four weeks, just after the 28 day interval clean in which all of the oysters were 

cleaned. This allowed more accurate shell measurements without interference from 
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fouling. Oysters were measured to the nearest mm from the hinge to the furthest 

complete shell margin between the growth processes (shell height). At the same 

time a subjective score from 1 (no coverage) to 10 (complete coverage) was given 

to each panel for growth of Spyridia filamentosa seaweed. This seaweed is 

considered within the industry to posses intrinsic antifoulant properties and is an 

effective deterrent to barnacle and oyster settlement (R. McLean pers. comm.). 

Hence a cleaning program which encourages the growth of S. filamentosa is 

considered advantageous. 

On two occasions the time taken to clean each experimental panel was recorded, 

and this information was used to calculate the cleaning effort (CE). CE was defined 

as the average number of seconds spent cleaning each panel at each experimental 

combination of pressure and interval within a 28-day period. It was calculated as: 

CE = Average cleaning time (seconds) x 28 / cleaning interval. 

Water quality readings were taken daily for the duration of the trial (weather 

permitting). Seawater temperatures were taken with a calibrated thermometer, 

salinity with a refractometer and transparancy with a secchi disc. 

8.2.4 Statistical Analysis 

Growth, survival, shell dimensions and weed coverage were analysed with a two 

way ANOVA model with pressure and cleaning interval as the two factors. Each 

panel of oysters within the experiment, rather than individual oysters within the 

panel, was considered as a replicate, as each panel is cleaned and maintained as a 

unit. Growth is presented as the monthly, rather than daily, specific growth rate due 

to the intrinsically slower growth of larger oysters. Transformation of mortality rates, 

testing for homogeneity of variance and residual normality was as described in 

Chapter 2, General Materials and Methods. 

8.3 RESULTS 

Seawater temperatures during the trial period generally ranged from 26 to 30°C, 

although temperatures reached 32°C for short periods in April 1998 and November 

1999. Seawater temperatures are illustrated in Fig. 8.1. These temperatures are 

similar to those of Darwin Harbour, as reported by Padovan etal. (1997). Seawater 

salinities ranged from 30 to 35 ppt during the trial. Transparancy ranged from 0.3 to 

3.2m and was largely driven by tidal velocity, with considerable resuspension of 

benthic sediment during spring tides. 
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Figure 8.1. Mean seawater temperatures at Bynoe Harbour over the 
duration of the trial. 
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Overall survival over the 15 month trial was high, and averaged 83% over all 

treatments. Survival was significantly effected by both cleaning pressure (P=0.01) 

and cleaning interval (P=0.04), but not their interaction (P=0.32). Cleaning 

pressures of 1800 kPa or below had no effect on survival, but 2400 kPa resulted in 

a significant reduction in survival of ca. 1 5% compared to the other treatments (Fig. 

8.2). However, the mortality was not random, but was concentrated in the smaller 

sized class spat during the first few months of the trial. The size-related mortality 

can be shown by the difference in the mean initial size between the spat that 

subsequently died (44.3 mm), and those that survived (52.2 mm). As these small 

and slow growing spat are of little commercial value, and are generally culled out 

prior to seeding, it may be argued that the number of spat suitable for seeding at the 

end of the trial was not effected by cleaning at the highest pressure of 2400 kPa. 

As the cleaning interval increased, so did survival (Fig. 8.3). Increasing the cleaning 

interval from seven to twenty eight days resulted in survival increasing from ca. 73 

to 88%. 

Spat growth was relatively constant throughout the trial, despite fluctuations in 

seawater temperature (Fig. 8.4). This is consistent with the laboratory results from 

Chapter 4, where growth between 26 and 30°C was similar. Overall, growth 

averaged 4.2 mm month 1, or ca. 1 mm week 1. 

Spat growth increased significantly with increasing cleaning pressure (P0.04, Fig. 

8.5). The increase in growth was not large, and growth at 2400 kPa was ca. 7% 

greater than at 600 kPa. 

Growth was also effected by cleaning interval (P=0.002), with a 14 day interval 

resulting in significantly better growth than a 7 day interval (Fig. 8.6). As was found 

in earlier trials, the growth rate of the spat was not related to the initial size, with 

spat within various size classes growing at a similar rate (Fig. 8.7). 
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Figure 8.2. Survival rates of Pinctada maxima spat cleaned at 
various pressures. Error bars indicate the standard error of the 
mean. Means which share a common subscript are not significantly 
different. 
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Figure 8.3. Survival of Pinctada maxima spat cleaned at various time 
intervals. Error bars indicate the standard error of the mean. Means 
which share a common subscript are not significantly different. 
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Figure 8.5. Growth of Pinctada maxima spat cleaned at various 
pressures. Error bars indicate the standard error of the mean. Means 
which share a common subscript are not significantly different. 
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Figure 8.6. Growth of Pinctada maxima spat cleaned at various time 
intervals. Error bars indicate the standard error of the mean. Means 
which share a common subscript are not significantly different. 
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Figure 8.7. Growth of various size classes of Pinctada maxima spat 
at Bynoe Harbour for the duration of the trial. Lines indicate the 
average growth for each size class modelled over the duration of the 
trial. 
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The extent of S. filamentosa coverage on the oysters and panels varied according 

to the cleaning regime used. High pressure clearly reduced the weed coverage 

(P<0.001, Fig. 8.8), while a more frequent cleaning regime enhanced S. filamentosa 

growth (P<0.001, Fig. 8.9). Oysters and panels with greater covering of S. 

filamentosa were observed to have considerably less barnacle and oyster 

settlement compared to those with less coverage. This observation was confirmed 

by the maintenance crews on the farm. There did not appear to be a particular time 

of the year when settlement and growth of S. filamentosa was greatest, rather it 

remained fairly constant over the duration of the experiment. 

While the mean time to clean a panel increased as the cleaning interval became 

longer (Fig. 8.10), the efficiency of the cleaning process, as determined by the 

calculated CE, also increased significantly with longer cleaning intervals. The 

calculated CE was 71 seconds panel 
1 
 month 1  with a seven day interval. This 

reduced to 68.4 seconds panel 
1 
 month 1  with a 14 day interval, and 52.1 seconds 

panel 1 1  month with a 28 day interval (P<0.001). Thus CE increased by 36% when 

the cleaning interval was extended from 7 to 28 days. This represents a 

considerable reduction in cleaning effort and hence is a much more economical 

cleaning regime. 

Cleaning effort was not related to the cleaning pressure used (P=0.4). 
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Figure 8.8. Spyridia filamentosa coverage score of spat and panels 
cleaned at various pressures. Error bars indicate the standard error 
of the mean. Means which share a common subscript are not 
significantly different. 
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Figure 8.9. Spyridia filamentosa coverage score of spat and panels 
cleaned at various intervals. Error bars indicate the standard error of 
the mean. Means which share a common subscript are not 
significantly different. 
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Figure 8.10. Mean time to clean one panel of spat at various 
cleaning time intervals. Error bars indicate the standard error of the 
mean. Means which share a common subscript are not significantly 
different. 
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8.4 DiscussioN 
From the above results, it is clear that the cleaning pressures and intervals tested 

did have a significant impact on the culture of P. maxima spat. The cleaning regime 

used influences spat survival and growth, fouling dynamics and the cost of 

production. 

Although survival was reduced at a cleaning pressure of 2400 kPa, the mortality 

was not consistent over all of the cleaning intervals used. Survival rates were lowest 

when spat were cleaned every seven days at 2400 kPa (60%), moderate when 

cleaned every 14 days (77%) and high when cleaned every 28 days (84%). 

Why the higher pressure, particularly at reduced intervals, caused the increase in 

mortality is unknown. It is unlikely that the pressures used resulted in actual 

compressive deformation of the shell, and subsequent tissue damage, as even the 

fragile new periostracal growth processes were observed to be still intact after 

cleaning. 

It is possible that a small proportion of the spat were gaping slightly as the panel 

was fed into the cleaning machine. If the oyster failed to close immediately, the high 

pressure jets may have made contact with exposed mantle tissue. Another 

possibility is vibration caused by slightly differing water jet pressures delivered from 

above and below the oyster. This may be caused by a blocked jet nozzle on one of 

the reciprocating arms. Of the two, the former is the more likely, as the high growth 

rate of spat at the higher cleaning pressures would indicate that the pressures 

themselves are unlikely to be a source of chronic stress for the spat. If vibration 

was the cause of the reduced survival, then it would be expected to also result in a 

reduction in growth. 

The overall growth in the trial is similar to that reported for small (29.7mm shell 

height) and medium (79.7 mm shell height) P. maxima spat by Yukihira (1998). The 

uniformity of growth throughout the trial is consistent with the lack of significant 

temperature effect between 26°C and 29°C on growth observed in laboratory trials 

in Chapter 4. 

Optimal growth was achieved with a combination of at higher cleaning pressures 

and a 14 day cleaning interval, which conflicts somewhat with the conditions for 

optimum survival. 

The higher growth rates of spat at higher cleaning pressures is probably related to 

the reduced fouling of the panel, and therefore the volume of water that will flow 
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through, rather than around, the panel. This in turn will expose spat to increased 

water volumes and hence increased food and oxygen resources. As the SGR of 

individual oysters was used to analyse growth, the increase in growth with 

increasing cleaning pressure was not an artifact of selective mortality of smaller 

oysters at the higher pressures. Heavily fouled panels offer greater resistance to 

water flowing through them, which in turn will reduce the amount of food and oxygen 

available to the spat within the panel. Fouled panels also tend to be lifted higher up 

in the water column by the tidal current, and so present a reduced surface area of 

panel to the current flow, further resulting in less water flowing through the panel. 

A further effect of the higher cleaning pressures is that the great majority of the 

fouling organisms are removed by the water jets. This will reduce the amount of 

physical hammering and scraping to which the spat are exposed. 

The cleaning regime that optimises the weed coverage of the spat and panels is 

contrary to that which promotes the greatest growth, and minimises cleaning costs. 

Although the higher pressures are detrimental to the growth of S. filamentosa, they 

are more effective in removing the fouling growth that the weed growth would 

otherwise prevent from settling. Thus there may be two different strategies in the 

cleaning regime: either use low pressures to encourage the weed growth and thus 

reduce fouling settlement, or use the higher pressures to remove any fouling that 

does accumulate on the spat and panels. 

The cleaning regime for optimum efficiency would be to clean at 2400 kPa every 28 

days. This agrees with the recommended cleaning interval of Taylor et al. (1997c), 

who found that a 28 day cleaning regime optimised the economics of spat 

production without compromising performance. This indicates that many current 

cleaning regimes used in Australia are inefficient and unnecessarily frequent, 

resulting in an increased cost of production without a commensurate increase in 

spat performance. Increasing the cleaning interval from 14 to 28 days would result 

in a ca. 25% increase in cleaning effort. 

As spat are maintained for up to three years before being seeded, this represents a 

considerable decrease in the overall cost of producing spat of suitable size for 

seeding. 
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8.5 CoNcLusioNs AND RECOMMENDATIONS 

Pinctada maxima spat may be cultured at a wide variety of cleaning pressures and 

intervals without serious detrimental effects on growth or survival. The optimum 

cleaning program may be varied depending on the circumstances and production 

strategy used by individual companies. 

However a cleaning program where spat are cleaned every 28 days at 1800-2400 

kPa will result in good spat growth and survival and economical production. 

Although S. fllamentosa growth was greatest at the lower cleaning pressures, and 

hence barnacle settlement lowest, this was not reflected in the cleaning times. Only 

a proportion of the cleaning time is devoted to removing hard fouling, the remainder 

is taken up with removing the panel from the water, cleaning the longline and panel 

rope, processing the panel through the machine and replacing the panel back into 

the water. Hence reductions in the hard fouling on the spat and panels did not 

greatly effect the cleaning times. Cleaning effort thus reflects the cleaning interval 

used more than the effectiveness of the cleaning program in removing fouling. 
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Chapter 9: Conclusions, Recommendations and Implications 
for Spat Culture 
Despite the value of pearl culture worldwide, there is little literature available on the 

production of spat. This lack of published information is a reflection not only of the 

limited amount of research work that has been undertaken, but also the proprietary 

nature of P. maxima spat production. With large scale hatchery spat production, 

pearling industries can now be established in countries without substantial wild 

populations. 

Spat culture of P. maxima in Australia and overseas has expanded considerably 

following the pioneering work of Rose et al. (1990), and hundreds of thousands of 

hatchery produced spat have been seeded. However, there are still recurrent mass 

mortalities within hatcheries and nurseries which have reduced the number of spat 

produced, and ultimately the numbers of oysters seeded (B. Jones, pers. Comm). 

These mortalities were the catalyst for this study. 

The specific aims of the work were to: 

Investigate the effects of temperature on growth, survival and feeding physiology 

of hatchery maintained spat 

Investigate the effects of algal food density on growth, survival and feeding 

physiology of hatchery maintained spat 

Evaluate the effects of hatchery culture conditions on subsequent farm 

performance 

Identify a physical or biochemical spat fitness indicator 

Determine the effects of suspended solid levels on spat growth, survival and 

feeding physiology 

Establish the effects of various cleaning intervals and water pressures on spat 

farm performance and cleaning effort 

New methodology 

The use of histological cassettes provided a simple method of monitoring the 

performance of individual spat. In combination with weekly measurements of weight 

and size, they provided a system to closely monitor spat growth and survival. 

It was shown that neither the histological cassettes, nor the weekly measurements 

compromised spat performance. Similarly, the downwelling system evolved over 

several experiments provided the ability to monitor not only growth and survival in 

relation to selected culture and environmental parameters, but also filtration rates, 
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particle selection ability, faeces and pseudofaeces production and absorption 

efficiency. From these measurements can be derived the grazing rate, ingestion 

rate, conversion efficiency and absorbed ration. In addition, the system is very 

simple to set up and maintain, delivers high statistical power and does not require 

sophisticated equipment or large numbers of experimental animals. 

Effects of Temperature 

The optimum temperature range for growth and survival of both spat and mature P. 

maxima was found to be between 26 and 29°C. Temperatures over 30°C result in 

physiological stress which is expressed as reduced growth and reproductive 

development. Temperatures of 35°C are lethal to small spat. Results from this study 

suggest that the mortality at 35°C is a result of a combination of reduced filtration 

and feeding rates, combined with increased metabolic costs. A similar scenario was 

shown by Numaguchi (1995) for P. fucata. 

The reduction in reproductive development at high temperatures is consistent with 

the observations of Minaur (1969) and Rose et al. (1990). Both these authors 

observed that it was difficult to spawn adult oysters when the water temperatures 

were greater than 30°C, and that such spawnings invariably produced poor quality 

eggs. 

At temperatures less than 26°C, growth is compromised, and reduced spat survival 

at 20°C indicated this temperature is approaching the lower tolerance limit. The 

calculated temperature of zero growth is 17.7°C. 

These responses to both high and low temperature are consistent with the 

observations of Pass etal. (1997) who considered that the distribution of P. maxima 

is limited to areas where normal seawater temperatures are between 18 and 32°C. 

Many hatcheries in the tropics are not temperature controlled, and ambient air 

temperatures may reach 35°C. These temperatures will result in high water 

temperatures within larval rearing and spat culture tanks which will compromise 

larval and spat performance. The effects of high temperatures will be further 

exacerbated by small volume larval tanks. In particular, excessively high 

temperatures will result in high mortalities, reduced growth and increased metabolic 

costs. 
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In addition to the direct effect of temperature, these higher temperatures and 

associated stress may predispose the larvae and spat to bacterial infection, and 

reduced tolerance to management processes such as water changes, grading and 

handling. Temperature controlled hatcheries, and the use of large tanks to minimise 

increases in water temperature due to heating by ambient temperatures, will result 

in greater rearing success. 

Many pearl farms in the Kimberley and Northern Territory experience water 

temperatures greater than 30°C, and those in the Cobourg Peninsula of the 

Northern Territory may reach 34°C (R. McLean, pers. comm.). These high water 

temperatures, particularly those in the Cobourg Peninsula, would be a source of 

sublethal stress on the oysters. The increase in water temperatures at various farm 

sites, depending on latitude, are reflected in higher background mortalities (R. 

McLean, pers. comm.). 

Effects of Feeding Rate 

Algal feeding rate was found to be a very significant factor affecting spat 

performance and utilisation of hatchery algal supplies. Spat exhibited a remarkable 

capacity to thrive at very low levels of algal food. Algal concentrations as low as 2.5 

cells pL 
1 
 were sufficient for spat to perform reasonably well. The predicted 

maintenance ration, where the SGR = 0, was ca. 1.5 cells pL 
1 
 compared with 7 

cells pL predicted predicted by Bellanger (1995). 

A moderate increase in algal density from 2.5 cells pL 1 to 30 to 50 cells pL 
1  

produced considerably greater growth. This range is similar to the optima calculated 

from scope for growth trials by Yukihira et al. (1998a) of 40 cells pL . Hence this 

study predicted the optimum algal densities for growth, although they did not 

accurately predict the actual growth relative to algal density exhibited in this study. 

The greatest difference was that spat growth was not negative at high algal 

concentrations, as was predicted in SEC trials. The inability to differentiate between 

pseudofaeces and true faeces, leading to artificially low absorption efficiencies at 

high algal concentrations, probably led to erroneous negative SEC values. 

Additionally the short term nature of the SFG trials failed to account for the 

acclimation abilities of the spat fed at higher algal concentrations. 

The condition index of the spat, expressed as the AEDW%, increased proportionally 

with the feeding rate. 
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These higher algal densities however, were far less efficient in terms of algal 

utilisation by the spat. Conversion efficiencies at algal concentrations up to 10 cells 

pL 
1 
 were ca. 40%, compared to conversion efficiencies of ca. 5% at 50 cells pL 

Additionally, the high feeding rates promoted the production of large amounts of 

pseudofaeces. This may not have been a significant problem in the experimental 

system due to the large amount of water exchange (ca. 1400% day 
1), 

 however in a 

commercial hatchery with much lower water exchange rates this could lead to 

problems with bacterial proliferation and disease. The delivery of the algal food 

should be designed to minimise fluctuations in algal density, and to maintain a 

target density of between 20 and 30 cells pL in in the rearing tank. The common 

practice of feeding large quantities of algae once or twice per day is not appropriate 

for the feeding physiology of P. maxima spat. Batch feeding regimes commonly 

result in algal densities of 100 to 200 cells pL 
1 
 in the rearing tank, followed by a 

period of zero food immediately prior to the next feeding. The effects of this 

dramatic fluctuation in algal density will be exacerbated when maintaining P. 

maxima spat due to their extremely high filtration rates compared to other bivalves, 

and the relatively small compensatory reduction in filtration rate in response to 

increases in algal concentrations. In a dense algal suspension this will lead to a 

rapid clearing of the algae, with the great majority of cells grazed being discarded as 

pseudofaeces. This will continue until the algal density declines to ca. 30 cells pL 1, 
 

at which time the spat will be feeding at an optimal algal concentration for both 

performance and utilisation of algal production. However this period is likely to be 

short, as the remaining algae will be rapidly removed by the spat, leading to a 

period of starvation. 

A more appropriate feeding strategy is to deliver algal food at a rate which maintains 

the algal concentration at the optimum cell density of between 20 and 30 cells pL 

This is a simple process which can be modelled on the systems developed in this 

study. An aerated reservoir of concentrated algal suspension can be placed above 

the rearing tank, and delivered over a 12 or 24 hour period by gravity flow using a 

flow controlling irrigation dripper. Such a system would maintain the target algal 

densities, reduce tank fouling and associated disease problems, and reduce the 

quantity of algae needed for spat production. 

A further advantage of maintaining the algal concentration within the optimum range 

may be the production of higher quality spat. Throughout the duration of this study, 

spat produced from the experimental system consistently performed better than 

those in the hatchery where they were sourced from. 
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Spat received directly from the hatchery tended to have a low AFDW%. 

Once within the experimental system, the AFDW% of the hatchery supplied spat 

increased rapidly, in some cases by as much as 50% within two weeks. Although 

there was no demonstrated benefit of the higher AFDW% after the spat were 

transferred to a farm based nursery, this only related to spat that had been 'fattened' 

in the experimental system prior to transfer. Spat directly from the hatchery with a 

low AFDW% performed poorly compared to those from the experimental system. It 

would be hatchery best practice to produce spat with the best condition possible. 

The transfer of spat in this study was to a nursery site in the same locality as the 

hatchery, and as such was a relatively short transfer of less than one hour. If the 

transfer was to a more distant site, or to a site less appropriate for spat, then the 

additional condition of the spat fed at higher algal concentrations may have been far 

more important. This is particularly true given the initial loss of lipid and 

carbohydrate energy reserves and subsequent tissue weight in the first week 

following transfer to the nursery. As temperature does not effect the AFDW%, then it 

is likely that the low values for the hatchery spat was a result of the batch feeding 

methods used, or an inadequate ration. 

The most appropriate spat feeding regime would be to incorporate different algal 

densities during the hatchery phase of production. Algal concentrations during 

normal rearing would be maintained at 20 to 30 cells pL Two weeks prior to 

transfer to a nursery site, the food levels could be increased to 50 cells pL 
1 
 to 

optimise the AFDW%. Consideration should be given to the algal species used for 

the final two weeks of fattening in the hatchery. A diet which results in a high spat 

lipid content is desirable, as this biochemical fraction is the major energy source 

utilised during the process of acclimation from hatchery to farm conditions. 

Dynamics of feeding 

Weight specific filtration rates found in this study were very high, and reflected not 

only the intrinsically high filtration rates of P. maxima (Yukihira et al., 1997a), but 

also the small size of the spat. Filtration rates increased with moderate increases in 

algal concentration up to 20 cells pL
1
, then declined in response to further 

increases. These reductions in filtration rates were not proportional to the increases 

in algal concentrations, resulting in increasing grazing rates. As growth above 20 

cells pL 
1 
 was not commensurate with the increasing grazing rate, there were large 

amounts of pseudofaeces produced, and a large decline in the conversion efficiency 

from algae grazed to translation into spat tissue. 
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Although there was no demonstrated effect of temperature on filtration rate, this is 

probably an artifact of the increase in growth at higher temperatures and hence 

larger spat. This leads to a reduced weight specific filtration rate as this parameter 

declines proportionally to the size of the oyster. 

Spat quality indicator 

Spat biochemistry dynamics indicated that changes in the AFDW% of spat were 

primarily due to fluctuations in the lipid component, particularly the neutral lipid. 

After transfer to the farm-based nursery, there was a significant decline in the 

neutral lipid content, and a smaller parallel decline in the carbohydrate component. 

This indicated that neutral lipid was the primary energy source of the spat during the 

acclimation period from the hatchery to nursery conditions. As such, hatchery 

feeding regimes should be designed to maximise the spat AFDW%, and hence 

neutral lipid content. This may not be predictable according to the nutritional profile 

of the algal species, as the biochemistry of the spat in this study was independent of 

that of the algae used for the diet. Taylor et al. (1997a) found that the performance 

of P. maxima spat could not be predicted by the nutritional profile of the diet, and 

that growth trials were needed to ascertain the suitability of a diet. 

Effects of Particulate Inorganic Material 

Spat exhibited a robust ability to thrive in suspensions containing very high levels of 

suspended PIM. Neither growth nor survival was significantly compromised by PIM 

concentrations of up to 80 mg L. Background levels of PIM in Darwin Harbour 

generally range from 15 to 25 mg Li, but may be as high as 120 mg L (Padovan, 

1997). 

Spat maintained normal growth rates at high levels of PIM by a combination of 

efficient particle selection and increased filtration and ingestion rates to compensate 

for reduced absorption efficiency. Thus, the absorbed ration, which is the primary 

factor controlling growth, was relatively stable irrespective of the concentration of 

PIM. There was no evidence of increased growth with the addition of small amounts 

of PIM as has been shown for some other bivalve species (Winter 1975 and 1978: 

Kiørboe etal., 1981). 

The high particle selection ability demonstrated in this study is not consistent with 

the results of Yukihira et al. (1999) where P. maxima was considered to be a non-

selective filter feeder. This assumption was based on the similar organic content of 

the pseudofaeces and natural suspended particulate matter (SPM). It is possible 

that the conclusion of Yukihira et al. (1999) was invalid because of the short 

duration of the experimental trials. 
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In the current study, spat at the higher concentrations of PIM took five days to 

acclimate to the increased PIM concentration. Hence if short term trials are 

undertaken, the particle selection ability of the spat will be underestimated. 

