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Abstract

Two trials in 1991 and another two in 1992 were carried out on the broodstock
conditioning of Manila clams, Tapes philippinarum. The main objective was to manipulate

the lipid and polyunsaturated fatty acid content of Manila clam eggs by maintaining

broodstock in different dietary regimes. The second objective was to assess dried algae as

alternative diets for conditioning broodstock.

Clams were brought into the laboratory from the natural environment early in the
year, before gametogenesis had started. Supplements of cultured live (Dunaliella
tertiolecta, Skeletonema costatum, Tetraselmis suecica and Isochrysis galbana) and dried
algae (T. suecica) diets were fed to the broodstock, usually in a range of mixed diets, at
rations equivalent to 3% or 6% of the initial dry meat weight of the broodstock in dry
weight of algae per day. The microalgae differed in their long-chain polyunsaturated fatty

acid content (PUFA). Unfed control clams received only the organic material which

remained in the sea water after sand filtratton. The nutritional value of these diets in

relation to gametogenesis, fecundity, quality of eggs, and wiability and growth of larvae

were assessed.

Dry T. suecica was the same food value as live T. suecica but Manila clams produced
more eggs if supplements of live algae were added. The requirement for conditioning
Manila clams (32 mm shell length) to spawn with live or dry T. suecica+S. costatum was
500 to 700 "day-degrees" (D°). With dry T. suecica on its own or mixed with I. galbana,
S. costatum and D. tertiolecta it was 500 to 600 DO (44 mm shell length). In one trial

clams spawned in the tanks (equivalent to 462 D) before the first attempt to spawn them

was made.



Successful spawning was dependent on the quantity and quality of the algal diet

during gametogenesis. With a 6% food ration, clams fed dry 7. suecica+S. costatum or
dry T. suecica+l. galbana produced the highest number of eggs (an average of 3.2 and
4.5 million eggs per female, respectively). The average fecundity was 83% lower when the

diet was