Alternatively, if the selection of particles is based on the surface characteristics of 

the particles, as proposed by Jørgensen (1990), then the selection ability of the spat 

may have been artificially increased in this study by the removal of the outer organic 

layer from the PIM particles by oxidation during processing. 

Optimising spat cleaning regime 

The period following transfer to the nursery until seeding presents the grower with a 

considerable financial burden, and is a period in the production cycle of the oyster 

where mass mortalities are common. During this period, spat can be cleaned at 

various regimes according to the needs of the grower. In order to maximise growth, 

spat should be cleaned every 14 days at a pressure of 2400 kPa. Cleaning spat at 

1800 kPa every 28 days will maximise survival, while a cleaning pressure of 2400 

kPa at 28 day intervals is the most economical. The low cleaning pressures of less 

than 1800 kPa used by some growers do not increase growth or survival, and will 

simply increase costs. The short cleaning intervals of < 14 days utilised by some 

growers will similarly only result in increased spat production costs for no increase 

in spat performance. 

While the coverage of Spyridia filamentosa was enhanced by low cleaning 

pressures and frequent cleaning, it did not have a significant effect on the 

comparative cleaning effort of the various regimes trialed. 
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Spat Production Protocol 

Combining the information of this study with others in the literature, a 

comprehensive protocol for the culture of P. maxima spat to seedable size can be 

compiled. 

Table 9.1. Parameters for the culture of Pinctada maxima. 
Culture Phase Factor Optimum Reference 

Hatchery Egg Incubation density 10-20 mL 1  Southgate et al. (1998) 
Temperature 26-29°C This study 
Feeding Rate 20-30 cells pL1 This study 
Feeding Method Continuous This study 
Ration 5-10% of DTW This study 
Diet C. muelleri, C. simplex Taylor et al. (1997a) 
AFDW% >10 This study 
Settlement density 1 mL1  Taylor etal. (1998a) 
Spat density 70 / 100 cm2  Taylor et al. (1998c) 
Pre-nursery fattening 50 cells 1jL This study 

Nursery Temperature 26-29°C This study 
Salinity 30 %o Taylor et al. (unpub.) 
Culture method Surface longline Taylor et al. (1997b), 
Suspended solids <40 mg L This study 
Cleaning interval 28 days Taylor et al. (1997c) 

This study 
Cleaning pressure 1800-2400 kPa This study 
Normal growth 1 mm week This study 

Further Work 

There are several areas where further work on optimising the spat culture of P. 

maxima should be undertaken. One area of benefit would be the manipulation of the 

algal diet within the hatchery to produce spat with a high lipid content. This will 

result in the production of higher quality spat, with potentially better farm 

performance. 

Particular emphasis should be placed on the interaction between environmental 

variables and spat feeding and growth under field conditions. Specifically this would 

be to elucidate the feeding dynamics of P. maxima spat, and investigate the 

influence of various food sources such as algae, particulate organic matter and 

dissolved nutrients. Associated factors would be particle retention ability and 

selectivity. From this work, a method to estimate farm carrying capacity and 

stocking density can be developed, and predictions made of how these would vary 

according to changes in the prevailing environmental conditions. 
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FINAL CONCLUSION: PREVENTION OF HATCHERY MASS MORTALITIES IN NORTHERN 

AUSTRALIA 

This study was prompted by unexplained mass mortalities of P. maxima spat in 

northern Australian hatcheries. In general, these hatcheries are not temperature 

controlled, utilise a batch feeding system and small rearing tanks. 

Given the results of this study, it is not surprising that mass mortalities have 

regularly occurred. In particular temperatures are often detrimental, and the feeding 

regime is not conducive to the production of high quality spat, and may promote 

bacterial proliferation. Tank volumes are commonly small, and hence much more 

susceptible to temperature increases and fluctuations. A change to larger 

temperature controlled tanks and a continuous feeding system may greatly reduce 

the incidence of mass mortalities in northern Australian hatcheries. Optimisation of 

feeding regimes within the hatchery may also increase the success of spat culture 

at farm based nurseries. 

Following the dissemination of these results to the Western Australian and Northern 

Territory pearling industries through the Pearl Producers Association Research and 

Development Sub-committee, the majority of northern Australian pearl oyster 

hatcheries have implemented many of the recommendations from this study. 

Feedback from hatchery personnel indicated that as a result, hatchery and nursery 

production of Pinctada maxima in northern Australia has been significantly 

improved. 
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Appendix 3.1: Chapter 3 Statistical Tables 

Growth 

Cochran's =0.52 < 0.75 (3,4) 

Shapiro Wilk w=0.967, P=0.09 

ANOVA Table for SGR by treatment (%day 1 

DF Sum of Squares Mean Square F-Value P-Value- 
Holding 1 0.017 0.017 0.046 0.83 

Handling 1 0.121 0.121 0.351 0.57 
Holding * Handling 1 0.170 0.170 0.466 0.51 

Residual 15 5.500 0.364 

ANOVA Table for SGR by week (% day 1) 

DF Sum of Squares Mean Square F-Value P-Value 
Time (week) 2 14.004 7.002 18.003 <.0001 

Residual 27 10.501 .389 

Fisher's PLSD for SGR by Week (% day 1) 

Mean buff. Crit. Diff. P-Value 
1,2 1.218 .572 .0002 
1,3 1.603 .572 <.0001 
2,3 .385 .572 .1783 

Survival 

Cochran's 0.43 <0.75 (3,4) 

Shapiro Wilk w0.94, p=0.28 

ANOVA Table for Survival by Treatment 

DF Sum of Squares Mean Square F-Value P-Value  
Holding 1 .033 .033 .487 .4958 

Handling 1 .001 .001 .010 .9221 
Holding * Handling 1 .284 .284 4.164 .0593 

Residual 15 1.023 .068 

AFDW% 

Cochran's = 0.04 < 0.75 (3,4) 

Shapiro Wilk, w=0.975, P=0.67 

ANOVA Table for AFDW% by Treatment 

DF Sum of Squares Mean Square F-Value P-Value 
Holding 1 .212 .212 1.717 .2098 
Handling 1 .324 .324 2.621 .1263 

Holding * Handling 1 .197 .197 1.596 .2258 
Residual 15 1.851 .123 
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Comparison between initial (control) and experimental spat AFDW% 

ANOVA Table for AFDW% 

DF Sum of Squares Mean Square F-Value P-Value 
Treatment 1 3.263 3.263 1.452 .2304 
Residual 126 283.097 2.247 

Grazing Rate 

Cochran's 0.5 < 0.54 (5,4) 

Shapiro Wilk w=0.945, P=0.34 

ANOVA Table for Grazing Rate by treatment 

DF Sum of Squares Mean Square F-Value P-Value 
Holding 1 11.524 11.524 5.7233 .0303 

Handling 1 4.018 4.018 1.996 .1782 
Holding * Handling 1 .009 .009 .005 .9467 

Residual 15 30.293 2.014 

ANOVA Table for Grazing Rate by week (% dry tissue weight) 

DF Sum of Squares Mean Square F-Value P-Value 
Time (week) 2 46.918 23.459 10.925 .0003 

Residual 27 57.975 2.147 

Fisher's PLSD for Grazing Rate by Week 

Mean Duff. Crit. Duff. P-Value 
1,2 2.856 1.345 .0002 
1,3 2.387 1.345 .0011 
2.3 -.468 1.345 .4808 

Filtration Rate 

Cochran's 0.5 < 0.54 (5,4) 

Shapiro Wilk w=0.945, P=0.34 

ANOVA Table for Filtration Rate by treatment 

DF Sum of Squares Mean Square F-Value P-Value 
Holding 1 4.005 4.005 1.135 .3037 
Handling 1 9.444 9.444 2.675 .1227 

Holding * Handling 1 .803 .803 .228 .6402 
Residual 15 52.950 3.530 

ANOVA Table for Filtration Rate by week 

DF Sum of Squares Mean Square F-Value P-Value 
Time (week) 2 113.453 56.727 9.532 .0007 

Residual 27 160.679 5.951 

Fisher's PLSD for Filtration Rate by week 

Mean Duff. Crit. Duff. P-Value 
1,2 3.345 2.238 .0049 
1,3 4.609 2.238 .0002 
2,3 1.264 2.238 .2567 
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Conversion Efficiency 

Cochran's 0.57 < 0.69 (1,9) 

Shapiro Wilk w=0.95, P=0.35 

ANOVA Table for Conversion Efficiency by treatment (handled replicated only) 

DF Sum of Squares Mean Square F Value P Value 
Treatment 1 1942.421 1942.421 7.671 .0098 

Day 28 7089.769 253.206 
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Appendix 4.1: Chapter 4 Statistical Tables 

Preliminary Algal Volume and Density Trial 

Volume Delivered (L) 

Cochran's 0.22 < 0.5 (5,5) 

Shapiro Wilk w0.96, P=0.26 

ANOVA Table for Volume Delivered (L) 

DF Sum of Squares Mean F-Value P-Value 
Waterbath 5 42.312 8.462 .276 .92 
Residual 30 919.157 30.639 

Delivered Algal Density (cells iiL1) 

Cochran's 0.21 <0.5 (5,5) 

Shapiro Wilk w0.96, P0.49 

ANOVA Table for Final Algal Density (cells pL 1) 

- 
DF Sum of Squares Mean F-Value P-Value 

Waterbath 5 31.576 6.315 .204 .96 
Residual 30 929.893 30.996 

Comparison of Initial and Final Algal Concentrations 

One Sample t-test 

Hypothesized Mean = 100 

Mean DF t-Value P-Value 
Final Density 101.321 35 1.463 .1523 

Algal Selectivity 

Cochran's 0.15 < 0.17 (35,2) 

Shapiro Wilk w=0.98, P=0.33 

ANOVA Table for Ratio 

DF Sum of Squares Mean Square F-Value P-Value 
Temperature 5 .036 .007 .304 .9088 

Algal Concentration 4 .012 .003 .130 .9710 
Temperature * Algal concentration 20 .341 .017 .730 .7795 

Residual 60 1.403 .023 
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One Sample t-test 

Hypothesised Mean = 1 

Ratio 

Survival 

Mean DF t-Value P-Value 
1.017 89 1.128 .2625 

Cochran's = 0.069 < 0.17 (35,2) 

Shapiro Wilk after angular transformation w0.1 P0.07 

ANOVA Table for Transformed Survival 

OF Sum of Squares Mean Square F Value P-Value 
Temperature 5 88900.785 17780.157 149.137 <.0001 

Algal Concentration 5 1587.496 317.499 2.663 .0289 
Temperature * Algal Conc. 25 4064.304 162.572 1.364 .1551 

Residual 72 8583.840 119.220 

Fisher's PLSD for Transformed Survival by temperature 

Mean Duff. Crit. Duff. P-Value 
20,23 -10.789 7.255 .0041 
20,26 -8.178 7.255 .0277 
20,29 -11.122 7.255 .0031 
20,32 -13.011 7.255 .0006 
20,35 67.544 7.255 <.0001 
23,26 2.611 7.255 .4754 
23,29 -.333 7.255 .9273 
23,32 -2.222 7.255 .5434 
23,35 78.333 7.255 <.0001 
26,29 -2.944 7.255 .4212 
26,32 -4.833 7.255 .1884 
26,35 75.722 7.255 <.0001 
29,32 -1.889 7.255 .6054 
32,35 78.667 7.255 <.0001 
32,35 80.556 7.255 <.0001 

Fisher's PLSD for Transformed Survival by algal concentration (cells pL 1) 

Mean Duff. Crit. Duff. P-Value 
0,6 -9.89 7.26 0.0082 
0, 12 -5.78 7.26 0.1168 
0,23 0.11 7.26 0.9757 
0,54 -3.67 7.26 0.3171 

0, 110 0.73 7.26 0.8409 
6, 12 4.11 7.26 0.2624 
6,23 10.00 7.26 0.0076 
6,54 6.22 7.26 0.0916 
6, 110 10.62 7.26 0.0047 
12,23 5.89 7.26 0.1100 
12,54 2.11 7.26 0.5637 

12, 110 6.51 7.26 0.0778 
23,54 -3.78 7.26 0.3028 
23, 110 0.62 7.26 0.8647 
54.110 4.40 7.26 0.2306 
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Growth 

Cochran's 0.056 < 0.198 (29,2) 

Shapiro Wilk w=0.97, P=0.3 

ANOVA Table for SGR% 

DF Sum of Squares Mean Square F-Va!ue 
Temperature 4 62.187 15.547 5.505 

Algae 5 409.200 81.840 28.978 
Temperature * Algae 20 43.643 2.182 .773 

Residual 60 169.450 2.824 

Fisher's PLSD for SGR% by temperature 

Mean Duff. Cr. Duff. P-Value 
20,23 -1.317 1.121 .0221 
20,26 -2.068 1.121 .0005 
20,29 -2.400 1.121 <.0001 
20,32 -1.196 1.121 .0368 
20,35 -.752 1.121 .1847 
23,26 -1.083 1.121 .0579 
23,32 .120 1.121 .8305 
26,29 -.331 1.121 .5563 
26,32 .872 1.121 .1247 
29,32 1.204 1.121 .0357 
32,35 80.556 7.255 <.0001 

Fisher's PLSD for SGR% by Algal Concentration (cells iiL1) 

Mean Diff. Crit. Duff. P-Value 
0,6 -4.93 1.23 <0.001 

0, 12 -5.54 1.23 <0.001 
0,23 -5.61 1.23 <0.001 
0,54 -6.36 1.23 <0.001 
0,110 -5.62 1.23 <0.001 
6, 12 -0.61 1.23 0.3247 
6,23 -0.68 1.23 0.2708 
6,54 -1.43 1.23 0.0231 

6, 110 -0.68 1.23 0.2694 
12,23 -0.07 1.23 0.9061 
12,54 -0.82 1.23 0.1859 
12, 110 -0.07 1.23 0.9035 
23,54 -0.75 1.23 0.2273 
23, 110 -2.01 1.23 0.9974 
54, 110 0.75 1.23 0.2285 

AFDW% 

Cochran's 0.06 <0.198 (29,2) 

Shapiro Wilk w=0.987, P=0.089 

ANOVA Table for AFDW% 

P-Value 
.0008 

<.0001 
.7339 

DFSumofSquares Mean Square F-Value P-Value 
Temperature 4 11.843 2.961 .414 .7982 

Algal Concentration 5 204.154 40.831 5.703 .0002 
Temperature * Algal Conc. 20 96.581 4.829 .674 .8349 

Residual 60 429.608 7.160 
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Fisher's PLSD for AFDW% by Algal Concentration (cells pL1) 

Mean Duff. 
0,6 -1.01 
0,12 -1.16 
0,23 -2.61 
0,54 -4.21 
0,110 -3.87 
6, 12 -0.6 
6,23 -1.6 
6,54 -3.2 
6,110 -2.86 
12,23 -1.0 
12,54 -2.6 
12, 110 -2.26 
23,54 -1.61 

23, 110 -1.27 
54, 110 0.34 

Grit. Duff. P-Value 
1.95 0.307 
1.95 0.105 
1.95 0.010 
1.95 <0.001 
1.95 0.0002 
1.95 0.542 
1.95 0.107 
1.95 0.002 
1.95 0.005 
1.95 0.311 
1.95 0.010 
1.95 0.024 
1.95 0.106 
1.95 0.200 
1.95 0.730 

Grazing Rate 

Cochran's 0.1 <0.235 (24,2) 

Shapiro Wilk after angular transformation w0.97, P=0.36 

AN OVA Table for Grazing Rate 

OF Sum of Squares Mean Square F Value P-Value 
Temperature 4 5726.661 1431.665 .460 .7647 

Algal Goncentration 4 129725.356 32431 .339 10.419 <.0001 
Temperature * Algal conc. 16 14585.058 911.566 .293 .9953 

Residual 50 155629.593 3112.592 

Fisher's PLSD for Grazing Rate by algal concentration (cells pL1) 

Mean Duff. Grit. Duff. P-Value 
6, 12 -17.50 40.92 0.3945 
6, 23 -49.67 40.92 0.0183 
6,54 -59.10 40.92 0.0055 
6, 110 -120.79 40.92 <0.001 
12,23 -32.18 40.92 0.1205 
12,54 -41.60 40.92 0.0464 
12, 110 -103.29 40.29 <0.001 
23,54 -9.42 40.92 0.6457 

23, 110 -71.11 40.92 0.0010 
54,110 -61.69 40.92 0.0039 

Filtration Rate 

Cochran's 0.09< 0.235 

Shapiro Wilk w0.966, P=0.08 

ANOVA Table for Filtration Rate (L h 1  g1 

DF Sum of Squares Mean Square F-Value P-Value 
Temperature 4 13244.388 3311.097 14.387 <.0001 

Algal Goncentration 4 4604.806 1151 .201 5.002 .0018 
Temperature * Algal Gonc. 16 2117.583 132.349 .575 .8876 

Residual 50 11507.461 230.149 

Appendix 4.1: Ghapter 4 Statistical Tables 187 



Fisher's PLSD for Filtration Rate by temperature 

Mean Duff. Crit. Duff. P-Value 
20,23 22.020 11.127 .0002 
20,26 30.720 11.127 <.0001 
20,29 33.843 11.127 <.0001 
20,32 36.777 11.127 <.0001 
20,26 8.700 11.127 .1226 
23,29 11.823 11.127 .0378 
23,32 14.757 11.127 .0104 
26,29 3.123 11.127 .5755 
26,32 6.057 11.127 .2794 
29,32 2.935 11.127 .5986 

Fisher's PLSD for Filtration Rate by algal concentration (cells pL 1  

Mean Duff. Crit. Duff. P-Value 
6, 12 -2.61 11.13 0.6400 
6,23 -6.87 11.13 0.2205 
6,54 10.34 11.13 0.0679 
6,110 13.74 11.13 0.0166 
12,23 -4.27 11.13 0.4448 
12,54 12.94 11.13 0.0235 
12,110 16.34 11.13 0.0048 
23,54 17.21 11.13 0.0031 

23, 110 20.61 11.13 0.0005 
54, 110 3.40 11.13 0.5422 

Conversion Efficiency 

Cochran's 0.22 < 0.235 (24,2) 

Shapiro Wilk after logarithmic transformation w=0.97, P0.07 

ANOVA Table for Log. Conversion Efficiency 

DFSum of Squares Mean Square F-Value P-Value 
Temperature 4 .057 .014 .732 .5743 

Algal Concentration 4 .408 .102 5.224 .0014 
Temperature * Algal Conc. 16 .224 .014 .719 .7617 

Residual 50 .976 .020 

Fisher's PLSD for Log Conversion Efficiency by algal concentration (cells 1JL1) 

Mean Duff. Crit. Duff. P-Value 
6,12 0.07 0.10 0.1674 
6,23 0.13 0.10 0.0112 
6,54 0.18 0.10 0.0009 
6, 110 0.20 0.10 0.0002 
12,23 0.06 0.10 0.2229 
12,54 0.11 0.10 0.0379 
12,110 0.13 0.10 0.0140 
23,54 0.05 0.10 0.3732 

23, 110 0.07 0.10 0.1952 
54, 110 0.02 0.10 0.6805 
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Appendix 5.1: Chapter 5 Statistical Tables 

LABORATORY RESULTS 

Survival 

After angular transformation 

Cochran's 0.02 < 0.48 (6,4) 

Shapiro Wilk w=0.945, P=0.1 1 

ANOVA Table for Transformed Survival 

DFSurnofSquares Mean F-Value P-Value 
Algal Concentration 6 .293 .049 4.223 .0038 

Residual 28 .324 .012 

Fisher's PLSD for Transformed Survival by Algal Concentration (cells pL1) 

Mean Duff. Crit. Duff. P-Value 
0,2.5 -.156 .139 .0294 
0,5 -.152 .139 .0340 
0,10 -.288 .139 .0002 
0,30 -.224 .139 .0027 
0,80 -.127 .139 .0728 
0,160 -.274 .139 .0004 
2.5, 5 .004 .139 .9478 
2.5, 10 -.132 .139 .0633 
2.5,30 -.068 .139 .3282 
2.5,80 .029 .139 .6697 
2.5,160 -.117 .139 .0956 
5, 10 -.136 .139 .0553 
5,30 -.072 .139 .2977 
5.80 .025 .139 .7178 
5,160 -.122 .139 .0842 
10,30 .064 .139 .3558 
10,80 .161 .139 .0252 
10,160 .014 .139 .8356 
30,80 .097 .139 .1649 
30, 160 -.050 .139 .4718 
80. 160 -.147 .139 .0399 

Growth 

Cochran's 0.147 <0.17 (27,4) 

Shapiro Wilk w0.95, P=0.19 

ANOVA Table for SGR 

OF Sum ofSquares Mean F-Vue P-Value 
Concentration 6 500.803 83.467 7.485 <.0001 

Week 3 270.182 90.061 80.76 <.0001 
Concentration *Week  18 108.959 6.053 .543 .9311 

Residual 112 1248.908 11.151 
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Fisher's PLSD for SGR by Algal Concentration (cells pL1  

Mean Duff. Crit. Duff. P-Value 
0, 2.5 -4.407 2.092 <.0001 
0,5 -5.182 2.092 <.0001 

0, 10 -5.659 2.092 <.0001 
0,30 -5.832 2.092 <.0001 
0,80 -5.588 2.092 <.0001 

0, 160 -4.644 2.092 <.0001 
2.5, 5 -.774 2.092 .4648 
2.5, 10 -1.252 2.092 .2382 
2.5,30 -1.424 2.092 .1801 
2.5,80 -1.181 2.092 .2659 
2.5,160 -.236 2.092 .8232 
5,10 -.478 2.092 .6519 
5,30 -.650 2.092 .5396 
5.80 -.406 2.092 .7011 
5, 160 2.092 .6114 .0842 
10,30 -.172 20.92 .8708 
10,80 .071 2.092 .9463 
10, 160 1.016 2.092 .3382 
30,80 .243 2.092 .8181 
30, 160 1.188 2.092 .2631 
80, 160 .944 2.092 .3731 

Fisher's PLSD for SGR by week 

Mean Duff. 
1,2 0.97 
1,3 -2.09 
1,4 1.56 
2,3 -3.07 
2,4 0.59 
3,4 3.65 

AFDW% 

Cochran's = 0.13 <0.17 (27,4) 

Shapiro w=0.98, P=0.059 

AN OVA Table for AFDW% 

Crit. Duff. P-Value 
1.58 0.2253 
1.58 0.0099 
1.58 0.0531 
1.58 0.0002 
1.58 0.4635 
1.58 <0.001 

DF Sum of Squares Mean Square F-Value P-Value 
Algal Concentration 6 348.023 58.004 20.783 <.0001 

Week 3 59.627 19.876 7.122 .0002 
Algal Concentration * Week 18 14.594 .811 .291 .9979 

Residual 112 312.582 2.791 
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Fisher's PLSD for AFDW% by Algal Concentration (cells pL 1  

Mean Duff. Crit. Duff. P-Value 
2.5, 5 14.224 4.743 <.0001 

2.5, 10 14.3440 4.743 <.0001 
2.5, 30 12.665 4.743 <.0001 
2.5,80 11.390 4.743 <.0001 

2.5, 160 15.595 4.743 <.0001 
5, 10 .215 4.743 .9283 
5,30 -1.560 4.743 .5155 
5.80 -2.835 4.743 .2385 
5, 160 1.370 4.743 .5676 
10,30 -1.775 4.743 .4594 
10,80 -3.050 4.743 .2049 
10, 160 1.155 4.743 .6299 
30,80 -1.275 4.743 .5949 
30, 160 2.930 4.743 .2231 
80, 160 4.205 4.743 .0816 

Filtration Rate 

Cochran's 0.125 < 0.166 (23,4) 

Shapiro Wilk w0.978, P=0.37 

ANOVA Table for Log Weight Specific Filtration Rate (L g 1  ft1) 

DF Sum of Squares Mean Square F-Value P-Value 
Concentration 5 10.092 2.018 32.842 <.0001 

Week 3 1.848 .616 10.024 <.0001 
Concentration * Week 15 2.606 .174 2.827 .0011 

Residual 96 5.900 .061 

Fisher's PLSD for Log Weight Specific Filtration Rate (L g 1  h 1) by Algal Concentration 

(cells pL1) 

Mean Duff. Crit. Duff. P-Value 
2.5,5 -.250 .156 .0020 
2.5, 10 -.140 .156 .0774 
2.5, 30 .134 .156 .0909 
2.5,80 .444 .156 <.0001 
2.5, 160 .545 .156 <.0001 

5,10 .110 .156 .1650 
5,30 .384 .156 <.0001 
5. 80 .694 .156 <.0001 

5, 160 .795 .156 <.0001 
10,30 .274 .156 .0007 
10,80 .584 .156 <.0001 
10, 160 .685 .156 <.0001 
30,80 .310 .156 .0001 
30, 160 .411 .156 <.0001 
80, 160 .101 .156 .1987 

Fisher's PLSD for Log Weight Specific Filtration Rate (L g 1  h 1) by Week 

Mean Duff. Crit. Duff. P-Value 
-0.24 0.13 0.0003 
-0.30 0.13 <0.001 
-0.30 0.13 <0.001 
-0.07 0.13 0.3098 
-0.06 0.13 0.3395 
3.92 0.13 0.9513 

1, L 
1,3 
1,4 
2,3 
2,4 
3,4 
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Grazing Rate 

After square root transformation 

Cochran's 0.159 < 0.166 (23,4) 

Shapiro Wilk w=0.973, P=0.075 

ANOVA Table for Transformed Grazing Rate 

DF Sum of Squares Mean Square F-Value P-Value 
Concentration 5 895.773 179.155 120.085 <.0001 

Week 3 11.530 3.843 2.576 .0583 
Concentration * Week 15 23.099 1.540 1.032 .4300 

Residual 96 143.222 1.492 

Fisher's PLSD for Transformed Grazing Rate by Algal Concentration (cells FiL1) 

Mean Duff. Crit Duff. P-Value 
2.5, 5 -1.333 .781 .0010 

2.5, 10 -2.545 .781 <.0001 
2.5, 30 -4.410 .781 <.0001 
2.5, 80 -5.890 .781 <.0001 
2.5, 160 -8.037 .781 <.0001 

5, 10 -1.212 .771 .0024 
5,30 -3.077 .771 <.0001 
5.80 -4.556 .771 <.0001 
5, 160 -6.704 .771 <.0001 
10,30 -1.865 .771 <.0001 
10,80 -3.345 .771 <.0001 
10,160 -5.492 .771 <.0001 
30,80 -1.479 .771 .0002 
30, 160 -3.627 .771 <.0001 
80. 160 -2.148 .771 <.0001 

Ingestion 

Cochran's 0.0123 < 0.166 (23,4) 

Shapiro Wilk w0.97, P=0.08 

AN OVA Table for Ingestion Rate (%) 

DF Sum of Squares Mean Square F-Value P-Value 
Concentration 5 40.526 8.105 4.584 .0009 

Week 3 373.118 124.373 70.336 <.0001 
Concentration * Week 15 53.417 3.561 2.014 .0222 

Residual 92 162.680 1.768 
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Fisher's PLSD for Ingestion Rate (%) by Algal Concentration (cells pL1) 

Mean Duff. Crit. Duff. P-Value 
2.5, 5 -.059 .835 .8886 
2.5, 10 -.806 .835 .0585 
2.5,30 -.650 .846 .1307 
2.5, 80 -1.484 846 .0008 

2.5, 160 -1.329 .858 .0028 
5, 10 -.747 .835 .0791 
5,30 -.591 .846 .1690 
5.80 -1.425 .846 .0012 

5, 160 -1.270 .858 .0042 
10,30 .156 .846 .7151 
10,80 -.678 .846 .1147 
10, 160 -.524 .858 .2287 
30,80 -.834 .857 .0562 
30, 160 -.680 .869 .1237 
80, 160 .155 .869 .7243, 

Fisher's PLSD for Ingestion Rate (%) by Week 

Mean Duff. Crit. Duff. P-Value 
1,2 1.76 0.70 <0.001 
1,3 3.54 0.69 <0.001 
1,4 4.66 .069 <0.001 
2,3 1.78 0.70 <0.001 
2,4 2.90 0.69 <0.001 
3,4 1.12 0.69 0.0016 

Absorption Efficiency 

Cochran's = 0.14 < 0.166 (23,4) 

Shapiro w0.98, P=0.42 

ANOVA table for Absorption Efficiency 

DF Sum of Squares Mean Square F-Value P-Value 
Algal  Concentration 5 3327.531 665.506 11.656 <0.001 

Week 3 10663.409 3554.47 62.253 <0.001 
Algal Concentration * Week 15 3540.614 236.04 4.134 <0.001 

Residual 96 5481 .345 57.097 

Fisher's PLSD for AE by Algal Concentration (cells pL1) 

Mean Duff. Crit. Duff. P-Value 
2.5, 5 14.224 4.743 <0.001 

2.5, 10 14.44 4.743 <0.001 
2.5, 30 12.665 4.743 <0.001 
2.5,80 11.39 4.743 <0.001 
2.5, 160 15.595 4.743 <0.001 

5,10 0.215 4.743 0.93 
5,30 -1.56 4.743 0.51 
5.80 -2.835 4.743 0.24 
5, 160 1.370 4.743 0.58 
10,30 -1.775 4.743 0.46 
10,80 -3.05 4.743 0.21 
10,160 1.155 4.743 0.63 
30,80 -1.275 4.743 0.59 
30, 160 2.93 4.743 0.22 
80, 160 4.205 4.743 0.08 
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Fisher's PLSD for AE by Week 

Mean Duff.  Crit Duff.  P-Value 
1,2 -18.75 3.87 <.0001 
1,3 -15.75 3.87 <.0001 
1,4 -25.76 3.87 <.0001 
2,3 3.00 3.87 0.1274 
2,4 -7.01 3.87 0.0005 
3,4 -10.01 3.87 <0.001 

Absorbed Ration 

Cochran's 0.1 < 0.166 (23,4) 

Shapiro Wilk w0.936, P< 0.000 

after square root transformation w=0.98, P=0.3 

ANOVA Table for Absorbed Ration (% 

OF Sum of Squares Mean Square F-Value P-Value 
Concentration 5 10.602 2.120 3.369 .0077 

Week 3 44.288 14.763 23.458 <.0001 
Concentration * Week 15 19.232 1.282 2.037 .0205 

Residual 92 57.899 .629 

Fisher's PLSD for Absorbed Ration (%) by Algal Concentration (cells pL1 ) 

Mean Duff. Crit Duff . P-Value 
2.5, 5 .423 .498 .0952 
2.5, 10 .312 .498 .2160 
2.5,30 .149 .505 .5604 
2.5, 80 -.548 .505 .0337 
2.5, 160 -.069 .512 .7905 

5,10 -.111 .498 .6606 
5,30 -.274 .505 .2830 
5.80 -.971 .505 .0002 
5,160 -.492 .512 .0596 
10,30 -.164 .505 .5204 
10,80 -.860 .505 .0010 
10,160 -.381 .512 .1426 
30,80 -.696 .511 .0081 
30,160 -.217 .518 .4074 
80, 160 .479 .518 .0696 

Fisher's PLSD for Absorbed Ration (%) by Week 

Mean Duff. Crit. 01ff. P-Value 
1,2 -0.50 0.42 0.0206 
1,3 0.73 0.41 0.0007 
1,4 1.10 0.41 <0.001 
2,3 1.23 0.42 <0.001 
2,4 1.60 0.41 <0.001 
3,4 0.37 0.41 0.0784 
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Conversion Efficiency 

Cochran's 0.27 < 0.166 (23,4) 

Shapiro Wilk w0.98, P=0.62 

Kruskal-Wallis Test for Cony. Eff. 

Grouping Variable: Algal Concentration (cells pL1  

DF 5 
#Groups 6 

#Ties 0 
H 52.936 

P-Value <.0001 
H Corrected for ties 52.936 

Tied P-Value <.0001 

Kruskal-Wallis Test for Conversion Efficiency 

Grouping Variable: Week 

DF 3 
#Groups 4 

#Ties 0 
H 11.77 

P-Value 0.0082 
H Corrected for ties 11.77 

Tied P-Value 0.0082 

Mann Whitney means comparisons 

Algal Concentration (cells pL) Week 
Means P Means P 
2.5, 5 0.03 1,2 0.20 
5, 10 0.07 1,3 0.32 
10,30 0.02 2,3 0.03 
30,80 0.04 4,3 0.01 
80. 160 0.06 

Mean Algal Cell Size 

Cochran's Test 

Shapiro Wilk w=0.97, P=0.59 

DF SumofSquares MeanSquare F-Value P-Value 
Algal Concentration 4 .024 .006 .209 .9326 

Residual 84 2.371 .028 
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FARM RESULTS 

Survival 

Cochran's Test: 0.43 < 0.48 (6,4) 

Shapiro Wilk w=0.96, P=0.26 

ANOVA Table for Survival 

DF Sum of Squares Mean Square F-Value P-Value 
Lab algal concentration 6 19797.202 3299.534 40.975 <.0001 

Residual 28 2254.727 80.526 

Fisher's PLSD for Survival by Laboratory Algal Concentration (cells pL1) 

Mean Duff. Crit. Duff. P-Value 
0,2.5 -61.644 11.626 <.0001 
0,80 -71.484 11.626 <.0001 
0,5 -70.124 11.626 <.0001 

0, 160 -69.204 11.626 <.0001 
0,10 -63.684 11.626 <.0001 
0,30 -67.804 11.626 <.0001 

2.5,80 -9.840 11.626 .0940 
2.5,5 -8.480 11.626 .1463 

2.5, 160 -7.560 11.626 .1936 
2.5, 10 -2.040 11.626 .7220 
2.5,30 -6.160 11.626 .2870 
80,5 1.360 11.626 .8124 

80, 160 2.280 11.626 .6909 
80, 10 7.800 11.626 .1802 
80,30 3.680 11.626 .5220 
5, 160 0.920 11.626 .8724 
5, 10 6.440 11.626 .2661 
5,30 2.320 11.626 .6858 

160, 10 5.520 11.626 .3391 
160,30 1.400 11.626 .8070 
10.30 -4.120 11.626 .4739 

Growth 

Cochran's 0.28 <0.48 (6,4) 

Shapiro Wilk w = 0.965, P= 0.34 

ANOVA Table for SGR by Laboratory Algal Concentration (cells pL1) 

SumofSquares MeanSquare F-Value P-Value 
Lab algal concentration 6 4.700 .783 .848 .5440 

Residual 28 25.857 .923 
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AFDW% 

Cochran's 0.1<0.48 (6,4) 

Shapiro Wilk w = 0.974, P = 0.59 

ANOVA Table for Organic Content by Laboratory Algal Concentration (cells pL1) 

DF Sum of Squares Mean Square F-Value P Value 
Lab algal concentration 6 3.861 .643 1.172 .3491 

Residual 28 15.373 .549 

Growth By Pocket 

Cochran's 0.49<0.56 (6,4) 

Shapiro Wilk w = 0.98, P= 0.86 

ANOVA Table for SGR by pocket 

DF Sum of Squares Mean Square F-Value P-Value 
Pocket 4 1.372 .343 1.043 .4020 

Residual 29 9.533 .329 

Organic Content By Pocket 

Cochran's 0.27<0.56 (6,4) 

Shapiro Wilk w = 0.97, P= 0.53 

ANOVA Table for Organic Content 

DF Sum of Squares Mean Square F-Value P-Vakje 
Pocket 4 1.923 .481 1.309 .2898 

Residual 29 10.648 .367 

Laboratory: Farm SGR Correlation 

Variable Men Std.Dev. Correlation 
Lab SGR 3.77266 2.177652 -0.30676 0.0731 35 

Farm SGR 2.167295 1.124143 

Laboratory: Farm Survival Correlation 

Variable Mean Std. Dev. Correlation Signif. Prob. Number 
Lab Survival 90.33333 5.803289 0.169902 0.3694 30 

Farm Survival 85.68 8.848082 
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Appendix 6.1: Chapter 6 Statistical Tables 

AFDW% 

Cochran's 0.29 < 0.62 (7,2) 

Shapiro Wilk w=0.97, P=0.18 

ANOVA Table for AFDW% 

DF Sum of Squares Mean F-Value 
Week 7 22.294 3.185 15.196 

Residual 16 3.353 .210 

Fisher's PLSD for AFDW% by Week 

P-Value 
<.0001 

Mean Duff. 
0,2 -3.050 
0,3 -2.550 
0,4 -3.043 
0,5 -1.877 
0,6 -1.537 
0.7 -1.357 
0,8 -1.290 
2,3 .500 
2,4 .440 
2,5 1.173 
2,6 1.513 
2,7 1.693 
2,8 1.760 
3,4 -.493 
3,5 .673 
3,6 1.013 
3,7 1.193 
3,8 1.260 
4,5 1.167 
4,6 1.507 
4,7 1.687 
4,8 1.753 
5,6 .340 
5,7 .520 
5,8 .587 
6,7 .180 
6,8 .247 
7,8 .067 

Crit. Duff. P-Value 
.792 <.0001 
.792 <.0001 
.792 <.0001 
.792 .0001 
.792 .0008 
.792 .0023 
.792 .0033 
.792 .1997 
.792 .1409 
.792 .0063 
.792 .0009 
.792 .0003 
.792 .0002 
.792 .2055 
.792 .0905 
.792 .0154 
.792 .0057 
.792 .0039 
.588 .0066 
.588 .0010 
.588 .0004 
.588 .0002 
.588 .3765 
.588 .1832 
.588 .1361 
.588 .6366 
.792 .5187 
.792 .8607 
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PROXIMATE ANALYSIS 

Carbohydrate 

Cochran's 0.54 < 0.62 (7,2) 

Shapiro Wilk w=0.95, P=0.28 

ANOVA Table for Carbohydrate Content (% DTW 

DF Sum of Squares Mean F-Vue P-Value 
Week 7 3.990 .570 4.847 .0043 

Residual 16 1.882 .118 

Fisher's PLSD for Carbohydrate (% DTW) 

Mean Duff. Crit. Duff. P-Value 
0,2 -1.195 .594 .0006 
0,3 -1.297 .594 .0003 
0,4 -1.095 .594 .0012 
0,5 -.503 .594 0.911 
0,6 -.700 .594 0.237 
0,7 -1.143 .594 .0009 
0,8 -.870 .594 .0068 
2,3 -.10 1 .594 .7220 
2,4 .100 .594 .7257 
2,5 .692 .594 0.251 
2,6 .495 .594 0.959 
2,7 0.52 .594 .8540 
2,8 .325 .594 .2629 
3,4 .201 .594 .4824 
3,5 .793 .594 .0120 
3,6 .597 .594 .0489 
3,7 .154 .594 .5905 
3,8 .426 .594 .1474 
4,5 .592 .594 .0506 
4,6 .395 .594 .1771 
4,7 -.048 .594 .8671 
4,8 .225 .594 .4336 
5,6 -.196 .594 .4931 
5,7 -.639 .594 .0364 
5,8 -.367 .594 .2086 
6,7 -.443 .594 .1332 
6,8 -.170 .594 .5513 
7,8 .273 .594 .3449 
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Lipid 

Cochran's 0.3 <0.62 (7,2) 

Shapiro Wilk w = 0.97, P= 0.39 

ANOVA Table for Lipid Content 

OF Sum of Squares Mean Square F Value PVahje 
Week 7 52.094 7.442 10.486 <.0001 

Residual 16 11.356 .710 

Fisher's PLSD for Lipid Content (% DTW) 

Mean Duff. Crit. 01ff. P-Value 
0,2 -2.687 1.458 .0013 
0,3 -3.809 1.458 <.0001 
0,4 -5.024 1.458 <.0001 
0,5 -4.059 1.458 <.0001 
0,6 -2.640 1.458 .0015 
0,7 -4.151 1.458 <.0001 
0,8 -4.371 1.458 <.0001 
2,3 -1.121 1.458 .1226 
2,4 -2.337 1.458 .0037 
2,5 -1.372 1.458 .0634 
2,6 .047 1.458 .9463 
2,7 -1.464 1.458 .0492 
2,8 -1684 1.458 .0263 
3,4 -1.215 1.458 .0963 
3,5 -.251 1.458 .7201 
3,6 1.168 1.458 .1087 
3,7 -.342 1.458 .6256 
3,8 -.563 1.458 .4254 
4,5 .964 1.458 .1800 
4,6 2.384 1.458 .0032 
4,7 .873 1.458 .2225 
4,8 .653 1.458 .3569 
5,6 1.419 1.458 .0557 
5,7 -.091 1.458 .8959 
5,8 -.312 1.458 .6564 
6,7 -1.511 1.458 .0432 
6,8 -1.731 1.458 .0229 
7,8 -.220 1.458 .7525 
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Protein 

Cochran's Test: 0.31 < 0.62 (7,2) 

Shapiro Wilk w = 0.97, P = 0.3 

ANOVA Table for Protein Content (% DTW 

DF Sum of Squares Mean Square F-Value P-Value 
Week 7 287.364 41.052 2.338 .0756 

Residual 16 280.878 17.555 

Fisher's PLSD for Protein Content by Week (% DTW) 

Mean Duff. Crit. Duff. P-Value 
0,2 4.238 7.252 .2333 
0,3 -2.956 7.252 .4033 
0,4 4.905 7.252 .1709 
0,5 9.021 7.252 .0179 
0,6 1.130 7.252 .7455 
0,7 -.079 7.252 .9818 
0,8 2.708 7.252 .4402 
2, 3 -7.194 7.252 .0516 
2,4 .667 7.252 .8479 
2,5 4.783 7.252 .1812 
2,6 -3.109 7.252 .3770 
2,7 -4.317 7.252 .2250 
2,8 -1.530 7.252 .6607 
3,4 7.861 7.252 .0354 
3,5 11.977 7.252 .0030 
3,6 4.086 7.252 .2497 
3,7 2.877 7.252 .4128 
3,8 5.664 7.252 .1173 
4,5 4.116 7.252 .2464 
4,6 -3.775 7.252 .2861 
4,7 -4.984 7.252 .1645 
4,8 -2.197 7.252 .5299 
5,6 -7.891 7.252 .0348 
5,7 -9.100 7.252 .0171 
5,8 -6.313 7.252 .0836 
6,7 -1.209 7.252 .7284 
6,8 1.578 7.252 .6507 
7,8 2.787 7.252 .4272 
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Neutral Lipid 

Cochran's 0.31 0.62 (7,2) 

Shapiro Wilk w=0.97 P=0.39 

ANOVA Table for Neutral Lipid (% DTW) 

DF Sum of Squares Mean P-Value 
Week 7 41.228 5.890 8.981 .0002 

Residual 16 10.493 .656 

Fisher's PLSD for Neutral Lipid by Week (%DTW) 

Mean Duff. Grit. Duff. P-Value 
0,2 -.776 1.402 .2579 
0,3 -1.950 1.402 .0094 
0,4 -3.784 1.402 <.0001 
0,5 -3.328 1.402 .0001 
0,6 -2.313 1.402 .0030 
0,7 -3.454 1.402 <.0001 
0,8 -3.516 1.402 <.0001 
2,3 -1.175 1.402 .0946 
2,4 -3.008 1.402 .0003 
2,5 -2.552 1.402 .0014 
2,6 -1.537 1.402 .0336 
2,7 -2.679 1.402 .0009 
2,8 -2.741 1.402 .0009 
3,4 -1.834 1.402 .0136 
3,5 -1.378 1.402 .0536 
3,6 -.362 1.402 .5911 
3,7 -1.504 1.402 .0370 
3,8 -1.566 1.402 .0308 
4,5 .456 1.402 .5003 
4,6 1.471 1.402 .0408 
4,7 .330 1.402 .6249 
4,8 .268 1.402 .6906 
5,6 1.015 1.402 .1442 
5,7 -.126 1.402 .8509 
5,8 -.188 1.402 .7798 
6,7 -1.142 1.402 .1035 
6,8 -1.203 1.402 .0875 
7,8 -.062 1.402 .9268 
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EPA 

Cochran's 0.27 < 0.62 (7,2) 

Shapiro Wilk, w=0.96, P=0.24 

ANOVA Table for EPA as %DTW 

DF Sum of Squares Mean Square F Value P Value 
Week 7 .019 .003 12.153 <.0001 

Residual 16 .004 2.210E-4 

Fisher's PLSD for EPA by Week (% DTW) 

Mean Duff. Crit. Duff. P-Value 
0,2 -.064 .026 <.0001 
0,3 -.098 .026 <.0001 
0,4 -.081 .026 <.0001 
0,5 -.068 .026 <.0001 
0,6 -.039 .026 .0057 
0,7 -.049 .026 .0009 
0,8 -.071 .026 <.0001 
2,3 -.035 .026 .0117 
2,4 -.018 .026 .1657 
2,5 -.005 .026 .6941 
2,6 .025 .026 .0578 
2,7 .014 .026 .2542 
2,8 -.008 .026 .5379 
3,4 .017 .026 .1822 
3,5 .030 .026 .0264 
3,6 .059 .026 .0002 
3,7 .049 .026 .0010 
3,8 .027 .026 .0414 
4,5 .013 .026 .3084 
4,6 .042 .026 .0030 
4,7 .032 .026 .0180 
4,8 .010 .026 .4227 
5,6 .030 .026 .0265 
5,7 .019 .026 .1329 
5,8 -.003 .026 .8217 
6,7 -.010 .026 .4021 
6,8 -.032 .026 .0167 
7, 8 -.022 .026 .0887 
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DHA 

Cochran's 0.39 < 0.62 (7,2) 

Shapiro Wilk w0.98, P=0.46 

AN OVA Table for DHA (% DTW) 

DF Sum of Squares Mean Square F Value P Value 
Week 7 0.331 0.047 7.619 0.0004 

Residual 16 0.099 0.006 

Fisher's PLSD for DHA by Week (% DTW) 

Mean Duff. Crit. Duff. P-Value 
0,2 -.102 .136 .1334 
0,3 -.224 .136 .0031 
0,4 -.429 .136 <.0001 
0,5 -.153 .136 .0300 
0,6 -.095 .136 .1575 
0,7 -.132 .136 .0574 
0,8 -.159 .136 .0254 
2,3 -.123 .136 .0750 
2,4 -.327 .136 .0001 
2,5 -.052 .136 .4350 
2,6 .006 .136 .9231 
2,7 -.030 .136 .6471 
2,8 -.057 .136 .3899 
3,4 -.205 .136 .0058 
3,5 .071 .136 .2860 
3,6 .129 .136 .0624 
3,7 .093 .136 .1697 
3,8 .066 .136 .3225 
4,5 .276 .136 .0006 
4,6 .333 .136 <.0001 
4,7 .297 .136 .0003 
4,8 .270 .136 .0007 
5,6 .058 .136 .3820 
5,7 .022 .136 .7425 
5,8 -.005 .136 .9349 
6,7 -.036 .136 .5802 
6,8 -.063 .136 .3407 
7.8 -.027 .136 .6820 
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Chaetoceros muelleri 

A B Mean 
11.9 11.8 11.8 
9.9 9.4 9.7 

10.1 10.2 10.2 
9.4 9.5 9.5 

Chaetoceros muelleri 
A B Mean 

22.2 21.4 21.8 
19.0 19.8 19.4 
16.1 16.2 16.2 
20.2 18.8 19.6 

Chaetoceros muelleri 
A B Mean 

45.3 47.5 46.4 
45.0 46.8 45.9 
40.2 39.4 39.7 
45.0 44.4 44.7 

Tahitian lsochrysis sp. 
Week A B Mean 

1 23.0 23.8 23.4 
2 25.3 26.0 25.7 
3 28.6 28.6 28.6 
4 25.7 25.5 25.6 

Protein (% of dry live weight) 

Tahitian Isochrysis sp. 
Week A B Mean 

1 42.4 44.1 43.3 
2 42.0 43.1 42.5 
3 44.6 46.7 45.6 
4 46.4 43.6 45.0 

Appendix 62: Biochemical Data 

Algal Proximate Analysis 

Carbohydrate (% of dry live weight) 

Tahitian lsochrysis sp. 
Week A B Mean 

1 13.9 14.1 14.0 
2 15.5 15.3 15.4 
3 11.1 11.6 11.4 
4 11.7 11.4 11.6 

Total Lipid (% of dry live weight) 

Spat Proximate Analysis 

Carbohydrate (% of dry live weight) 

Sample 1 
Week A B Mean 

1 0.16 0.13 0.15 
2 0.41 0.42 0.42 
3 0.44 0.40 0.42 
4 0.43 0.35 0.39 
5 0.31 0.30 0.31 
6 0.34 0.29 0.32 
7 0.33 0.39 0.36 
8 0.29 0.33 0.33 

Sample 2 Sample 3 
A B Mean A B Mean 

0.27 0.23 0.25 0.22 0.20 0.21 
0.37 0.45 0.41 0.39 0.40 0.40 
0.44 0.41 0.43 0.36 0.35 0.36 
0.41 0.37 0.39 0.41 0.43 0.42 
0.32 0.31 0.32 0.29 0.27 0.28 
0.30 0.28 0.29 0.31 0.33 0.32 
0.33 0.36 0.35 0.30 0.31 0.31 
0.29 0.32 0.30 0.32 0.29 0.31 
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Lipid (% of dry live weight) 

Sample 1 
Week A B Mean 

1 0.03 0.03 0.03 
2 0.35 0.35 0.35 
3 0.33 0.43 0.38 
4 0.58 0.49 0.53 
5 0.42 0.35 0.39 
6 0.39 0.43 0.41 
7 0.41 0.41 0.41 
8 0.40 0.43 0.42 

Protein (% of dry live weight) 

Sample 1 
Week A B Mean 

1 4.5 3.6 4.1 
2 6.9 6.5 6.7 
3 6.9 6.1 6.6 
4 6.0 6.7 6.4 
5 5.5 5.4 5.5 
6 5.4 6.1 5.8 
7 5.8 6.0 5.9 
8 5.5 5.1 5.3 

Sample 2 Sample 3 
A B Mean A B Mean 

0.09 0.03 0.06 0.09 0.06 0.08 
0.30 0.39 0.35 0.34 0.36 0.35 
0.37 0.39 0.38 0.61 0.53 0.57 
0.56 0.49 0.53 0.65 0.72 0.69 
0.55 0.47 0.52 0.44 0.34 0.39 
0.34 0.36 0.35 0.41 0.39 0.40 
0.42 0.45 0.44 0.38 0.41 0.40 
0.43 0.47 0.45 0.43 0.41 0.42 

Sample 2 Sample 3 
A B Mean A B Mean 

5.3 5.1 5.2 5.4 4.8 5.1 
6.6 6.7 6.7 5.7 6.4 5.9 
7.1 7.2 7.2 7.0 6.6 6.8 
6.7 6.6 6.7 5.6 6.3 6.0 
5.2 5.6 5.4 5.0 5.0 5.0 
5.8 5.5 5.7 5.8 6.0 5.9 
5.9 5.8 5.9 5.5 5.5 5.5 
5.5 5.5 5.5 5.6 5.5 5.6 
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Algal Fatty Acid Profiles 

Tahitian Isochrysis sp 

Week One Week Two Week Three Week Four 
Fatty Acid Code A B Mean SD A B Mean SD A B Mean SD A B Mean SD 
Tetradecanoic acid 14.00 15 15 15 0.6 17 17 17 0.4 15 14 14 0.3 14 14 14 0.1 

14.10 0.6 0.4 0.5 0.1 - - 0.3 0.6 0.5 0.2 0.2 0.5 0.4 0.2 
Pentadecanoic acid 15.00 0.3 0.9 0.6 0.4 0.6 0.2 0.4 0.3 0.7 0.7 0.7 0.0 0.6 0.7 0.7 0.1 
Hexadecanoic acid 16.00 8.7 8.4 8.6 0.2 8.7 8.8 8.8 0.1 8.1 8.1 8.1 0.0 9.8 9.3 9.6 0.4 

16:1n-7 8.5 8.3 8.4 0.1 7.9 8.1 8.0 0.1 8.2 8.4 8.3 0.1 7.3 7.4 7.4 0.1 
16:2n-7 1.0 1.2 1.1 0.1 0.2 0.2 0.2 0.0 1.2 1.1 1.2 0.1 0.3 0.3 0.3 0.0 
16:2n-4 - - - - - - - - 

16:3n-6 1.9 2.1 2.0 0.1 2.5 2.7 2.6 0.1 2.1 2.1 2.1 0.0 2.4 2.4 2.4 0.0 
Heptadecanoic acid 17.00 0.4 0.3 0.4 0.1 0.4 0.5 0.5 0.1 0.3 0.4 0.4 0.1 0.4 0.4 0.4 0.0 
Octadecanoic acid 18.00 1.0 1.0 1.0 0.0 0.9 0.2 0.6 0.5 1.1 1.0 1.1 0.1 0.9 0.9 0.9 0.0 

18:1n-9 12 9.8 11 1.4 8.1 8.0 8.1 0.1 10 11 11 0.8 7.7 8.0 7.9 0.2 
18:1n-7 1.5 1.4 9.6 0.1 1.5 1.4 5.1 0.1 1.4 1.5 9.8 0.1 1.4 1.5 5.0 0.1 
18:2n-6 19 17 18 1.6 8.8 8.6 8.7 0.1 18 19 18 0.6 8.5 8.6 8.6 0.1 
18:3n-6 4.2 5.1 4.7 0.6 1.1 1.2 1.2 0.1 5.4 4.6 5.0 0.6 1.2 1.3 1.3 0.1 
18:3n-3 4.7 4.3 4.7 0.3 12 12 12 0.1 4.2 4.9 4.2 0.5 11 11 11 0.2 
18:4n-3 11.0 14. 13 2.1 16 16 16 0.1 14 12 13 1.8 17 18 18 0.4 
18:5n-3 1.5 1.1 1.3 0.3 3.7 3.8 3.8 0.1 1.4 1.8 1.6 0.3 3.6 3.0 3.3 0.4 

Eicosanoic acid 20.00 - - - - - - - - 

20:1n-9 - - - - 0.2 0.4 0.3 0.1 0.2 0.1 0.2 0.1 
Eicosatetraenoic acid 20:4n-6 0.1 0.1 0.1 0.0 - - - - - - 

(AA) 
Eicosapentaenoic acid 20:5n-3 0.3 0.3 3.0 0.0 0.4 0.4 0.4 0.0 0.4 0.3 0.4 0.1 0.6 0.6 0.6 0.0 
(EPA) 

22:5n-6 0.8 0.8 0.8 0.0 1.0 0.9 1.0 0.1 0.9 0.8 0.9 0.1 1.1 1.2 1.2 0.1 
Docosahexaenoic acid 22:6n-3 4.8 4.1 4.5 0.5 7.3 6.4 6.9 0.6 4.8 4.7 4.8 0.1 7.4 8.1 7.8 0.5 
(DHA)  
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Chactoceros muel/eri 

Week One Week Two Week Three Week Four 
Fatty Acid Code A B Mean SD A B Mean SD A B Mean SD A B Mean SD 
Tetradecanoic acid 14.00 23 25 24 0.8 14 14 14 0.4 13 12 13 0.7 13 14 14 1.2 

14.10 0.9 0.3 0.6 0.4 0.3 0.3 0.3 0.0 0.7 0.7 0.7 0.0 0.3 0.4 0.4 0.1 
Pentadecanoic acid 15.00 0.6 0.6 0.6 0.0 0.8 0.7 0.8 0.1 0.7 0.7 0.7 0.0 1.1 1.0 1.1 0.1 
Hexadecanoic acid 16.00 4.1 4.1 4.1 0.0 5.4 5.5 5.5 0.1 7.0 7.0 7.0 0.0 6.6 6.2 6.4 0.3 

16:1n-7 19.0 20 19 0.6 20 21 20 0.3 22 22 22 0.2 25 22 24 1.8 
16:2n-7 4.2 4.1 4.2 0.1 4.8 4.8 4.8 0.0 5.3 5.2 5.3 0.1 4.9 5.5 5.2 0.4 
16:2n-4 6.4 6.3 6.4 0.1 11 11 11 0.1 8.8 8.7 8.8 0.1 11 10.0 11 0.9 
16:3n-6 16 13 14 1.8 17 17.0 17 0.4 18 17 18 0.3 17 23 20 4.0 

Heptadecanoic acid 17.00 0.4 0.4 0.4 0.0 0.6 0.6 0.6 0.0 0.4 0.4 0.4 0.0 0.7 0.6 0.7 0.1 
Octadcanoic acid 18.00 0.7 0.9 0.8 0.1 0.5 0.5 0.5 0.0 0.8 1.0 0.9 0.1 1.5 1.3 1.4 0.1 

18:1n-9 0.4 0.5 0.5 0.1 0.4 0.5 0.5 0.1 0.5 0.5 0.5 0.0 0.6 0.6 0.6 0.0 
18:1n-7 0.3 0.5 0.8 0.1 0.7 0.7 0.9 0.0 0.4 0.8 0.7 0.3 0.4 0.3 0.5 0.1 
18:2n-6 1.3 1.1 1.2 0.1 1.0 1.0 1.0 0.0 0.8 0.6 0.7 0.1 0.7 0.7 0.7 0.0 
18:3n-6 0.5 0.5 0.5 0.0 0.5 0.4 0.5 0.1 0.5 0.7 0.6 0.1 0.4 0.4 0.4 0.0 
18:3n-3 1.0 0.8 1.0 0.1 0.9 0.9 0.9 0.0 0.5 0.5 0.5 0.0 0.7 0.6 0.7 0.1 
18:4n-3 0.3 0.2 0.3 0.1 0.3 0.3 0.3 0.0 0.5 0.6 0.6 0.1 0.3 0.3 0.3 0.0 
18:5n-3 - - - - - - - - 

Eicosanoic acid 20.00 - - - - - - - - 

20:1n-9 - - - - - - - - 

Eicosatetraaenoic acid 20:4n-6 2.2 2.4 2.3 0.1 1.4 1.4 1.4 0.0 0.9 1.0 1.0 0.1 0.7 0.5 0.6 0.1 
(AA) 
Eicosapentaenoic acid 20:5n-3 15.0 16 16 0.8 15 15 15.0 0.1 14 16 15 1.3 9.8 7.3 8.6 1.8 
(EPA) 

22:5n-6 - - - - - - - - 

Docosahexaenoic acid 22:6n-3 0.60 0.60 0.6 0.0 0.4 0.4 0.4 0.0 0.5 0.6 0.6 0.1 0.3 0.3 0.3 0.0 
(DHA)  
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Spat Fatty Acid Profiles 

Week_One  

Sample 1 Sample 2 Sample 3 
Fatty Acid Code A B Mean SD A B Mean SD A B Mean SD 
Tetradecanoic acid 14.00 1.4 1.3 1.4 0.1 1.6 1.3 1.5 0.2 1.7 1.2 1.5 0.4 

14.10 1 0.9 1 0.1 1.6 1 1.3 0.4 1.7 1.7 1.7 0 
Pentadecanoicacid 15.00 1.3 1.1 1.2 0.1 3 2.8 2.9 0.1 3.6 2.6 3.1 0.7 
Hexadecanoic acid 16.00 20.5 23.3 21.9 2 22.3 22.2 22.3 0.1 24.3 26.9 25.6 1.8 

16:1n-7 3.5 6.5 5 2.1 3.6 3.1 3.4 0.4 3.8 5 4.4 0.8 
16:2n-7 5.2 3.4 4.3 1.3 3 3.3 3.2 0.2 3 7 5 2.8 
16:2n-4 1.9 0.7 1.3 0.8 3.9 2 3 1.3 2.9 3.7 3.3 0.6 
16:3n-6 5.3 7.6 6.5 1.6 5.4 5.6 5.5 0.1 1.9 2.9 2.4 0.7 

Heptadecanoic acid 17.00 4.2 3.8 4 0.3 5 4.8 4.9 0.1 2.3 3.1 2.7 0.6 
16.40 5.1 4.5 4.8 0.4 6.2 5.7 6 0.4 5.5 6.9 6.2 1 

Octadcanoic acid 18.00 10.6 12.3 11.5 1.2 10.6 10.8 10.7 0.1 9.7 10.1 9.9 0.3 
18:1n-9 3.9 3.5 3.7 0.3 4 3.4 3.7 0.4 3 3.5 3.3 0.4 
18:1n-7 2.6 0.3 1.5 1.6 2.6 2 2.3 0.4 2 2.3 2.2 0.2 
18:2n-6 1.2 2 1.6 0.6 1.6 2.3 2 0.5 4.7 3.6 4.2 0.8 
18:3n-6 - - - - - - 

18:3n-3 1 1.1 1.1 0.1 1.7 1 1.4 0.5 - - 

18:4n-3 - - - - - - 

18:5n-3 - - - - - - 

Eicosanoic acid 20.00 - - - - - - 

Eicosatetraaenoic acid (AA) 20:4n-6 2.2 1.8 2 0.3 0.7 1.1 0.9 0.3 1.8 1.2 1.5 0.4 
Eicosapentaenoic acid (EPA) 20:5n-3 1.9 1.1 1.5 0.6 1.6 2 1.8 0.3 1.5 1.6 1.6 0.1 

22.10 4.7 5.8 5.3 0.8 4.2 5 4.6 0.6 4.8 4.6 4.7 0.1 
22.20 3.3 4.1 3.7 0.6 3 3.6 3.3 0.4 3.3 3.2 3.3 0.1 
22.40 1.2 1.4 1.3 0.1 1 1 1 0 - - 

22:5n-6 2.8 2.9 2.9 0.1 0.3 1.7 1 1 1.4 1.4 1.4 0 
Docosahexaenoic acid (DHA) 22:6n-3 9.7 8.9 9.3 0.6 6.4 10.2 8.3 2.7 7.8 7.7 7.8 0.1 
Unidentified 3.5 5.4 4.5 
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Week_Two  

Sample 1 Sample 2 Sample 3 
Fatty Acid Code A B Mean SD A B Mean SD A B Mean SD 
Tetradecanoic acid 14.00 4.4 4.4 4.4 0 4.1 4.3 4.2 0.1 3.8 3.7 3.8 0.1 

14.10 0.8 0.6 0.7 0.1 - - 0.7 0.9 0.8 0.1 
Pentadecanoic acid 15.00 0.1 0.2 0.2 0.1 0.5 0.9 0.7 0.3 0.2 0.2 0.2 0 
Hexadecanoic acid 16.00 19.5 20.6 20.1 0.8 19.1 19.3 19.2 0.1 20.8 19.6 20.2 0.8 

16:1n-7 5.4 6.7 6.1 0.9 7.1 7.7 7.4 0.4 7.6 7.5 7.6 0.1 
16:2n-7 2.1 2.1 2.1 0 2.1 1.9 2 0.1 1.9 1.9 1.9 0 
16:2n-4 5.3 5.1 5.2 0.1 4.4 4.2 4.3 0.1 4.4 4.5 4.5 0.1 
16:3n-6 1.9 2.8 2.4 0.6 2.7 2.8 2.8 0.1 2.8 2.5 2.7 0.2 

Heptadecanoic acid 17.00 1.6 3.2 2.4 1.1 3.5 3.6 3.6 0.1 5 6.1 5.6 0.8 
16.40 5.3 3.6 4.5 1.2 1.9 2.8 2.4 0.6 3.9 2.2 3.1 1.2 

Octadcanoic acid 18.00 9.4 8.8 9.1 0.4 8.6 8.4 8.5 0.1 8.9 8.9 8.9 0 
18:1n-9 4.9 4.6 4.8 0.2 4.5 4.4 4.5 0.1 4.3 4.2 4.3 0.1 
18:1n-7 6.4 5.9 6.2 0.4 5.9 5.7 5.8 0.1 5.8 5.7 5.8 0.1 
18:2n-6 7.1 6.8 7 0.2 7 8.2 7.6 0.8 6.6 6.1 6.4 0.4 
18:3n-6 1.1 1.2 1.2 0.1 1.5 1.4 1.5 0.1 1.3 1.3 1.3 0 
18:3n-3 1.6 1.4 1.5 0.1 1.4 1.4 1.4 0 1.1 1.2 1.2 0.1 
18:4n-3 1 0.7 0.9 0.2 1 1 1 0 0.8 0.9 0.9 0.1 
18:5n-3 - - - - - - 

Eicosanoic acid 20.00 - - - - - - 

Eicosatetraaenoic acid (AA) 20:4n-6 0.4 0.7 0.6 0.2 0.3 0.6 0.5 0.2 0.2 0.5 0.4 0.2 
Eicosapentaenoic acid (EPA) 20:5n-3 2 1.8 1.9 0.1 2.5 2.3 2.4 0.1 2.2 2.4 2.3 0.1 

22.10 5.7 5.3 5.5 0.3 5.6 5.2 5.4 0.3 5.5 5.6 5.6 0.1 
22.20 2.2 2.1 2.2 0.1 2.3 2.1 2.2 0.1 2.2 2.3 2.3 0.1 
22.40 2.4 2.2 2.3 0.1 2.6 2.5 2.6 0.1 2.5 2.6 2.6 0.1 

22:5n-6 1.7 1.6 1.7 0.1 2.2 0.7 1.5 1.1 2 2.2 2.1 0.1 
Docosahexaenoic acid (DHA) 22:6n-3 4.6 3.7 4.2 0.6 5.5 5.1 5.3 0.3 4.8 5.2 5 0.3 
Unidentified 3.5 3.6 1.3 
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Week_Three  

Sample 1 Sample 2 Sample 3 
Fatty Acid Code A B Mean SD A B Mean SD A B Mean SD 
Tetradecanoic acid 14.00 4.3 4.1 4.2 0.1 3.9 3.6 3.8 0.2 5.4 5.2 5.3 0.1 

14.10 - - - - 0.9 1.1 1 2.5 
Pentadecanoic acid 15.00 0.5 1.2 0.9 0.5 0.3 0.2 0.3 0.1 1.7 1.3 1.5 0.3 
Hexadecanoic acid 16.00 19.1 18.5 18.8 0.4 20.5 19.4 20 0.8 39.6 43.5 41.6 2.8 

16:1n-7 8 7.8 7.9 0.1 6.2 5.7 6 0.4 0.5 1.5 1 0.7 
16:2n-7 1.7 1.6 1.7 0.1 1.6 3.8 2.7 1.6 0.2 0.3 0.3 0.1 
16:2n-4 3.9 4.1 4 0.1 4.1 2.6 3.4 1.1 0.3 0.7 0.5 0.3 
16:3n-6 2.7 2.6 2.7 0.1 3.2 3 3.1 0.1 1 1 1 0 

Heptadecanoic acid 17.00 6.2 5.7 6 0.4 6.4 6.9 6.7 0.4 4.1 4.4 4.3 0.2 
16.40 3 2.5 2.8 0.4 3.6 2.1 2.9 1.1 0.6 0.1 0.4 0.4 

Octadcanoic acid 18.00 8.2 8.1 8.2 0.1 8.2 8.3 8.3 0.1 19.5 19.7 19.6 0.1 
18:1n-9 4.2 4.1 4.2 0.1 8.3 4.1 6.2 3 0.2 1.4 0.8 0.8 
18:1n-7 6 5.5 5.8 0.4 4.2 5.6 4.9 1 0.1 0.2 0.2 0.1 
18:2n-6 5.9 5.8 5.9 0.1 5.4 5.2 5.3 0.1 0.2 0.1 0.2 0.1 
18:3n-6 1.4 1.2 1.3 0.1 1.1 1.1 1.1 0 1.3 0.5 0.9 0.6 
18:3n-3 1.7 1.2 1.5 0.4 1.3 1.4 1.4 0.1 1.4 1.4 1.4 0 
18:4n-3 0.9 1.6 1.3 0.5 0.8 0.9 0.9 0.1 1 0.9 1 0.1 
18:5n-3 - - - - - - 

Eicosanoic acid 20.00 - - - - - - 

Eicosatetraaenoic acid (AA) 20:4n-6 0.2 0.4 0.3 0.1 0.3 0.2 0.3 0.1 0.4 0.4 0.4 0 
Eicosapentaenoic acid (EPA) 20:5n-3 3.1 3 3.1 0.1 3 3.2 3.1 0.1 1.4 1.5 1.5 0.1 

22.10 6 5.7 5.9 0.2 5.3 5.7 5.5 0.3 4.1 0.7 2.4 2.4 
22.20 2.1 2.1 2.1 0 2.3 2.5 2.4 0.1 1.5 3.7 2.6 1.6 
22.40 2.5 2.4 2.5 0.1 2.5 2.6 2.6 0.1 0.7 0.7 0.7 0 

22:5n-6 2.1 2.1 2.1 0 1.9 2.2 2.1 0.2 0.9 0.8 0.9 0.1 
Docosahexaenoic acid (DHA) 22:6n-3 5.3 5.2 5.3 0.1 5 5.7 5.4 0.5 7.8 7.6 7.7 0.1 
Unidentified 2.3 2.3 3.2 
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Week_4  
Sample 1 Sample 2 Sample 3 

Fatty Acid Code A B Mean SD A B Mean SD A B Mean SD 
Tetradecanoic acid 14.00 6.4 6.7 6.6 0.2 6 6.5 6.3 0.4 7.2 6 6.6 0.8 

14.10 0.9 1 1 0.1 0.9 0.9 0.9 0 1 1 1 0 
Pentadecanoic acid 15.00 1.1 1.1 1.1 0 0.9 0.3 0.6 0.4 1.4 1.6 1.5 0.1 
Hexadecanoic acid 16.00 37.7 39.1 38.4 1 40 40.7 40.4 0.5 41.7 37.4 39.6 3 

16:1n-7 1 1.2 1.1 0.1 1.1 1.1 1.1 0 1.3 0.2 0.8 0.8 
16:2n-7 0.1 1.1 0.6 0.7 0.6 0.6 0.6 0 0.6 0.2 0.4 0.3 
16:2n-4 0.2 0.1 0.2 0.1 0.1 1.5 0.8 1 0.1 0.1 0.1 0 
16:3n-6 1.1 0.2 0.7 0.6 1.5 1.8 1.7 0.2 1.9 0.7 1.3 0.8 

Heptadecanoic acid 17.00 5.1 4.5 4.8 0.4 5.5 4.6 5.1 0.6 4.1 4.9 4.5 0.6 
16.40 1 0.1 0.6 0.6 0.1 0.1 0.1 0 0.1 0.1 0.1 0 

Octadcanoic acid 18.00 17.9 19.2 18.6 0.9 18.8 18.1 18.5 0.5 17.6 19.7 18.7 1.5 
18:1n-9 2.1 1.7 1.9 0.3 0.1 0.3 0.2 0.1 0.1 0.7 0.4 0.4 
18:1n-7 2.7 1.6 2.2 0.8 0.1 0.1 0.1 0 0.5 0.6 0.6 0.1 
18:2n-6 1.6 1.2 1.4 0.3 1.1 1 1.1 0.1 1 0.8 0.9 0.1 
18:3n-6 1.4 0.9 1.2 0.4 1.1 0.9 1 0.1 1 0.9 1 0.1 
18:3n-3 1.9 1.7 1.8 0.1 0.8 0.9 0.9 0.1 1 0.8 0.9 0.1 
18:4n-3 0.9 0.6 0.8 0.2 0.5 0.5 0.5 0 0.5 0.4 0.5 0.1 
18:5n-3 - - - - - - 

Eicosanoic acid 20.00 - - - - - - 

Eicosatetraaenoic acid (AA) 20:4n-6 - - 0.4 0.3 0.4 0.1 0.3 0.2 0.3 0.1 
Eicosapentaenoic acid (EPA) 20:5n-3 1.6 1.9 1.8 0.2 1.5 1.6 1.6 0.1 1.4 1.6 1.5 0.1 

22.10 - - - - - - 

22.20 3.4 3.3 3.4 0.1 4.6 4.5 4.6 0.1 4.5 4.4 4.5 0.1 
22.40 1.4 1.9 1.7 0.4 0.1 0.2 0.2 0.1 0.1 3.7 1.9 2.5 

22:5n-6 0.1 0.7 0.4 0.4 1 0.9 1 0.1 0.9 0.6 0.8 0.2 
Docosahexaenoic acid (DHA) 22:6n-3 7.1 7.4 7.3 0.2 8.8 9.6 9.2 0.6 9.4 8.3 8.9 0.8 

2 1.5 1.8 0.4 
Unidentified 3 3.7 3.7 
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Week_5  
Sample 1 Sample 2 Sample 3 

Fatty Acid Code A B Mean SD A B Mean SD A B Mean SD 
Tetradecanoic acid 14.00 3.1 3.2 3.2 0.1 3.3 3.4 3.4 0.1 2.5 2.1 2.3 0.3 

14.10 1.1 0.9 1 0.1 1.7 1.7 1.7 0 1.3 1.1 1.2 0.1 
Pentadecanoic acid 15.00 2.3 2.2 2.3 0.1 1.3 1.2 1.3 0.1 1.7 1.5 1.6 0.1 
Hexadecanoic acid 16.00 44.4 43.4 43.9 0.7 43.1 42.8 43 0.2 41 43.7 42.4 1.9 

16:1n-7 4.8 3.4 4.1 1 0.8 0.7 0.8 0.1 0.5 2.4 1.5 1.3 
16:2n-7 2.2 3 2.6 0.6 1.1 0.9 1 0.1 0.2 0.7 0.5 0.4 
16:2n-4 0.1 0.1 0.1 0 0.1 0.1 0.1 0 0.1 0.1 0.1 0 
16:3n-6 2.1 2.3 2.2 0.1 1.3 1.4 1.4 0.1 1.2 1.6 1.4 0.3 

Heptadecanoic acid 17.00 5.3 5.4 5.4 0.1 5.2 4.9 5.1 0.2 5.6 5 5.3 0.4 
16.40 0.6 0.3 0.5 0.2 0.7 2.1 1.4 1 0.8 0.7 0.8 0.1 

Octadcanoic acid 18.00 20.9 20.6 20.8 0.2 21.6 21.7 21.7 0.1 25.6 21.8 23.7 2.7 
18:1n-9 0.6 0.5 0.6 0.1 2.8 1.2 2 1.1 1.7 0.8 1.3 0.6 
18:1n-7 0.1 0.2 0.2 0.1 0.8 0.2 0.5 0.4 0.4 0.1 0.3 0.2 
18:2n-6 0.7 0.6 0.7 0.1 1.8 0.8 1.3 0.7 0.6 1.3 1 0.5 
18:3n-6 0.4 1.8 1.1 1 2.1 1.2 1.7 0.6 1.2 1.9 1.6 0.5 
18:3n-3 0.5 0.4 0.5 0.1 0.9 0.9 0.9 0 1.3 0.6 1 0.5 
18:4n-3 0.4 0.1 0.3 0.2 0.1 0.1 0.1 0 0.8 0.5 0.7 0.2 
18:5n-3 - - - - - - 

Eicosanoic acid 20.00 - - - - - - 

Eicosatetraaenoic acid (AA) 20:4n-6 0.2 0.1 0.2 0.1 0.3 0.4 0.4 0.1 0.4 0.3 0.4 0.1 
Eicosapentaenoic acid (EPA) 20:5n-3 1.9 1.7 1.8 0.1 1.3 1.6 1.5 0.2 1.9 1.6 1.8 0.2 

22.10 - - - - - - 

22.20 2.9 2.3 2.6 0.4 2.5 2.5 2.5 0 2.4 2 2.2 0.3 
22.40 0.1 0.2 0.2 0.1 0.7 0.6 0.7 0.1 0.8 0.2 0.5 34 

22:5n-6 0.1 0.1 0.1 0 0.1 0.1 0.1 0 0.1 0.1 0.1 0 
Docosahexaenoic acid (DHA) 22:6n-3 2.9 2.3 2.6 0.4 4.5 5.6 5.1 0.8 6 5.3 5.7 0.5 

24.00 0.5 0.4 0.5 0.1 0.1 1 0.6 0.6 0.6 1 0.8 0.3 
Unidentified 3.6 2.9 3.2 
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Week_6  
Sample 1 Sample 2 Sample 3 

Fatty Acid Code A B Mean SD A B Mean SD A B Mean SD 
Tetradecanoic acid 14.00 2 2.1 2.1 0.1 2.4 2.1 2.3 0.2 2 2.4 2.2 0.3 

14.10 1.9 1.8 1.9 0.1 1.5 1.5 1.5 0 2.1 0.5 1.3 1.1 
Pentadecanoic acid 15.00 1.5 1.5 1.5 0 3.3 2.1 2.7 0.8 1.9 2.4 2.2 0.4 
Hexadecanoic acid 16.00 47.7 44.3 4.6 2.4 43.1 42.7 42.9 0.3 45 43.6 44.3 1 

16:1n-7 2.1 1.2 1.7 0.6 1.7 2.1 1.9 0.3 0.6 0.4 0.5 0.1 
16:2n-7 0.1 1.1 0.6 0.7 0.8 1.4 1.1 0.4 0.1 0.1 0.1 0 
16:2n-4 0.1 0.1 0.1 0 0.1 0.1 0.1 0 0.1 0.1 0.1 0 
16:3n-6 1.1 1.3 1.2 0.1 2.1 1.9 2 0.1 1.2 1 1.1 0.1 

Heptadecanoic acid 17.00 4.7 4.5 4.6 0.1 5.5 5.4 5.5 0.1 5.1 4.7 4.9 0.3 
16.40 1.1 0.9 1 0.1 1.1 0.9 1 0.1 1.4 0.8 1.1 0.4 

Octadcanoic acid 18.00 22.8 21.1 22 1.2 23.1 23.7 23.4 0.4 22.8 23 22.9 0.1 
18:1n-9 0.9 0.2 0.6 0.5 0.1 0.7 0.4 0.4 0.7 0.7 0.7 0 
18:1n-7 0.1 0.1 0.1 0 0.1 0.1 0.1 0 0.1 0.1 0.1 0 
18:2n-6 1.7 1.7 1.7 0 1.9 1.7 1.8 0.1 1.6 1.3 1.5 0.2 
18:3n-6 0.2 0.1 0.2 0.1 0.8 0.7 0.8 0.1 0.6 0.5 0.6 0.1 
18:3n-3 0.5 1 0.8 0.4 0.8 0.6 0.7 0.1 0.8 1.7 1.3 0.6 
18:4n-3 0.5 1.2 0.9 0.5 0.9 0.8 0.9 0.1 0.7 1 0.9 0.2 
18:5n-3 - - - - - - 

Eicosanoic acid 20.00 - - - - - - 

Eicosatetraaenoic acid (AA) 20:4n-6 0.3 0.2 0.3 0.1 0.4 0.3 0.4 0.1 0.3 0.2 0.3 0.1 
Eicosapentaenoic acid (EPA) 20:5n-3 1.5 1.5 1.5 0 1.1 1.5 1.3 0.3 1.6 1.7 1.7 0.1 

22.10 - - - - - - 

22.20 2.7 2.3 2.5 0.3 1.9 0.2 1.1 1.2 2.3 2.8 2.6 0.4 
22.40 0.1 0.9 0.5 0.6 1.2 0.1 0.7 0.8 1.3 1.4 1.4 0.1 

22:5n-6 0.1 0.1 0.1 0 0.1 0.1 0.1 0 0.5 0.4 0.5 0.1 
Docosahexaenoic acid (DHA) 22:6n-3 5 4.4 4.7 0.4 4.1 4.6 4.4 0.4 4.2 5.7 5 1.1 

24.00 0.1 0.9 0.5 0.6 1.9 0.8 1.4 0.8 0.8 1 0.9 0.1 
Unidentified 3.9 3.3 3.3 

Appendix 6.2: Biochemical Data 214 



Week_7  
Sample 1 Sample 2 Sample 3 

Fatty Acid Code A B Mean SD A B Mean SD A B Mean SD 
Tetradecanoic acid 14.00 2.1 2.3 2.2 0.1 2.3 2 2.2 0.2 1.8 1.8 1.8 0 

14.10 4.3 2.2 3.3 1.5 4.3 4 4.2 0.2 3.6 3.6 3.6 0 
Pentadecanoic acid 15.00 1.3 1.4 1.4 0.1 3.8 1.3 2.6 1.8 1.5 1.1 1.3 0.3 
Hexadecanoic acid 16.00 49 43.6 46.3 3.8 47.6 48.5 48.1 0.6 45.6 47.3 46.5 1.2 

16:1n-7 0.3 1.1 0.7 0.6 1 0.9 1 0.1 0.2 1.4 0.8 0.8 
16:2n-7 0.1 0.1 0.1 0 1.5 0.1 0.8 1 0.1 0.1 0.1 0 
16:2n-4 0.7 0.9 0.8 0.1 0.1 0.9 0.5 0.6 0.1 0.2 0.2 0.1 
16:3n-6 1.6 2.9 2.3 0.9 1.2 1 1.1 0.1 0.7 1 0.9 0.2 

Heptadecanoic acid 17.00 4.7 4.4 4.6 0.2 4.6 4.6 4.6 0 5.9 4.2 5.1 1.2 
16.40 1 0.1 0.6 0.6 0.4 0.3 0.4 0.1 0.1 0.5 0.3 0.3 

Octadcanoic acid 18.00 19.6 20.1 19.9 0.4 20.8 21.5 21.2 0.5 21.4 20 20.7 1 
18:1n-9 0.8 0.8 0.8 0 0.4 0.4 0.4 0 0.7 0.7 0.7 0 
18:1n-7 0.6 0.1 0.4 0.4 0.1 0.1 0.1 0 0.1 0.1 0.1 0 
18:2n-6 1.1 1.5 1.3 0.3 1.9 1.5 1.7 0.3 0.6 1.4 1 0.6 
18:3n-6 1.2 0.7 1 0.4 0.6 0.3 0.5 0.2 1.4 0.5 1 0.6 
18:3n-3 0.6 1.3 1 0.5 0.7 0.4 0.6 0.2 0.9 2 1.5 0.8 
18:4n-3 0.5 1 0.8 0.4 0.5 0.4 0.5 0.1 0.6 0.8 0.7 0.1 
18:5n-3 - - - - - - 

Eicosanoic acid 20.00 - - - - - - 

Eicosatetraaenoic acid (AA) 20:4n-6 0.4 3 0.4 0.1 0.3 0.2 0.3 0.1 0.4 0.3 0.4 0.1 
Eicosapentaenoic acid (EPA) 20:5n-3 0.5 1.2 0.9 0.5 1.2 1.1 1.2 0.1 1.7 1.7 1.7 0 

22.10 - - - - - - 

22.20 1.8 2.8 2.3 0.7 2.4 2.4 2.4 0 2.1 2.4 2.3 0.2 
22.40 2.3 0.8 1.6 1.1 1.2 1.1 1.2 0.1 1.7 1.7 1.7 0 

22:5n-6 0.1 0.9 0.5 0.6 0.5 0.5 0.5 0 1.1 0.9 1 0.1 
Docosahexaenoic acid (DHA) 22:6n-3 3 6.5 4.8 2.5 3 3.4 3.2 0.3 4 4.2 4.1 0.1 

24.00 0.1 0.1 0.1 0 0.1 0.7 0.4 0.4 0.8 0.7 0.8 0.1 
Unidentified 2.7 1.3 2.9 
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Week_8  
Sample 1 Sample 2 Sample 3 

Fatty Acid Code A B Mean SD A B Mean SD A B Mean SD 
Tetradecanoic acid 14.00 2.2 2 2.1 0.1 2 2.2 2.1 0.1 2.2 2.2 2.2 0 

14.10 3.8 3.7 3.8 0.1 4.1 4.7 4.4 0.4 4.3 4.3 4.3 0 
Pentadecanoic acid 15.00 1.9 1.7 1.8 0.1 1.2 1.2 1.2 0 1.2 1.2 1.2 0 
Hexadecanoic acid 16.00 46.7 46.1 46.4 0.4 45.9 47.1 46.5 0.8 45.9 46.8 46.4 0.6 

16:1n-7 0.8 2.7 1.8 1.3 1.4 0.5 1 0.6 0.8 0.4 0.6 0.3 
16:2n-7 0.1 0.1 0.1 0 0.1 1.1 0.6 0.7 0.1 1.1 0.6 0.7 
16:2n-4 0.1 0.2 0.2 0.1 0.1 0.2 0.2 0.1 0.1 0.2 0.2 0.1 
16:3n-6 0.3 1.5 0.9 0.8 0.8 1.5 1.2 0.5 0.9 0.6 0.8 0.2 

Heptadecanoic acid 17.00 4.5 4 4.3 0.4 4.2 4.1 4.2 0.1 4.2 4.1 4.2 0.1 
16.40 0.5 0.5 0.5 0 0.5 0.5 0.5 0 0.5 0.5 0.5 0 

Octadcanoic acid 18.00 20 19.2 19.6 0.6 19.3 19.4 19.4 0.1 20.9 21 21 0.1 
18:1n-9 1 0.6 0.8 0.3 0.8 0.6 0.7 0.1 0.9 0.6 0.8 0.2 
18:1n-7 0.1 0.1 0.1 0 0.1 0.1 0.1 0 0.1 0.1 0.1 0 
18:2n-6 0.6 0.5 0.6 0.1 1.5 0.5 1 0.7 1.7 1.6 1.7 0.1 
18:3n-6 1.7 1.7 1.7 0 0.7 1.7 1.2 0.7 0.2 0.4 0.3 0.1 
18:3n-3 1.9 0.7 1.3 0.8 1.3 1.1 1.2 0.1 0.6 0.9 0.8 0.2 
18:4n-3 0.9 1 1 0.1 1.1 1.3 1.2 0.1 1.1 1.2 1.2 0.1 
18:5n-3 - - - - - - 

Eicosanoic acid 20.00 - - - - - - 

Eicosatetraaenoic acid (AA) 20:4n-6 0.3 0.2 0.3 0.1 0.4 0.3 0.4 0.1 0.3 0.3 0.3 0 
Eicosapentaenoic acid (EPA) 20:5n-3 2.3 0.8 1.6 1.1 1.8 1.4 1.6 0.3 1.6 1.3 1.5 0.2 

22.10 - - - - - - 

22.20 1.3 2.3 1.8 0.7 2.3 2.6 2.5 0.2 2.7 2.6 2.7 0.1 
22.40 1.7 1.9 1.8 0.1 1.6 1.1 1.4 0.4 1.2 0.9 1.1 0.2 

22:5n-6 1.2 0.5 0.9 0.5 0.7 0.6 0.7 0.1 0.8 0.5 0.7 0.2 
Docosahexaenoic acid (DHA) 22:6n-3 4.3 4.3 4.3 0 4.3 3.9 4.1 0.3 4.6 4.7 4.7 0.1 

24.00 0.8 0.7 0.8 0.1 0.9 0.8 0.9 0.1 1 1 1 0 
Unidentified 2.8 3.1 2.8 
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Appendix 7.1: Chapter 7 Statistical Tables 

Survival 

Cochran's 0.04 < 0.59 

Shapiro Wilk (after arcsine transformation) w0.966, P=0.48 

ANOVA Table for Transformed Survival 

DF Sum of Squares Mean Square F-Value P-Value 
Treatment 7 6.132 .876 30.173 <.0001 
Residual 32 .929 .029 

Fisher's PLSD for Transformed Survival by PIM (mg Li  

Mean Duff. Grit. Duff. P-Value 
0,10 .024 .220 .8284 
0,20 .060 .220 .5843 
0,40 .013 .220 .9032 
0,5 .066 .220 .5444 
0,80 .137 .220 .2125 
0, Silt .889 .220 <.0001 

0, Unfed 1.005 .220 <.0001 
10,20 .036 .220 .7404 
10,40 -.010 .220 .9242 
10,5 .042 .220 .6961 
10,80 .114 .220 .2999 
10, Silt .865 .220 <.0001 

10, Unfed .981 .220 <.0001 
20,40 -.046 .220 .6700 
20,5 .006 .220 .9526 
20,80 .078 .220 .4771 
20, Silt .829 .220 <.0001 

20, Unfed .945 .220 <.0001 
40,5 .053 .220 .6274 
40,80 .124 .220 .2589 
40, Silt .876 .220 <.0001 

40, Unfed .992 .220 <.0001 
5,80 .071 .220 .5143 
5, Silt .823 .220 <.0001 

5, Unfed .939 .220 <.0001 
80, Silt .752 .220 <.0001 

80, Unfed .868 .220 <.0001 
Silt. Unfed .116 .220 .2900 

Growth 

Cochran's 0.24 < 0.59 

Shapiro Wilk w=0.985, P0.54 

ANOVA Table for SGR 

DF Sum of Squares Mean F-Value P-Value 
Treatment 7 26.3 3.8 5.7 <.0001 

Week 2 26 13 19.7 <.0001 
Treatment * Week 14 36 2.6 13.9 <.0001 

Residual 96 63.4 0.66 
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Asher's PLSD for Transformed Survival by Treatment 

Mean Duff. Crit. Duff. P-Value 
0,10 -0.293 0.589 .3256 
0,20 -0.007 0.589 .9821 
0,40 -0.287 0.589 .3367 
0,5 0.06 0.589 .8403 
0,80 0.453 0.589 .1301 
0, Silt 1.007 0.589 .001 

0, Unfed 0.84 0.589 .0057 
10,20 0.287 0.589 .3376 
10,40 0.007 0.589 .9821 
10,5 0.233 0.589 .4338 
10,80 0.747 0.589 .0136 
10, Silt 1.3 0.589 <0.001 

10, Unfed 1.133 0.589 .0002 
20,40 -0.28 0.589 .3480 
20,5 -0.53 0.589 .8578 
20, 80 0.46 0.589 .1246 
20, Silt 1.013 0.589 .0009 

20, Unfed 0.847 0.589 .0053 
40,5 0.227 0.589 .4470 
40,80 0.74 0.589 .0144 
40, Silt 1.293 0.589 <.0001 

40, Unfed 1.127 0.589 .0003 
5,80 0.513 0.589 .0870 
5, Silt 1.067 0.589 .0005 

5, Unfed 0.900 0.589 .0031 
80, Silt 0.553 0.589 .0654 

80, Unfed 0.387 0.589 .1959 
Silt, Unfed -0.167 0.589 .5758 

Fisher's PLSD for SGR by Week 

Mean Duff. Crit. Duff. P-Value 
1,2 0.67 0.36 0.0004 
1,3 0.86 0.36 <0.001 
2,3 0.19 0.36 0.2927 

AFDW% 

Cochran's 0.04 < 0.43 (7,4) 

Shapiro Wilk w0.986, P=0.09 

ANOVA Table for Organic Content (% dry weight) 

DF Sum of Squares Mean Square F Value P-Value 
Treatment 7 30.129 4.304 10.419 <.0001 
Residual 32 13.219 0.413 
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Fisher's PLSD for AFDW% by Treatment 

Mean Duff.  Crit. Duff. P-Value 
0,10 -.293 .588 .3247 
0,20 -.007 .588 .9821 
0,40 .147 .588 .6218 
0,5 -.060 .588 .8400 
0,80 .573 .588 .0560 
0, Silt 1.007 .588 .0010 

0, Unfed .839 .588 .0057 
10,20 .287 .588 .3358 
10,40 .440 .588 .1409 
10,5 .233 .588 .4330 
10,80 .867 .588 .0043 
10, Silt 1.300 .588 <.0001 

10, Unfed 1.132 .588 .0002 
20,40 .153 .588 .6060 
20,5 -.053 .588 .8575 
20,80 .580 .588 .0532 
20, Silt 1.013 .588 .0009 

20, Unfed .845 .588 .0053 
40,5 -.207 .588 .4872 
40,80 .427 .588 .1532 
40, Silt .860 .588 .0046 

40, Unfed .692 .588 .0216 
5,80 .633 .588 .0351 
5, Silt 1.067 .588 .0005 

5, Unfed .899 .588 .0031 
80, Silt .433 .588 .1469 

80, Unfed .265 .588 .3728 
Silt, Unfed ..... .588 .5721 

Filtration Rate 

Cochran's = 0.02 < 0.166 

Shapiro Wilk after square root transformation w0.975, P=0.052 

ANOVA Table for Weight specific filtration rate (L h 1  g 1) 

DF Sum of Squares Mean Square F-Value P-Value 
PlM (mg L1) 5 1202.908 240.582 8.405 <.0001 

Day 3 375.277 125.092 4.370 .0063 
PIM (mg L) * Day 15 683.504 45.567 1.592 .0902 

Residual 96 2747.786 28.623 
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Crit. 01ff. P-Value 
3.358 .0627 
3.358 .3151 
3.358 <.0001 
3.358 <.0001 
3.358 <.0001 
3.358 .3849 
3.358 .0255 
3.358 .0023 
3.358 .0155 
3.358 .0022 
3.358 .0001 
3.358 .0012 
3.358 .3869 
3.358 .8457 
3.358  .5019 

Fisher's PLSD for Weight specific filtration rate (L h 1  g 1) by PIM 

Mean 01ff. 
0,5 -3.185 
0,10 -1.709 
0,20 -7.024 
0,40 -8.494 
0,80 -7.354 
5,10 1.477 
5,20 -3.839 
5,40 -5.309 
5,80 -4.169 
10,20 -5.315 
10,40 -6.786 
10,80 -5.646 
20,40 -1.470 
20,80 -.330 
40,80 1.140 

Fisher's PLSD for Weight specific filtration rate (L ft1  g 1) by day 

Mean Duff. Cri t. Diff. P-Value 
1,7 -2.52 2.74 0.0712 
1, 14 2.45 2.74 0.0787 
1,21 -0.44 2.74 0.7504 
7, 14 4.98 2.74 0.0005 
7,21 2.08 2.74 0.1354 

14,21 -2.90 2.74 0.0387 

Grazing Rate 

Cochran's 0.008 <0.166 

Shapiro Wilk w=0.98, P=0.25 

ANOVA Table for Grazing Rate (%) 

OF Sum of Squares Mean Square F-Value P-Value 
PIM (mg L) 5 15.396 3.079 1.834 .1134 

Day 3 112.593 37.531 22.351 <.0001 
PIM (mg [)* Day 15 15.907 1.060 .6321 .8422 

Residual 96 161.202 1.679 

Fisher's PLSD for Grazing Rate (%) by day 

Mean 01ff. Crit. 01ff. P-Value 
1,7 -2.07 .066 <0.001 
1,14 -1.20 .066 0.0006 
1,21 -2.55 .066 <0.001 
7,14 0.87 .066 0.0104 
7,21 -0.48 0.66 0.1575 
14,21 -1.35 0.66 0.001 
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Ingestion 

Cochran's 0.03 < 0.166 

Shapiro Wilk, w0.983, P=0.7 

ANOVA Table for Ingestion (%) 

PF Sum of Squares Mean Square F-Value 
PIM (mg L1) 5 14.780 2.956 1.874 

Day 3 54.205 18.068 11.454 
PIM (mg L1) * Day 15 20.077 1.338 .848 

Residual 96 151.434 1.577 

Fisher's PLSD for Ingestion (%) by Day 

Mean Duff. Crit. Duff. P-Value 
1,7 -0.97 0.64 <.0001 

1, 14 0.30 0.64 0.3509 
1,21 -1.33 0.64 <0.001 
7, 14 1.28 0.64 0.0002 
7,21 -0.36 0.64 0.2760 
14,21 -1.63 0.64 <0.001 

Absorption Efficiency 

Cochran's 0.00022 < 0.077 

Shapiro Wilk w=0.995, P=0.086 

AN OVA Table for AE 

P-Value 
.1060 

<.0001 
.6223 

DF Sum of Squares Mean Square F-Value P-Value 
PIM (mg L) 5 10002.194 2000.439 11.620 <.0001 

Day 8 17693.698 2211.712 12.848 <.0001 
PIM (mg Li)*  Day 40 9849.957 246.249 1.430 .0567 

Residual 216 37184.481 172.150 

Fisher's PLSD for Absorption Efficiency by PIM (mg L1  

Mean Duff. Crit. Duff. P-Value 
0,5 1216 5.452 <.0001 
0, 10 9.580 5.452 .0006 
0,20 11.043 5.452 <.0001 
0,40 19.975 5.452 <.0001 
0,80 15.233 5.452 <.0001 
5,10 -2.636 5.452 .3417 
5,20 -1.172 5.452 .6721 
5,40 7.760 5.452 .0055 
5,80 3.018 5.452 .2765 
10,20 1.463 5.452 .5973 
10,40 10.395 5.452 .0002 
10,80 5.653 5.452 .0422 
20,40 8.932 5.452 .0014 
20,80 4.190 5.452 .1313 
40,80 -4.742 5.452 .0879 
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Fisher's PLSD for Absorption Efficiency by Day 

Mean buff. Crit. 01ff. P-Value 
1, 2 -3.02 6.68 0.3735 
1, 3 -1.97 6.68 0.5620 
1,4 -5.58 6.68 0.1007 
1,5 -12.27 6.68 0.0004 
1,6 -16.99 6.68 <0.001 
1,7 -21.82 6.68 <0.001 

14 -19.29 6.68 <0.001 
1,21 -19.43 6.68 <0.001 
2,3 1.05 6.68 0.7562 
2,4 -2.56 6.68 0.4501 

5 -9.25 6.68 0.0068 
2,6 -13.97 6.68 <0.001 
2,7 -18.80 6.68 <0.001 
2, 14 -16.27 6.68 <0.001 
2,21 -16.41 6.68 <0.001 
3,4 -3.62 6.68 0.2869 
3,5 -10.30 6.68 0.0026 
3,6 -15.02 6.68 <0.001 
3,7 -19.85 6.68 <0.001 
3, 14 -17.32 6.68 <0.001 
3,21 -17.46 6.68 <0.001 
4,5 -6.69 6.68 0.0497 
4,6 -11.41 6.68 0.0009 
4,7 -16.24 6.68 <0.001 
4, 14 -13.71 6.68 <0.001 
4,21 -13.85 6.68 <0.001 
5,6 -4.72 6.68 0.1650 
5,7 -9.55 6.68 0.0053 
5, 14 -7.02 6.68 0.0394 
5,21 -7.16 6.68 0.0357 
6,7 -4.83 6.68 0.1554 

6, 14 -2.30 6.68 0.4979 
6,21 -2.44 6.68 0.4722 
7, 14 2.53 6.68 0.4560 
7,21 2.39 6.68 0.4813 
14,21 -0.14 6.68 0.9671 

Absorbed Ration 

Cochran's 0.018 < 0.166 

Shapiro Wilk w0.98, P=0.66 

ANOVA Table for Absorbed Ration 

DF Sum of Squares Mean Square F-Value P-Value 

PIM (mg L1) 5 30.058 6.012 4.539 .0009 
Day 3 62.746 20.915 15.791 <.0001 

PIM (mg L)*  Day 15 16.329 1.089 .822 .6512 
____ 

Residual 96 127.156 1.325 
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Fisher's PLSD for Absorbed Ration by PIM (mg L1  

Mean Duff. Crit. Duff. P-Value 
0,5 .777 .722 .0353 
0, 10 .341 .722 .3518 
0,20 .363 .722 .3205 
0,40 1.155 .722 .0020 
0,80 1.448 .722 .0001 
5,10 -.437 .722 .2331 
5,20 -.414 .722 .2585 
5,40 .378 .722 .3013 
5,80 .671 .722 .0684 
10,20 .023 .722 .9498 
10,40 .815 .722 .0275 
10,80 1.107 .722 .0030 
20,40 .792 .722 .0320 
20,80 1.084 .722 .0037 
40,80 .292 .722 .4236 

Fisher's PLSD for Absorbed Ration by Day 

Mean Duff. Crit. Duff. P-Value 
-1.49 0.59 <0.001 
-0.49 0.59 0.1012 
-1.78 0.59 <0.001 
1.00 0.59 0.0011 
-0.29 0.59 0.3345 
-1.29 0.59 <0.001 

Loss in Pseudofaeces 

Cochran's 0.066 <0.077 (54,4) 

Shapiro Wilk w0.936, P<0.001 

after square root transformation w=0.98, P=0.67 

ANOVA Table for Loss in Pseudofaeces 

Mean Square _fyalue P-Value 
PIM (mg L) 5 19941 .804 3988.361 81.290 <.0001 

Day 8 7187.778 898.472 18.313 <.0001 
PIM (mg L1) * Day 40 10814.684 270.367 5.511 <.0001 

Residual 216 10597.634 49.063 

1,7 
1,14 
1,21 
7,14 
7,21 
14.21 
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Fisher's PLSD for Loss in Pseudofaeces by PIM (mg L1) 

Mean Duff. Crit. 01ff. P-Value 
0,5 .571 2.911 .6993 
0,10 -.578 2.911 .6957 
0,20 -3.831 2.911 .0101 
0,40 -9.263 2.911 <.0001 
0,80 -23.871 2.911 <.0001 
5, 10 -1.150 2.911 .4371 
5,20 -4.402 2.911 .0032 
5,40 -9.834 2.911 <.0001 
5,80 -24.442 2.911 <.0001 
10,20 -3.252 2.911 .0287 
10,40 -8.684 2.911 <.0001 
10,80 -23.293 2.911 <.0001 
20,40 -5.432 2.911 .0003 
20,80 -20.040 2.911 <.0001 
40,80 -14.608 2.911 <.0001 

Fisher's PLSD for Loss in Pseudofaeces by Day 

Mean Diff. Crit. 01ff. P-Value 
1,2 -3.12 3.56 0.0861 
1,3 2.86 3.56 .01152 
1,4 1.15 3.56 0.5246 
1,5 8.64 3.56 <0.001 
1,6 9.69 3.56 <0.001 
1,7 9.93 3.56 <0.001 
1,14 11.06 3.56 <0.001 
1,21 11.13 3.56 <0.001 
2,3 5.98 3.56 0.0011 
2,4 4.27 3.56 0.0191 
2,5 11.76 3.56 <0.001 
2,6 12.81 3.56 <0.001 
2,7 13.05 3.56 <0.001 
2, 14 14.18 3.56 <0.001 
2,21 14.24 3.56 <0.001 
3,4 -1.71 3.56 0.3461 
3,5 5.78 3.56 0.0016 
3,6 6.83 3.56 0.0002 
3,7 7.07 3.56 0.001 
3,14 8.20 3.56 <0.001 
3,21 8.26 3.56 <0.001 
4,5 7.49 3.56 <0.001 
4,6 8.53 3.56 <0.001 
4,7 8.78 3.56 <0.001 
4,14 9.90 3.56 <0.001 
4,21 9.97 3.56 <0.001 
5,6 1.04 3.56 0.5649 
5,7 1.29 3.56 0.4777 
5,14 2.41 3.56 0.1837 
5,21 2.48 3.56 0.1715 
6,7 0.24 3.56 0.8930 
6,14 1.37 3.56 0.4497 
6,21 1.44 3.56 0.4273 
7,14 1.13 3.56 0.5342 
7,21 1.19 3.56 0.5096 
14,21 0.07 3.56 0.9697 
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Selectivity 

Cochran's 0.57 < 0.11(44,4) 

Shapiro Wilk w=0.98, P=0.08 

ANOVA Table for Selectivity 

OF Sum of Squares Mean Square F-Value P-Value 
PIM (mg L1) 4 38669.373 9667.343 50.734 <.0001 

Day 8 21351.442 2668.930 14.007 <.0001 
PIM (mg L i)*Day 32 11141.068 348.158 1.827 .0075 

Residual 180 34298.892 190.549 

Fisher's PLSD for Selectivity by PIM (mg L) 

Mean Duff. Crit. Duff. P-Value 
5, 10 5.138 5.742 .0791 
5,20 18.761 5.742 <.0001 
5,40 29.852 5.742 <.0001 
5,80 33.189 5.742 <.0001 
10,20 13.623 5.742 <.0001 
10,40 24.714 5.742 <.0001 
10,80 28.051 5.742 <.0001 
20,40 11.091 5.742 .0002 
20,80 14.428 5.742 <.0001 
40,80 3.337 5.742 .2530 

Fisher's PLSD for Selectivity by Day 

Mean 01ff. Cr. Duff. P-Value 
1, 2 1.92 7.70 0.6242 
1,3 2.57 7.70 0.5114 
1,4 5.39 7.70 0.14695 
1,5 -1.92 7.70 0.6235 
1,6 -3.34 7.70 0.3936 
1,7 -5.74 7.70 0.1435 

14 -18.25 7.70 <0.001 
1,21 -25.68 7.70 <0.001 
2,3 0.65 7.70 0.8674 
2,4 3.74 7.70 0.3754 
2,5 -3.84 7.70 0.3272 
2,6 -5.25 7.70 0.1801 
2,7 -7.65 7.70 0.0516 

14 -20.17 7.70 <0.001 
2,21 -27.59 7.70 <0.001 
3,4 2.82 7.70 0.4717 
3,5 -4.49 7.70 0.2518 
3,6 -5.91 7.70 0.1320 
3,7 -8.31 7.70 0.0348 

14 -20.82 7.70 <0.001 
3,21 -28.25 7.70 <0.001 
4,5 -7.31 7.70 0.0630 
4,6 -8.72 7.70 0.0267 
4,7 -11.12 7.70 0.0049 

14 -23.64 7.70 <0.001 
4,21 -31.06 7.70 <0.001 
5,6 -1.42 7.70 0.7168 
5,7 -3.82 7.70 0.3297 
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Mean Duff. Crit. Duff. P-Value 
14 -16.33 7.70 <0.001 

5,21 -23.76 7.70 <0.001 
6,7 -2.40 7.70 0.5400 

14 -14.92 7.70 0.0002 
6,21 -22.34 7.70 <0.001 

14 -12.52 7.70 0.0016 
7,21 -19.94 7.70 <0.001 
14,21 -7.42 7.70 0.0588 
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Appendix 81: Chapter 8 Statistical Tables 

Survival 

Cochran's 0. 166 < 0.228 (11,5) 

Shapiro Wilk w=0.978, P=0.53 

ANOVA Table for Transformed Survival 

DF Sum of Squares Mean Square F-Value P-Value 
Pressure 3 .466 .155 4.003 .0115 
Interval 2 .264 .132 3.402 .0399 

Pressure * Interval 6 .280 .047 1.203 .3174 
Residual 60 2.329 .039 

Fisher's PLSD for Transformed Survival by Pressure 

Mean Duff. Crit. Duff. P-Value 
600, 1200 .013 .131 .8420 
600, 1800 .022 .131 .7344 
600, 2400 .197 .131 .0040 

1200, 1800 .009 .131 .8886 
1200, 2400 .184 .131 .0069 
1800, 2400 .174 .131 .0101 

Fisher's PLSD for Transformed Survival by Interval 

Mean Duff. Crit. Duff. P-Value 
7, 14 -0.10 0.11 0.0800 
7,28 -0.14 0.11 0.0137 
14,28 -0.04 0.11 0.4502 

Growth 

Cochran's 0.116 < 0.228 (11,5) 

Shapiro Wilk w=0.981, P=0.68 

ANOVA Table for SGR (% month 1) 

DF Sum of Squares Mean Square F-Value P-Value 
Pressure 3 .950 .317 2.927 .0409 
Interval 2 1.558 .779 7.199 .0016 

Pressure * Interval 6 .567 .095 .873 .5199 
Residual 60 6.494 .108 

Fisher's PLSD for SGR (% month 1)  by Pressure 

Mean Duff. 
600, 1200 -.165 
600,1800 -.195 
600, 2400 -.323 
1200, 1800 -.030 
1200,2400 -.158 
1800, 2400 -.128 

Crit. Duff. P-Value 
.219 .1377 
.219 .0805 
.219 .0056 
.219 .7857 
.219 .1561 
.219 .2494 
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Fisher's PLSD for SGR (% month 1)  by Interval 

Mean Duff. Cri t. Duff. P-Value 
7, 14 -0.36 0.19 0.0003 
7,28 -0.17 0.19 0.0760 
14,28 0.19 0.19 0.0514 

Weed Coverage 

Cochran's = 0. 155 < 0.228 (11,5) 

Shapiro Wilk w=0.975, P=0.43 

AN OVA Table for Weed Coverage 

OF Sum of Squares Mean Square F-Value P-Value 
Pressure 3 82.8 27.6 32.6 <0.001 
Interval 2 22.3 11.2 13.2 <0.001 

Pressure * Interval 6 8.6 1.4 1.7 0.14 
Residual 60 50.8 0.85 

Fisher's PLSD for Weed Coverage by Pressure 

Mean Duff. Crit. Duff. P-Value 
600, 1200 -.306 .613 .321 
600, 1800 .444 .613 .1525 
600, 2400 2.444 .613 <.0001 

1200, 1800 .75 .613 .0174 
1200, 2400 2.75 .613 <.0001 
1800, 2400 2.0 .613 <.0001 

Fisher's PLSD for Weed Coverage by Interval 

Mean Duff. Crit. Duff. P-Value 
7,14 1.333 .531 <.0001 
7,28 .917 .531 .001 
14,28 -.417 .531 .122 

Cleaning effort 

Cochran's = 0. 158 < 0.228 (11,5) 

Shapiro Wilk w=0.983, P=0.76 

ANOVA Table for Cleaning effort 

DF Sum of Squares Mean Square F-Value 
Pressure 3 123.444 41.148 .995 .4014 
Interval 2 14120.528 7060.264 170.721 <.0001 

Pressure * Interval 6 363.139 60.523 1.463 .2062 
Residual 60 2481 .333 41.356 
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Fisher's PLSD for Cleaning effort by Interval 

Mean Duff. Crit. Duff. P-Value 
7,14 -16.38 3.71 <0.001 
7,28 -34.29 3.71 <0.001 
14,28 -17.92 3.71 <0.001 

Appendix 8.1: Chapter 8 Statistical Tables 229 
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ABSTRACT Propylene phenoxetol was evaluated as an anesthetic both in the laboratory and field during gonad conditioning trials 
of Pinciacla maxima. It was found to be safe and effective for adult pearl oysters. inducing rapid anesthesia with short recovery times. 
Suitable concentrations were 1.5 mL L' in the laboratory and 2-2.5 ml, L in the field. Prior cleaning of oysters and minimising stress 
are critical to the effectiveness of the anesthesia protocol. 

KEY WORDS: pearl oyster. Pinctoda ,?ia.rinia, anesthetic, bivalve broodstock 

As part of a program to develop protocols for the gonad con-
ditioning of the silver-lip pearl oyster. Pinctada maxima, there was 
a necessity to be able to examine the reproductive condition of 
broodstock and to biopsy the gonads, without imposing excessive 
stress. Pearl oysters, especially those that have been hatchery 
reared, have large and powerful adduclor muscles, and it is quite 
common to cause severe muscle and mantle damage when they are 
forced open for examination. This is not appropriate when the 
object is to induce the oysters to reproduce under captive condi-
tions, which commonly means maintaining the broodstock under 
ideal conditions of temperature, food, and water quality in a quiet, 
low-stress environment. 

Magnesium chloride has been successfully used to anesthetize 
broodstock scallops and was useful in preventing unwanted 
spawnings subsequent 10 physical examination (Heasman et al. 
I 995) however, this method produced poor results with pearl 
oysters, requiring 1-2 h to induce anesthesia and a similar time 
to recover (Mills unpuhl.). Norton Cl al. (1996) screened many 
potential anesthetics for Pi,utada niargari/itera and I'inctada 
albino and ctincluded that, in particular, propylene phenoxetol 
(l-phenoxy-propan-2-ol) was very effeclive. Previously, this 
anesthetic had also been used successfully for giant clams (C. 
Shelley pers. comm.) and P. ,nargariti/dra (I-lildemann et al. 
1974). 

The use of propylene phenoxetol for inducing anesthesia in the 
silver-lip pearl oyster, P. ,tiavioia, has since been applied on a large 
scale and has proved successful. During the course of this pro-
gram, several thousand oysters have been anesthetized, with neg-
ligible mortality. Some of these oysters were anesthetized weekly 
for 9 wk without any evident ill effects. In broodstock conditioning 
trials, there have been no deleterious effects of anesthesia and 
gonad biopsies on either the growth or the gonad development of 
broodstock pearl oysters (p > 0.05). Currently, several pearl farm- 

ing companies are trying the use of propylene phenoxetol in seed-
ing operations. 

Propylene phenoxetol has several advantages over other anes-
thetics. According to the manufacturer, as a 1% solution, it is 
nontoxic and nonirritating and does not induce skin hypersensitiv-
ity. Anesthesia of P. maxima is rapid and safe, with a short recov-
ery period. There are no special storage or safety procedures re-
quired, and it is not an explosion hazard. However, it should not be 
stored in some plastics, notably polycarbonate. 

The anesthetic may be used at concentrations between 1 and 3 
niL L'. Concentrations of 2-3 mL L will induce a rapid and 
relatively deep anesthesia, with a subsequently longer recovery 
period (Norton et al. 1996). In this study on P. maxima from 120 
to 2,000 g, the optimal concentration for use in the laboratory has 
been found to be 1.5 mL L 1  in the laboratory and 2-2.5 mL L 1  
in the field. 

The anesthetic should be added at the appropriate concentra-
tion, and the solution should be aerated. Once the anesthetic is 
dissolved, aeration is not required, except to maintain dissolved 
oxygen levels, and may otherwise make observing the oysters 
difficult. Oysters to be anesthetized should be gently placed hinge 
down in the solution, leaning against the edge of the tank. This 
position allows the oyster to be easily monitored. Anesthesia gen-
erally lakes from 6 to IS min at temperatures between 24 and 
32°C, at which time the oyster will be gaping and unresponsive to 
handling. At temperatures below 24°C, anesthesia time is in-
creased. A well-anesthetized oyster will gape sufficiently wide to 
part the gill curtain inside the shell. After examination, the oyster 
should be placed into clean, aerated or flowing seawater. 

There are two main factors that conlrol the success of the 
anesthesia; these are the degree of stress that the oyster is subjected 
to immediately before being anesthetized and the degree of bio-
fouling on the shell. If the oyster is stressed before being placed 
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into the bath, it will remain closed for some time, and therefore, 
anesthesia will be delayed. In addition, when the oyster does open 
and becomes anesthetized, the shell will be only slightly open (2-4 
mm) and will still require the use of shell-opening forceps to open 
the shell sufficiently for examination. Anesthetized oysters with 
only slightly open shells may be easily overlooked, resulting in 
prolonged exposure to the anesthetic and hence a very deep anes-
thesia and a long recovery time. This may further result in mantle 
collapse or in an oyster vulnerable to predators if placed straight 
back into the sea. As a general rule, the degree of gaping is in-
versely proportional to the stress level of the oyster when placed 
into the bath. Stress may be produced by transport, such as on a 
boat in choppy seas, by rough handling, or by cleaning. 

Cleaning the shell before anesthesia is essential, because oth-
erwise, the chemical is absorbed by the biofouling and mud, re-
sulting in a rapid decline in concentration. Generally, it will be  

difficult to remove all of the fouling from an oyster on the farm, 
and therefore, a higher anesthetic concentration of 2-2.5 mL L 1  is 
recommended. Once the anesthesia time for the oysters increases 
to 20-30 mm, the solution should be replaced. Because preanes-
thesia stress must be avoided, the oysters should be cleaned the day 
before being anesthetized. 
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ABSTRACT The effects of holding Pinciada sna.vinia spat within individual histological cassettes and of weekly handling on their 
growth. survival, and feeding were assessed by use of a flow-through culture method. Neither growth or survival was compromised 
by the use of the cassettes or by weekly handling. Initial spat size was not related to the subsequent specific growth rate thus, rigorous 
grading is not essential in nursery experiments using P. mar/inn. Spat between 5.7 and 524 mg live weight had similar proportions of 
dry and ash-free dry weights ol 63.5 and 5.51/c of live weight. respectively. Daily algal consumption (dry weight of algae/live weight) 
ranged from 0.3 to 0.7% . Conversion efficiency for spat held in cassettes was higher (46.5% (than that for free spat (30.31/c). The low 
algal consumption and high conversion efficiencies may reflect the oligotrophic environment in which P. nurriina is naturally found. 

KEY W(i)RI)S: pearl oyster. Pisictada nia.vinia, feeding. bivalve, conversion efficiency 

INTRO1)UCTION 

The pearl industry in Australia was worth an estimated 
$Aus200 ($USI40) million per annum in 1994 (Knrtckey 1995). 
Although it has htstortcally been reliant on the supply of wild 
oysters for pearl prodttction, there is now a significant expansion 
of the use of hatchery-produced spat. Hatchery methods for 
Pinctaula otaximna developed in western Australia from 1987 to 
1989 form the basis for current spat production iti commercial 
hatcheries (Rose and Baker 1994). One of the areas idetilified as 
requiring further research is the nursery culture of spat, both in the 
hatchery and on the farm. 

Recenl literature has indicated that food concentration is an 
important aspect of feeding pearl oyster spat. Numaguchi (1994) 
determined that the optimal algal concentration for Potciada /it-
cata spat was 0.44 mg dry weight L of Pat/ma hit/ten, eqitiva-
lent to approximately 20 cells p.L . A concentration of 25 cells 

of Tahitian Isochtrrs,s sp. (T. Iso) was found to be the opti-
mum for spat of the Indian strain of P. fiicata (Krishnan and 
Alagarswami 1993), Results fi'om scope-for-growtli trials pre-
dicted an optimal cell density of approximately 17 cells xL ' ofT. 
iso (0.34 mg L') for P. otaxinta spat (Bellanger 1995). It therefore 
appears appropriate to feed pearl oyster spat by maintaining a food 
concentration of approximately 20 cells 1iL in the water column. 
The use of flow-through systems allows the maintenance of a 
given algal concentration, in comparison to the more traditional 
approach of a ration that is fed once or twice per day within a static 
system. 

There are very few reports in the lilerature where the perfor-
mance of individual spat are monitot'ed during nursery trials. This 
may he a reflection of bivalve spat generally being in plenlifLil 
supply, and relatively inexpensive compared with pearl oyster 
spat. Hence, the number of spat involved in these experiments is 
often large. Pearl oyster spat are difficult to grade because they 
have wtdely varying growth rates, attach to a sttbstrate with a 
hyssus, resettle quickly, and are of ii'regular shape. This makes it 
difficult to obtain si mi ar-sized ani mails for experimentation. 

To monitor individuals within a trial, each animal must he 
labeled in some mariner, and this may present technical clifficul-
tics. Roegner (1990) settled Crassost nra i'inginica spat onto plates 
that were subsequently periodically photographed, and the shell 
growth of individual spat was determined by itnage analysis. This 
approach is not suitable for pearl oyster spat because they are 
motile and often only altach temporarily. 

The use of histological cassettes as holding containers for in-
dividual spat within a replicate was evaluated. This technique 
would allow greater flexibihilv in the size range of spat that could 
be used in experiments, because the growth of individual spat 
could be monitored and the specific growth rate of individuals 
could he computed. This increases the statistical poxver of an ex-
periment and allows the performance of individual animals to he 
assessed. Histological cassettes have previously been used in spat 
trials at the Darwin Aqtiaculture Centre (Tlili and Mills unpuhl. 
data). 

The effects of handling spat, for the purpose of monitoring 
growth, have rarely been investigated as a factor in bivalve re-
search. Jakob and Wang (1994) concluded that handling C. sin-
gilt/ca spat dumuig nursery culture enhanced growth, although this 
'esult must he interpreted with caution because there was no rep-
Itcation. This experiment was conducted using a flow-through sys-
tem to examine the effects of using histological cassettes as hold-
ing containers and of weekly growth mom tori rig on growth, su r-
vival. and feeding of P. iitaxi,ttui spat. 

MATERIALS AND METHOI)S 

Experimental Animals 

Spat were prodLiced by the Darwin Hatchery Project in May 
1996 using western Australian hroodstock and were held at the 
Bynoc Harbour Pearl Company farm until required. In August 
1996, approximately 700 spat were transporled to the Darwin 
Aquaculture Centre (Northern Territoty Department of Primary 
Industry and Fisheries), packed between dampetied cloth within an 
insulated box. Spat were acclimated for several clays in a 500-L 
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tank at ambient temperature (24°C), during which time they were 
fed a mixed diet of Isochrvsis sp. clone T. Iso (T. Iso), Chaetoc-
eros mud/en, and locally isolated strains of Tetraselmis and Crvp-
tomonas at a combined concentration of approximately 30 cells 
p.L'. After acclimation, 200 spat were cleaned of biofouling and 
restocked into a 400-L recirculating system within an isothermal 
room at 24°C. The temperature of the room was subsequently 
increased to 28°C over 7 days. During this time, spat were fed a 
diet similar to that given during the acclimation period. 

Shell dimensions and weights (live, dry, and ash-free dry 
weight), were determined for 30 randomly selected spat. The data 
were used to investigate the relationship between the measured 
variables within the initial size range used in the experiment (4.1-
11.5 mm shell height, 8.7-173 mg). 

Experimental System 

The experimental system used was based on a flow-through 
method, the volume of which was controlled by fixed-flow irriga-
tion drippers (Fig. 1). Spat were maintained either free (F) or in 
histological cassettes (C) (Fig. 2) on rigid plastic mesh within an 
aerated l-L plastic tray (Fig. 3). Spat were continuously fed a 
suspension of T. Iso and C. muelleri (Taylor et al. 1997, Southgate 
and Sanders unpubl.) from a dedicated reservoir at a combined 
concentration of I mg L'. The mean total volume delivered over 
24 h to each replicate by a submersible pump (Sacem Zepher 100) 
and 21-h irrigation drippers (Philmac Pty. Ltd.) was 12.3 ± 0.7 L. 
The positioning of the aerator and the algal inlet ensured maximum 
mixing of the algal suspension within the tray. The contents of the 
reservoirs were replaced daily with fresh algae and carbon-filtered 
(I-p.m-pore-size filter) seawater. Trays and drippers were replaced 
weekly to prevent fouling. 

There were 10 replicates for each holding method, each con-
taining six pearl oyster spat. Five of the replicates from each 
holding method were handled weekly (H) and live weight, shell 
height, and hinge length were measured, while the remaining five 
were not measured (U) during the 3-wk duration of the experiment. 
Shell height was taken as the distance from the hinge to the shell 
margin between the shell processes. Oysters were first cleaned 
with a soft brush and then blotted dry with a paper towel before 
being weighed to the nearest 0.1 mg. 

Algal consumption for each replicate was determined by col-
lecting all of the effluent passing through the trays during the 24 h 
before spat measurement. A 50-mL sample of the collected efflu- 
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Figure 2. Histological cassette. 

ent was preserved with 1% w:v iodine solution, and the residual 
algae were counted with a hemocytometer at x400 magnification. 
Replicate control systems (n = 3) containing no spat confirmed 
that there was no algal loss due to sedimentation within the system. 
Typical effluent algal concentrations were between 0.3 and 0.6 mg 
L'. Individual dry cell weights used to calculate algal dry biomass 
concentrations for T. Iso (19 pg) and C. niuelleri (20 pg) were 
those of Nell and O'Conner (1991). Temperature was maintained 
at 28 ± 0.5°C; dissolved oxygen saturation levels ranged from 93 
to 100%, pH ranged from 8.12 to 8.23, and salinity ranged from 
35 to 37%. 

The weight-specific algal consumption (C) for each replicate 
(dry weight of algae consumed as % of live spat weight over 24 h) 
was calculated by the equation: 

C = (1_F)*V/W*I00 (1) 

where I is initial algal concentration (mg L 1  dry weight), F is final 
algal concentration (mg L' dry weight), V is volume of effluent 
(L). and W is live weight of spat in the replicate (mg). 

Specific growth rate (% increase/day) on the basis of live 
weight (WSGR) and shell height (SSGR) was calculated using the 
formula of Dc Silva and Anderson (1995). 

SGR = In (Wt,)- In (Wt1 )/t2  - t 1  (days) 100 (2) 

Gross conversion efficiency was calculated (modified from De 
Silva and Anderson 1995) as 

WSGRJ05  100/organic % (3) 

Dry weights of spat were obtained after drying to constant weight 
at 103°C for 24 h. The organic content of individual spat was 
determined by subtraction after ashing at 475°C for 5 h in predried 
and weighed 5-mL porcelain crucibles. 

Statistical Analysis 

Weight-specific growth rate (WSGR), survival, and algal con-
sumption were examined using a two-way analysis of variance 
model with handling and holding method as the two factors. Sur-
vival percentage data were arcsine ) transformed before being 
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Figure 1. Flow-through spat experimental system. Figure 3. Details of the plastic trays used to maintain spat. 
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analyzed. Homogeneity of variances was confirmed with Co-
chran's test, and normal distributions were confirmed with the 
Shapiro-Wilk W test. The relative proportions of dry weight and 
organic content were compared with those of control oysters using 
Dunnetts test. Relationships between various spat measurements 
were examined using linear regression analysis of log-transformed 
data. A p value 0.05 was considered significant. 

RESULTS 

There was no effect or interaction of holding method or han-
dling on either growth or survival of P. maxima spat (Table I). 
Survival was generally high, although there was total mortality in 
one of the cassettes unhandled replicates, which was excluded 
from the analysis because it was not considered to be consistent 
with a treatment effect. There was no significant relationship be-
tween the initial live weight of individual spat and their subsequent 
specific growth rate during the experiment (r = -0.36: Fig. 4), 
indicating that no bias was introduced by the use of different sizes 
at the beginning of the experiment spat in the experiment. Treat-
ment spat did not differ significantly from initial spat in the pro-
portions of either dry weight or organic content (Dunnetts test. p > 
0.05). Dry weight comprised 63.5 ± 0.03% of live weight. Organ-
ics comprised 5.5 ± 0.09% of live weight and 8.7 ± 0.09% of dry 
weight, respectively (n = 130). There were no size-related differ-
ences in the proportions of dry weight or organic content within 
the size range used in this experiment. 

There was a significant reduction in algal consumption (p < 
0.05) in all of the treatments during the experiment, with a corre-
sponding decline in growth rate (Fig. 5). Although there were no 
differences in growth between free spat or those held in cassettes, 
free spat consumed a significantly greater amount of algae in re-
lation to their live weight. Algal consumption (dry weight of al-
gae:live weight) by free spat was 0,46 ± 0.04% compared with 0.32 
± 0.04 for spat held in cassettes. Conversion efficiencies were 46.8% 
for spat held in cassettes and 30.3% for free spat. The trends in growth 
and algal consumption were evident alter only 7 days of culture. 

There was a weak, though significant, relationship between the 
al-al consumption of a replicate and its subsequent WSGR (1-2 S  

0.53. p = 0.003). There were strong correlations between the 
weight indices and shell dimensions of spat, with shell length 
being a better indicator of live weight than was hinge length (r2 = 

0.88 and 0.92, respectively). The relationship between shell height 
and live weight can be described by the regression inodel:Live 
weight = 0.00136 shell height.2°2  

J)ISC USS ION 

There appears to be no detrimental effect of using histological 
cassettes as holding containers in P. oiaxima spat culture trials. 

TABLE 1. 

Growth (live weight) and survival of 1' maxima spat in relation to 
holding method and handling frequenc. 

(;rosvth Survival 
Treatment (WS(,R %/day ± SE) (% ± SE) 
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Figure 4. Scatterplot of initial spat size and subsequent specific 
growth rate (% increase/day) (n = 130). 

Survival and growth rates were generally high and comparable 
with those obtained by Taylor CI al. (1997) and Southgate and 
Sanders (unpuhl.) in feeding trials (Table 2). 

The growth rates shown in Table 2 indicate that P. maxima spat 
are i'elatively slow growing compared with those of P. fucata and 
Pinctada nzco'garititera and that spat held in farm-based nurseries 
grow faster than those maintained in the hatchery. This is presum-
ably related to differences in nutrition and/or water quality and 
indicates that the hatchery environment and diets currently pro-
vided for pearl oyster spat need further optimization. The WSGR 
of pearl oyster spat is generally lower than that of other bivalve 
spat, which is commonly 5 to 11%/day (Laing and Millican 1991, 
Curatolo et al. 1993. Coutteau et al. 1994). 

Over the initial size range of spat used in this experiment, there 
was no effect of initial size on the subsequent specific growth rate. 
This indicates that stringent grading is not essential, provided that 
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TABLE 2. 

Growth of pear oyster spat in nursery trials. 

Growth Growth 
Species (WSGR)* (SHSGR)t Reference 

P. maxima 2.65 0.97 Present study 
P. maxima 1.7-5.1 0.17-1.24 Taylor et al. (1997) 
P. 1770)0/nO 2.43-3.6 0.9-1.13 Southgate and Sanders. 

unpubl. 
P. maxima 3.5j 1.39):.f Rose and Baker (1994) 
P. mnaxuna NDII 1.9t,§ Tanaka and Kumeta (1981) 
P. Jivata ND 1.2-5.1 Numaguchi (1994) 
P. fucata ND 0.17-0.7 Okauchi (1990) 
P. fucata ND 3.82 Alagarswarni et al. (1983) 
P. mnargaritijera ND 3.88T Alagarswami et al. (1989) 

Live weight specific growth rate %/day 
Shell height specific growth rate %/day 

:( Farm-held spat. 
§ Estimated. 
ND, no data. 

the performance of individual spat can be monitored. This aspect 
of growth provides several benefits. Constantly resettling spat dur-
ing gradtng may be deleterious and may lead to more or less 
compromised spat being used: thus, repetitive grading to obtain a 
pool of similar-sized animals is undesirable. Experiments that in-
volve temperature or diet may incorporate an acclimation period. 
After acclimation, spat sizes will cover a range reflecting the dif-
ferent treatments. However, this is less of a problem when spat of 
different initial sizes can be used without introducing any bias. 

The lack of a relationship between initial size and WSGR also 
suggests that the difference in spat growth is not genetically pre-
determined, but is a result of environment and/or husbandry prac-
tices. This indicates that factors such as density and spat micro-
environment may be critical in spat culture. 

The reason for the higher growth in the first week of culture is 
unclear. It is possible that this growth was primarily shell rather 
than tissue growth. However, this is unlikely, because the greater 
growth was reflected by higher algal consumption, which suggests 
that the increase was allometric, as indicated by the correlation 
between algal consumption and WSGR. A similar burst of growth 
has been shown by adult oysters when initially placed into brood-
stock conditioning trials (D. Mills, unpubl.). Pearl farmers also 
report that any significant disturbance to oysters, such as cleaning, 
stimulates growth. The initial growth burst may be a response to 
the stress of stocking into the experimental system. 

Alternatively, the higher initial growth rate of the spat may 
have been a reflection of the diet they were being fed before being 
stocked into the experimental system. This consisted of a mixture 
of four species, and this diet promoted better growth than the 
two-species mixture used in this experiment. There may have been 
a short-term flow-on effect on growth during the first week of the 
experiment. 

An advantage of the use of a flow-through system is that the 
feeding rate is to a large degree self-compensating for spat growth, 
although this will be related to the rate of exchange. This contrasts 
with static systems, where the effective feeding rate will change 
according to the increase in biomass, such as in the study by 
Southgate and Sanders (unpubl.), where the initial ration was 
0.47% (dry weight of algae to live weight), but after 35 days, the 
effective rate was only 0.17%, because of the increase in spat 
biomass. Taylor et al. (1997) attempted to compensate for growth  

by sequentially increasing the ration; however, at the end of the 
experiment, the effective feeding rates for different treatments 
ranged from 1.2 to almost 2% because of the differences in final 
biomass in different treatments. Thus, when using the batch-fed 
static system. there is often an experimental bias introduced. An-
other aspect of batch feeding in static systems is that the spat may 
be exposed to their optimal food concentration for only a small 
percentage of the feeding cycle. Numaguchi (1994) found that the 
grazing rate of P. fucata spat was 2.4% (dry weight of algae to live 
weight) at the optimal algal density, increasing to 3.8% at higher 
concentrations, although growth was not enhanced. This suggests 
that the extra algae grazed was not assimilated. A similar pattern 
has been shown for P. maxima spat by Bellanger (1995), where 
scope for growth was maximal at 17 cells p.L' of T. Iso, and 
declined with increasing or decreasing algal concentration. Thus, 
in static systems, the initial high concentrations may be poorly 
utilized and even repress growth, whereas at the end of the feeding 
period, the food concentration may be too low to support maxi-
mum growth. 

Coutteau et al. (1994) calculated the WSGR for clam spat and 
used this to compensate daily for increased spat biomass. Although 
this approach may allow a better maintenance of a ration based on 
the biomass of spat within a replicate, it does not overcome the 
problem of changes in food concentration during the feeding pe-
riod, and in that experiment, diurnal algal concentrations within 
replicates varied from 15 to 130 cells IJ.L'. 

P. maxima spat, being essentially oceanic, may be less pre-
adapted to large fluctuations in algal density compared with bi-
valves that inhabit more dynamic environments, such as intertidal 
zones and estuaries. Flow-through systems also allow the mainte-
nance of higher water quality due by continual flushing. 

The rate of algal consumption in this study (0.3-0.7% dry 
weight of algae to live weight day s ) for P. maxima is very similar 
to that obtained by Bellanger (1995) of 0.46-0.675% (Table 3). In 
the same study, the consumption rate for Pinctada albina was 
found to be 0.8%. Southgate and Sanders (unpubl.) exposed P. 
maxima spat to rations of between 0.17 and 0.47% and achieved 

TABLE 3. 

Comparative algal consumption rates of some bivalve spat. 

Species DTW %* Consumptiont Reference 

P. maxima 8.7 3.5-8.0 This study 
P. maxima 8.7f 4.6-7.4 Bellanger (1995) 
P. albino 8.7t 8.8 Bellanger (1995) 
P. fucata 8.7T 26.4 Nuamaguchi (1994) 
Tapes 14.0 16.7 Laing and Verdugo 

philippinarumu (1991) 
M. mercenaria 10.3 25.8 Laing and Verdugo 

(1991) 
Tapes decus,sata 15.7 16.8 Laing and Verdugo 

(199!) 
Crassostrea gigas 9.2 26.7 Laing and Verdugo 

(1991) 
M. mercenaria 10.2f 19.5 Coutteau et al. (1994) 
Tapes 14.0f 20.4 Laing and Millican 

philippinarum (1991) 

* Dry tissue weight/live weight. 
Dry algal weight: dry tissue weight. 
Dry tissue weight % assumed to be the same as in this study. 

§ Dry tissue weight % assumed to be the same as in Laing and Verdugo 
(1991). 
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growth rates similar to those of this study. Okauchi (1990) exposed 
P. /100k! spat to rations ranging from 0.3 to 0.67 well below the 
2.4% optimum louiid by Numaguchi (1994). This may have ac-
counted for the lower growth achieved in this study (Table 2). P. 
Jucata appears to be adapted to more eutrophic conditions than is 
P. ma.vioia, as shown by the higher algal consumption, which is 
similar to that of Mercenaria inercc,ia,'ia of 2.5% (Coutteau et al 
1994) and 2.86% (Laing and Millican 1991). The generally low 
algal consumption relative to live weight for pearl oyster spat may 
be partly a function of shape, which is quite laterally compressed 
when compared with that of other bivalves. This results in a greater 
shell-to-tissue ratio and hence a lower proportion of tissue to live 
weight (Table 3). The consumed ration may be better described as 
a function of the algae consunied relative to dry tissue weight, 
although this shows that P. oiaxioin spat still have it relatively low 
feeding rate compared with that of other bivalves (Table 3). 

The lower feeding rate of P. ,oaxinia spat is probably a reflec-
tion of the relatively ol igotrophic waters that it generally inhabits. 
This is also reflected in the mean conversion efficiency of 38.61/c 
compared with that of approximately 20Y for M. ni crcs'nal'ia (La-
ing and Millican 1991). 

The relative proportion of organic content to live weight was 
constant over the range of sues used in the experiment. The mean 
organic content (5.5%) was within the range obtained by Southgate 
and Sanders (unpuhl.) of 4.4614 , but lower than that reported for  

Indonesian spat by Taylor et al. (1997) of 6-8.20/. This may 
indicate that there are genetic differences in the shell:meat ratio 
between the Australian stocks and those from Indonesia or may 
result from differences in culture methods. The spat used by Taylor 
et al. (1997) had an initial organic content of only 4.47%, which is 

very low compared with the final range and is even lower than that 
of the unfed controls at the completion of the experiment (4.86%). 
This low initial value is similar to that obtained by Southgate and 
Sanders (unpuhl.) for starved spat (3.9%). 

The results of Taylor et al. (1997) show a strong positive re-
lationship between the organic content and WSGR of P. ina.vinia 
spat fed various algal diets (r = 0.77). This sLiggests that the 
organic content may be a good indicator of the nutritional status of 
spat. However, no such relationship was shown in this study or in 
that of Southgate and Sanders (unpubl.). 
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4BSTR1CTTodeterinine a suitable culture ens Ironment to masimize rowtIi and sLim ival. Prrrctodo rmrxirrru spat were held at 36 
combinations ol temperature and algal concentration Jor 14 days within a ilowthrotrgh sstem. Surs is al was greatest between 23 °C 
and 32 T. ss ith 35 f resulting iii high mortalities. the optimum tenrperature range tol P. nro.ri,iru spat found in this study agrees well 
with the observed tenmperatures which limit the natural distribution of P. ,rrrrxirrro in Australian \vaters Survival of spat was highest 
at low algal concentrations. Growth was optimal between 26 C arid 29 C and at 54 algal cells pL however, growth was still 
acceptable at alal coriccntranorrsas loss as I2 cells iL 1 . The organic content increased with ldeding rate and o as positivel correlated 
with specific nirosith rate. Spat filtration rate declined at lii ,, Ii Iceding  rates, whereas gra/inig rate increased, with a commensurate 
decline in cons crsiomn efficiency. It is recoritniended that P. nnrwriinro spat he rrrairriairred within the temperature range of 26 1' to 29 
°C and at algal cell densities between 12 and 54 cells iL to mnaxrmite spat perlormarmcc and rriinimi,e algal wastage. 

KEY Vt'()RDS: Prim undo nrrovirrmni 

IN'l'R()l)UCTIOIN 

Follosvinn high toortalities of adult silver-lip pearl ostets. 
I'otctmla /trnrrutta (Pass el al . 1987), durt tip the 1970s   and early 
1980s,   there has been a focus on hatchery product ion for ongrow-
rig and pearl product ion ( Rose et al . 1990). Although lhet'e has 

been constderahle work published on P. ,rro.riirto spat Production 
and husbandry. thet'e has been rio published invest igal ioti i to the 
role of'  either temperature or I ood concetilration on spa) cut lure 
success. 

Temperature is t'egai'dcd as one of'  the trios) potent factors al-
fecting growth and metabol t sm of'  mart tie poi ki lotherms ( G riftilhs 
and Grr ffiths 1987)   and has been shosvti to effect natty physiologi-
cal processes of bivalves, such as ii llration, feeding, t'espi ratioti, 
reproduction, and growth Bayne et al. 1976). 

There is evtdemice that the Austral tan distribution of both P. 
trtargar-tntera and P. ,nto.v/nta is Irmited to areas where seawater 
tetnpet'atures ratige trotii IS C 10 32 C (Hynd 1955, Pass et al. 
1987). Htgh mortalities of u p to SOG of wild fished P. ittaviltta in 
Western Australia (WA) in the late I 970s and early I 980s were 
attributed to reduced disease resislatice dun ng periods of low tem-
perature (Pass et at. 1957). This eflect may have been etihanced by 
the change in temperature (front 19 C In 26 C) between the 
col lectton grounds and the farms dun ng transportation. 

Rose et al . (1 990) ri vesttgated the seawater teiliperatures of the 
main Western Austral tan ft sh t tip beds for P. ,traviota and t'ecorded 
bottom temperatures of between 20 °C and 26.5 - C. Surface teni-
lrmthtrcs showed a larger range ( I 9.8-32 .3 °C). 

There have been sexeral leedtng rates used br P. ,tut.viota spat, 
without any teal cv t detice as to the r r s u t tmrh t It ty. Rose ( 1990)   ree-
otnmended twice-daily feedirtgs of 55-65 cells p.L , whereas 
Rose and Baker (1994) fed spat a mixed algal diet at 40-255 cells 

depend i ng on spat size. The algal coricentral ioti dynairi ics in 

Current addi'ess: Paspaley Pearl ing Co. P/I.. P.O . Box 338. Darwi ii. NT 
0801. Australia. 

a hatch-fed system will vary with tank size, stocking density. and 
leedtng frequency. 

The aim of this e'sperirnetil was to quantify the effects of tern-
pet'atitre and food availability on the growth, survival and feedi tig 
of P. ,rrorinnra and to determine suitable regitnes for spat culture. 

Materials and Methods 

Lxpe,'inc'n(al animals 

P. ittwviota spat were obtaitied from the Darwin Hatchery Proj-
ect on December 17, 1996. These spat averaged It ± 0.7 trig with 
an ui it al organic content of I 0.9%. Mean initial shell height ( clor-
sovermlral measitremetit) was 4.3 turn and ranged front 3.3 to 
5.2 nini. 

.S'twte,m, 

The system used in this experiment was a modified and scaled-
up version of that described in Mills (1997). There were three 
expertirtenlal blocks, each consisting of six I 00-L temperature-
controlled waterbaths and six elevated 100-L t'eservoirs. Each res-
ervotr contained an algal suspension at one of the experimetitat 
entice nt rat no its and so pp lied one replicate in each w aterhath 
through a submersible PLInIp and 4-mm tuhing manifold. The flow 
mate into each replicate was cotitrolled with 2-L h irrigation 
drnppers. Thus, each watet-hath in each block contained one repli-
cate tray at each algal cortcen ti-mitt on. giving one replicate of each 
comnhuiatroti of temperatute and Iood concentrmttion per block and 
tht'ee replicates of each combination. Different-cnloi-ed pegs were 
used to identify replicates of each algal coticentration within a 
waterbath. Both the iticoming air and algal suspension were pt-c-
heated to the cot'm'ect tempei'atui'e het'ore entering the replicates by 
ft i-st passing through approx itriately 4 in of the 4-mm supply lines 
coiled within the wmrterhath. Spat were held i ndivictual ly within 
histological cassettes, with 10 spat in each replicate tray. 

Trays were supported by the rim in rectangulmrr holes cnt into a 
32-mitt-thick sheet of extruded polystyrene loam, which was 
bloated within each watei-bmnth and acted as both tray support and 
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insulator. Irrigation drippers and trays were replaced at weekly 
intervals to prevent foul ing. 

Outflow from each replicate was collected from a 4-mm tube 
connected to the tray outlet. A 60-p.m mesh feces retainer pre-
vented contamination of the outflow sample with feces and/or 
pseudofeces. 

Temperatures and algal concentrations 

There were six temperatures used in the experiment: 20, 23. 26. 
29. 32, and 35 °C. This temperature range was chosen as it en-
compasses the annual range experienced in Darwin Harbour (23-
32 °C) and is similar to that recorded at Broome (Rose et al.1990). 
The ambient room temperature was maintained at 20 °C (the mini-
mum temperature attainable in the isothermal room), and all of the 
waterbaths at higher temperatures were heated with 300-W glass 
immersion heaters. Temperatures of the replicates were checked 
twice daily and maintained within ±0.5 °C of the desired experi-
mental temperature. Standard errors of experi mental temperatures 
were generally ±0.15-0.2 °C. 

The initial algal concentrations delivered from the reservoirs 
were 10. 20, 40, 80, and 160 cells p.L, with unfed controls 
exposed only to filtered seawater. All seawater was filtered to I 
p.m and then passed through a carbon filter to remove possible 
contaminants from the intake seawater, which was drawn from a 
commercial shipping wharf. 

The algal concentration range was chosen to encompass the 
optimums found for P. fucata (Numaguchi I 994a, Krishnan and 
Ala(arswami 1993) and for P. maxima by Bellanger (1995), and 
also the commonly used feeding rates in commercial hatcheries 
(80-100 cells p.L'). However, the effective algal concentration 
surrounding the oyster may be better represented by the concen-
tration in the outflow (Hildreth & Crisp 1976). That the outflow 
algal concentration was the same as that within the replicate was 
confirmed by comparing the algal concentration in samples taken 
from several replicates at 4-h intervals, with the subsequent con-
centration in the outflow. Thus, the results presented are given 
relative to the effective (outflow) i'ather than initial algal concen-
tration. The mean effective outflow concentrations were 0, 6, 12, 
23, 54, and lIt) cells p.L'. Al-al feeding reservoirs were cleaned 
and refilled daily with the appropriate algal suspension. 

Spat were fed an algal diet of equal cell numbers of Tahitian 
isochrvszs sp. (T. Iso) and Chaetoceros niuelleri. These species 
have been shown to support good growth and survival of pearl 
oyster spat (Taylor et al. 1997. Southgate et al. 1998). Mean algal 
cell dry weights were 19 and 20 pg. respectively, and were deter-
mined by the method of Epifanio (1979). Algae was cultured in 
20-L carboys using f/2 medium with a 12:12 photoperiod and 
harvested at the late exponential stage. 

Preliminary trial 

A preliminary trial was conducted to determine whether there 
was any change in the delivered algal concentration due to cell 
damage, growth or sedimentation, or differences in delivery vol-
Limes due to differing friction head loss within the system. One 
block was run over 24 hours without animals in the system at an 
initial algal concentration of 100 cells p.L_i . Outflow volumes and 
initial and final algal concentrations were compared by two-way 
ANOVA using a significance level () of 0.2. 

There were no significant differences in either the volumes 
delivered (P = 0.56) or the outflow concentration (P = 0.69).  

Initial and final algal concentrations were not significantly differ-

ent (P = 0.78). Subsequent trials showed that the volume of 
suspension delivered by a dripper was independent of the number 
of drippers on the manifold line at least up to ii = 8. This occurs 
as the pumps used were not positive displacement, but rather main-
tained a set delivery pressure and possessed a delivery capacity 
exceeding that of the combined number of drippers. Thus, the 
number or status of drippers on a manifold line had no effect on the 
delivery pressure (and hence output) of individual drippers. 

Sampling 

As it was not logistically possible to weigh and measure all of 
the 1080 spat and sample all of the 108 outflows during a single 
day, both the startup and sampling procedures were sequenced 
over 3 days. A full block could not he sampled on I day, as there 
was not enough floorspace for all of the outflow collection vessels: 
hence, a part of each block was sampled on each day. The se-
quence used was designed to sample one replicate of each treat-
ment combination on each day. 

At days 7 and 14, each spat was removed from the histological 
cassettes, washed in seawater of the appropriate temperature to 
remove adherent feces, and then weighed to the nearest 0.1 mg and 
measured to the nearest 0.1 mm (DVH). Outflow volume and 
collection duration were recorded, and outflow samples were pie-
served with Lugols iodine for later counting and calculation of 
filtration and grazing rates. 

Growth was expressed as the daily tissue weight specific 
growth rate (SGR) and was calculated according to the following 
equation: 

SGR = (Ln final tissue weight) - (Ln initial tissue weight)/time 
[days]) x 100 

The organic content was calculated as: 

Organic content (%) = loss on ignition/dry weight x 100 

Filtration rate (FR) was calculated by the formula of Bayne et 
al. (1976) for flowthrough systems: 

FR(lh) = CI - CO/COxF 

where CI = the initial algal concentration, CO = the final algal 
concentration, and F = flow rate (1 h_i).  

This was converted to a weight-specific filtration rate by the 
following equation: 

FR (1 lfigi) = FR (I hi)/tissue  weight (g) 

Al-al grazing rate for each replicate was calculated as: 

Grazing rate (%) = C (g)/dry tissue wt (g) 

Conversion efficiency was calculated by the equation: 

Conversion efficiency (%) = SGR/grazing rate x organic 
content of algae x 100 

(modified from Dc Silva and Anderson 1995) 

Statistical analysis 

All responses to temperature and algal concentration were ana-
lyzed using a two-way factorial ANOVA model. Although 
samples for growth, filtration, and grazing rates were taken at 
weekly intervals, because of the plasticity of the spat organic con-
tent the analysis was conducted only on the final values, as these 
responses were all calculated relative to spat tissue weight. 
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There ss as very loss survis al at 35 C (I. I (/ )• and this tern-
perature was excluded from subsequent analysis because of the 
low number of surviving individuals and hence very high selection 
pre ssu le on the popu at ion. 

Any survival percentage data that were not normally distributed 
was arc sine trail stormed he tore hei n g analyzed ( Underwood 
1981). 

Homogeneity of variances were tested with Cochran's test with 
the critical value (CV) calculated as: 

CV = largest variance/ I variance 

and was compared with a tabulated value with (replicates! 
treatment) - I and (treatment levels - I ) degrees of Ircedorn 

Normality of response di stribut ns were tested on residuals 
(yij-Yi) using the Shapiro-Wilk W test (Zar 1984). If variances 
were found to he unequal, or the data had a non-normal distri bu-
tion, appropriate transi ormations were done. Comparison of means 
was only undertaken it the overall ANOVA model was sign i hcailt 
using the Fisher's protected least signi ticant di ft erence test. Rela-
tionships between measured responses and culture conditions were 
examined using regression analysis. A P value <0.05 was consid-
ered signil cant or all statistical analysis. 

Results 

Surri,'al 

Both temperature (P < 0.00(1) and algal concentration (I' = 

0.03) at fected spat surs i val, with temperature being a m Lich st ion-
(ler intl uence than algal concentration. There was no sign i ticant 
interaction (P = 0.16). Within the naturally occurring temperature 
range for 1)arw in Harbour (23-32 C ). there was no e feet of 
temperature on mortality rates, and survival was greater than 90% 
(Fig. I). At 35 C mortality was almost complete (959(/),  and at 
20 °C survival was sigml icantly lower than at 23 C. 26 C. 29 C. 
and 32 C. 

Spat at the lowest algal concentration of 6 cells 1iL showed 
the highest survival, which was significantly higher than those at 
23 and I It) cells IL and unfed spat (Fig. 2). It is notable that the 
only sury i sal at 35 C ss as at the lower algal concentrations (6 and 
23 cells iL  

Gi'o s/h 

Tissue SGR responded signiheantly to both temperature and 
algal concentration (P = 0.0008 and P < 0.000 I . respectively), but 
there was no signi icant interaction (P = 0.73). Growth increased 
with increasing temperature up to 29 C and then declined from 
29 C-32 °C (Fi(,  .3). The decrease in growth at 32 °C indicates 
that this is approaching the upper temperature limit for the species, 
as contirmed by the very low survival at 35 °C. Growth at 29 C 
was more than lw ice that at 20 C. and gross th at 32 °C was similar 
to that at 23 °C. Tissue weights of un ted spat dccl med. indicating 
that there was 110 significant nutritional value in the ti Itered sea-
water, In led spat, growth increased progressively with increasing 
algal concentration up to 54 cells 1iL . alter which there was a 
slight but nonsignificant decline (Fig. 4). Growth at 54 cells p.L 
was approximately 50% greater than that at 6 cells p.L. This 
illustrates that P. 111ox1010 spat are capable of moderate growth 
e Sen at very low algal concentrations. 

Organic content 

I nci'eases in algal concentration were reflected in significant 
Increases in spat organic content (P = 0.0002), from 9.4% in 
unled spat to >13(1( at the highest concentrations (Fig. 5). The 
organic content of spat cultured at 6 and 12 cells p.L was not 
sIgn ificantiv di l't'erent from the ill itial value of 10.9 . Temperature 
had no significant e l't'eet on spat organic content (P = 0.8). not-
was there any s ig nib cant interaction between temperature and al - 
gal concentration (I' = 0.8). There was a positive correlation 
between the SGR of spat and their organic content (r2  = 0.51. P 

Temperature (°C) Algal concentration (cells pP -1) 
Figure I. Survisal of I'. ,na.ri,,ia spat after 14 da's' culture at various Figure 2. Surslval of P. maxima spat after 14 days culture at various 
temperatures. Figures show means ± standard error. Means with simi- algal concentrations. Figures show means ± standard error. Means 
lar suhscripts are not signit'icantiv dil't'eren( (I' > 0.05). with similar suhscripts are not significantly different (P > (1.05). 
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Figure 3. SGR of P. maxima spat at various temperatures. Figures Algal concentration (cells p I _1) 

show means ± standard error. Means with similar subscripts are not Figure 5. Organic content (% of dry weight) of P. ,naxi,na spat after 
significantly different (P > 0.05). 14 days at various algal concentrations. Figures show means ± stan- 

dard error. Means with similar subscripts are not significantly differ-
ent (P > 0.05). 

< 0.0001). with faster-growing spat having a higher organic con- 
tent. 

from I Henceforth, for the calculation of feeding rates it was 

Feeding assumed that there was no selection for either species by the spat. 
The weight-specific filtration rate increased with moderate in- 

The two different algal species comprising the diet were creases in algal concentration up to 23 cells (J.L', before declining 

counted separately in outflow samples obtained during the first significantly at 54 and 110 cells rL (Fig. 6). Filtration rate was 

week. There was no preferential selection by the spat for either of highest at 20 °C (54 L h'g) and declined significantly with 

the species at any concentration or temperature, and the ratio ofT. increasing temperature to 17.3 L hg at 32 °C (Fig. 7). This is 

iso to C. ,nuel/eri in the outflow was not significantly different an inverse response to that shown in most bivalve studies, in which 
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Figure 4. SGR of P. ,naxima spat after 14 days at various algal con- Figure 6. Filtration rates of P. ,naxima spat at various algal concen-
centrations. Figures show means ± standard error. Means with similar trations. Figures show means ± standard error. Means with similar 
subscripts are not significantly different (P > 0.05). subscripts are not significantly different (P > 0.05). 
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Figure 7. Filtration rate of P. maxima spat at different temperatures. 
Figures show means ± standard error. Means with similar suhscripts 

are not significantly different (P > 0.05). 

filtration rate generally increases with increasing teniperature up to 
a maximum, with a subsequent decline. 

The grazing rate ( C) increased linearly with i ic reasi ng algal 
concentration from approximately I 5 Y at 6 cells j.rL ' to I 36Y at 
110 cells xL' following the equation: 

= 0.74 x algal concentration + 18.2 012  = 0.96) (Fig. 8) 

With the increase in grazing rate, there was a corresponding de-
cline in the gross conversion efficiency from approximaiely 381/c 
at 6 cells 1iL to 5% at 110 cells rL (Fig. 8). As the production 
of pseudofeces was not quantified, the gross conversion efficiency 
refers to growth from algae grazed, rather than ingested. The loga- 

Algal concentration (cells p 

Figure S. Grai.ing rate and conversion efficiency of P. ,naxuna spat at 
different algal concentrations. Figures show means ± standard error. 
Means with similar subscripts are not signiticantly different (P > 0.05). 

rithmic decline in conversion efficiency (CE) can he described by 
the equation: 

CE = 1128.4 x algal concentration (cells 1iL (l-°  745 

As the grazing rate increased greatly in response to increasing 
algal concentration without a commensurate increase in growth 
rate, it seenis likely that the majority of the algae grazed were 
rejected as pseudofeces. Neither the grazing rate nor conversion 
efficiency was affected by temperature, not-  was there any signifi-
cant i nte rae tin n of the two factors. 

l)iscussion 

,Survival 

The Ixittern of survival exhibited in this experiment is consis-
tent with the observations of Pass et al. (1987). who concluded that 
the natural distribution of P. univ/mo was limited to areas with a 
seawater temperature range of 18-32 °C. Although it was not 
possible to examine the effects of temperatures below 20 °C, it is 
appare it from the si gil i fican t I y lower survival at 20 5C that the spat 
were approaching their lower tolerance limit. The very low sur-
vival at 35 °C indicates that this is above the upper tolerance limit. 
as foreshadowed by the reduced growth at 32 °C. The reduction in 
survival at 20 5c, and the very low survival at 35 °C. reflects the 
results of' I)oroudi et al . ( 1 999)   or P. mna!garitl/eia larvae, in 
which there was no development at either 20 °C or 35 °C. The 
optimum range for P. oiurgnri!/fi.ua larvae was foud to be be-
tween 26 C and 29 °c, which is slightly narrower than that found 
for P. nio.v/nia spat in the present study (23-29 °C). Numaguchi 
and Tanaka (1986) investigated the effects of temperatures from 
7.5-35 C on P. .tiicota  and concluded that the lower and ripper 
tolerance limits were IS 5 C and 32 5C, respectively, with the 
opt i mu iii range being from I 7 .5 5 C to 28 °C. 

Temperatures on both the natutral pearl oyster beds and pearl 
farms in WA would occasionally be high or low enough to be 
deleterious to P. maximet spat, as they generally range from 20 °C 
to 32 C (Rose et al. 1990). In the Northern Territory (NT), sum-
mer inshore water temperatutres are generally 31-32 °C from De-
cember to April (Padovan 1997) and may be approaching stressful 
temperatures. Wada (1953) observed that the temperature of the 
main deepwater commercial oyster grounds in the N.T. was the 
same throughout the water column and averaged 29 °C during the 
summer. The lower temperatures offshore may be more conducive 
to growth and reproduction than warmer inshore waters. 

As surface seawater temperatures reach higher levels than bot-
tom waters, pearl oysters hung from longlines (typically 1-3 m 
deep) may experience temperatures greater than 32 °C, especially 
in sites farther to the north such as the Kimberly region in northern 
WA, and the NT, and in calm sheltered bays. These temperatures 
may he at or near the tolerance limit of the species, and although 
there does not seem to he any direct mortality associated with 
them, there could be significant sublethal effects such as reduced 
growth, reproductive output, pearl quality, and resistance to stress-
ors such as cleaning and handlmg. This may aecoLint for the lower-
quality spawnings and gametes produced by oysters from farm 
longlines compared with those from the offshore fishing grounds 
(Rose et al. 1990), although this may be partly attributable to the 
frequent cleaning and handling of farm oysters. 

High water temperatures may he more critical in NT hatcheries, 
as during the summer air temperatures commonly reach 34 °C, and 
this may he reflected in the temperature of the rearing tanks. Cur- 

rii 
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rently, the industry addresses this by shading of the seawater sup-

ply and rearing tanks: however, temperatures may still reach 
stressful levels. Stressed larvae and spat may be more sLisceptlble 
to disease and sLihoptimal water quality. Algal cultures used to 
feed larvae and spat are grown at temperate water temperatures 
(20-24 °C). and problems may occur as a result of the abrupt 
increase in temperature experienced by the algae when it is trails-
ferred from the algal culture system to the spat culture tanks. 
Minaur (1969) noted that P. liitheri became moribund at tempera-
tures above 30 °C and attributed this as a major problem in at-
tempts to rear P. ma.vima larvae and spat. 

Numaguchi (I 994h) considered that an increase in the mortality 
rates of farm-held P. ti,cata was due to sustained elevated tem-
peratures of greater than 28 °C. This may have been related to 
temperature stress combined with reduced food intake and higher 
metabolic costs, as the same author demonstrated that filtration 
rate declines dramatically at temperatures above 28 °C (Numagu-
clii I 994c). whereas catabolic losses increase at higher tempera-
tures (Numaguchi 1995). There appears to be a similar process in 
P. ,naxi,nci. Assuming that the organic content of the spat at day 7 
was the same as that at the beginning of the experiment, then at 
35 °C the mean filtration rate over all algal concentrations at 35 °C 
was 9.6 L hg compared with >30 L h'g at temperatures 
from 20-32 °C. Unfed spat showed greater tissue weight loss with 
increasing temperature. This strongly suggests that if the experi-
ment had been extended, there would have been large mortalities 
in unfed spat, particularly at the higher temperatures. The combi-
nation of these two factors indicate that at 35 °C there is reduced 
feeding and increased metabolic costs, leading to negative growth 
and increased mortality. 

Algal concentration had a small but significant effect on spat 
mortality, with the survival rates at 6 cells p.L significantly 
greater than those of unfed spat and those at 23 and 110 cells jiL. 
The only surviving spat at 35 °C were unfed, and at the lower fed 
algal concentration. This is probably a result of the stimulatory 
response in filtration rate at higher algal concentrations (Fig. 6), 
resulting in an increase in metabolic rate and energetic costs, and 
consequently a more rapid loss of body tissue and death. 

Growth 

As previously found by Mills (1997), there was no significant 
relationship between the initial weight of spat and the subsequent 
SGR within the spat si/c range used 012  = —0.11. P = 0.08). 

Increasing growth with increasing temperature up to an asymp-
totic point, followed by a rapid decline, is a common pattern for 
bivalves (Bayne et al. 1976). A similar pattern was shown by a 
temperate strain. P. tivaia (Numaguchi and Tanaka 1986), ex-
posed to temperatures ranging from 7.5°C to 35 °C. 

The relationship between preasy mptote temperature and 
growth of P. nia.vinia spat can be described by the second-order 
polynomial equation: 

Growth (SGR % day) = —19.85 + 1.6 temperature - 0.027 
temperature2 (12 = 0.98) 

From this equation, the calculated temperature of zero growth 
is 17.7 °C, which agrees well with the estimate of the lower tem-
perature limiting the distribution of P. maxima by Pass et al. 
(1987) of 18 °C. 

Growth relative to algal concentration showed a pattern similar 
to that obtained by Numaguchi (I 994a) for P. tiicata spat, in which 
growth increased rapidly LIP to a concentration of 20 cells jiL  

with no advantage of further increases in concentration. In this 
study, growth increased rapidly up to 12 cells p.L , with further 
increases in concentration producing slightly higher growth. This 
lower threshold value for P. maxima may reflect the very high 
filtration rates attainable in this species. Yukihira et al. (I 998b) 
calculated that the algal concentration for maximum scope for 
growth (SFG) of adult P. maxima was 20-30 cells j.L_i.  Above 
this concentration the calculated SFG declined and was negative 
above 90 cells liL_i.  The decline was primarily due to a large 
reduction in the absorbed energy as a result of a decrease in ab-
sorption efficiency. Similarly, the SFG of P. maxima spat calcu-
lated by Bellanger (1995) predicted that growth would decline at 
T. Iso concentrations greater than 17 cells jiL . Although the 
results of the present study indicate that low algal concentrations 
may still promote good growth, there is no evidence that higher 
algal concentrations are detrimental. Bellanger (1995) could not 
separate pseuclofeces from true feces, and consequently the ab-
sorption efficiency was underestimated. It is possible that spat may 
have different energetic characteristics than adults. Alternatively. 
there may he an acclimation to higher algal concentrations over 
time, which cannot be compensated for in short-term studies. 

Preasymptotic growth at various algal concentrations can he 
described by the equation: 

Growth (SGR% day_i) = 2.921 + 0.05 algal concentration 
(cells jiL i )  - 3795_4 algal concentration (cells 11L_i )2 

(r2 = 0.93) 

This equation predicts a maintenance ration (where SGR = 0) 
of 1.45 cells p.L . This value is substantially lower than that of 
Bellanger(1995). where the SFG was calculated to heOat 7.6 cells 
iL_i .  Given that growth was still quite high at 6 cells FiL_i  in this 
experiment, the estimate obtained in this study would appear to be 
a more accurate estimate of the maintenance concentration. Yuki-
hira et al. (I 998a) calculated that the SFGs for P. maxima and P. 
margarititi'ra were very high even when exposed to very low algal 
concentrations (5 cells .i.L). I-Iayashi and Seko (1986) monitored 
chlorophyll a levels and growth of P. fimcata on pearl farms in 
Japan and concluded that maintenance requirements were met by 
algal concentrations that result in chlorophyll a levels of 3 jig L 
whereas levels of 4-5 jig were required for good growth and 
reproductive development. This was equivalent to 6 and 10 cells 
liL_i of P. lutheri, respectively. P. fi, cata appears to he adapted to 
more eutrophic conditions than P. maxima, as chlorophyll a levels 
in Darwin Harbour are generally from 0.5 to 3 jig L (Padovan 
1997) and similarly low levels occur in the main fishing grounds 
off Broome (Rose et al. 1990). Mean chlorophyll a levels recorded 
at the Broome fishing grounds were from 0.3 to 0.9 jig L (Rose 
et al. 1990), equivalent to approximately 0.6-1.8 cells jiL_i.  Thus, 
the calculated maintenance ration in this experiment agrees well 
with observed food levels in the field. The ability to thrive in 
conditions of very low food concentrations is due to the ability to 
process very large volumes of water (Yukihira et al. I 998a). As 
growth rates increased by 50Y( from 6 to 54 cells jiL_i,  it may be 
that growth of oysters in the field is commonly food limited. 

Organic content 

Organic content is rarely determined in hivals e studies, and 
there are few references to pearl oyster spat. Given that spat or-
ganic content increased with both algal concentration and SGR. 
and that SGR increased commensurately with algal concentration, 
it is possible that the increase in organic content is related to the 
SGR rather than the algal concentration per se. This would agree 
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ssith the results oLlaylor et al. 1 1997), who found that the organic 
contetit of 1'. ,,iovioui spat increased with higher SGR despite a 
reduced weight-specific ration fed to the I astest-grow ne spat. 

I ceding 

i\ liitiitation of the experimental method utilizing histological 
cassettes is that it is impossible to collect hiodeposits: thus, the 
estniiatioit of incestion, absorption, and conversion efficiencies 
cannot he carried out. The filtration rates obtained in this experi-
ment are very high compared wit Ii those of the p1ev ious cx pen-
nient and other published filtration rates. This is probably due to 
the small site oF the spat used, as the sseight-specific filtration rate 
generally declines with increasing si/c according to the equation: 

R (I. h) = aW5  (Rayne ci al. 1976). 

Thontpson and Baviie (1972) found that the weight exponent fol 
mussels less than I g dry weight was higher than that of larger 
mussels. Thus, the very high filtration rates found in this stLtd) 
may ieticct the sery,  small spat used. YuLihira et al. ( 1998a) dem-
oiistrated that smaller I'. iiioxioto atid P. oioigori///'isi spat had a 
considerably higher filtration rale than larger animals. Using the 
equatloit developed by Yukihua ci al. (I 99a). CR = 10.73 

. the predicted filtration rate or the mean final spat ash-free 
dry weight used in this trial (9.0023 g) would he 0.115 L It 
com pared w i tlt a nleasli red s a I uc of 11.119 L h 

Yukihira et al. ( 199a) found that the filtration rates obtained 
for P. oio.vi,iio and P. iIuiigon/ti/oo xs crc antoiig the highest ic-
corded tr any bivalve species. A similar result ssas fomtd for P. 
oioi'i(1ritifeio by Pou sreau ci al. ( 1999). 

Reduction in filtration late is a common response to increasing 
algal concentratioil )13ayne ci al. 976). The trends found in this 
studs are similar to the findings of Ref laitger (1995). in sshich algal 
concentrations above 17 cells 11[H  resulted in a decrease in the 
sseight-specilic filtration rate. In both cases, filtration rates initially 
increased with moderate increases in algal concentration and then 
declined at higher algal concentrations. 

Rc(Iuctioit in filtration rate ss ith increasing temperature is con-
trary to results from other studies on pearl oysters. Nuntaguchi 
I 994c) found that the filtration rate of 2-year-old P. /iuolii (5.7-

6.1 ciii shell height) increased with nicreasing temperature up to 
the tolerance limit before sharply dcclniing. A similar pattern was 
shos it for P. /iicolo spat ) Numaguclii I 994a). The Lmusual results 
in this study are probably all artifact of the differences in site of 
the spat at the arious temperatures, and a high rate exponen(. 
Mean final dry tissue sveight at 20 C sins 7 ± 1.5 mg and increased  

commensurately xsith temperature up to 21 ± 1.7 mg at 32 C. 
Filtration rates of the largest spat ) 17 L hg at 32 °C) ap- 
proached those ohtai ied by Mills (1997) of 7.3 L H g and those 
of Belfanger (1995) (11.9 L. hg(. To eliminate any potential 
effects of different-sized spat, a short-term experiment would have 
to he condLicted with si iii lar-sized spat at all temperatures. 

The lack of :t temperature effect on grazing rate may also he an 
al tifact of,  the ariations in spat site at the different cxperitxental 
fetnperat ures. as fhc increase in filtration rate by smaller spat 
SS OLild have masked the increase in grazing rate with higher tem-
peraiLtres. 

The increase in grazing rate with i ncreasi ng algal coticetitration 
ic fleets the relatively loss corresponding decrease in filtration rate. 
As growt Ii did not increase proport i ona fly,  the cx tra algae grazed 
at Ii igher algal concentrations ss as probably rejected as pseudote-
ces. This was consistent with observations that pseudofeces were 
produced at initial algal concentrations above 20 cells 1.i_L . A 
similar obsers at io ii was niade by Bell anr ( 1995)    at algal con-
centrations greater than 22 cells p.L . This increased rejection as 
al-al coilcentrat ion increases is reflected in the decrease in con-
version efiiciencv from approxiniately 371/( at 6 and 12 cells j.L' 
to appro\iniately 5Y at 54 and 110 cells 

Both tie grating and growth rates in this study are substantially 
higher than those recorded by Mills (1997). suggesting that growth 
is hens i fy dependent oit food intake. This is consistent ith the 
higher gross th at higher algal concentrations. 

In the present study the growth rate at 6 cells 1iL was still 
quite high. although Rellanger (1995) predicted it to he negative. 
It is likely that the metabolic costs in that study were overesti-
mated. leading to erroiteous conclusions as to the predicted growth 
at various algal concentrations. 

On the basis of the results of this study. P. oio.vioio spat should 
he m a nt liii ned at tem perat Ii res between 26 C and 29 C. and al-al 
concentrations between 12 and 54 cells 1iL. Within these culture 
p:ir:ulietcrs, spat growth and survival will he optimal. and the 
efficient utihizafion of algal cultures ss ill he maximized. 
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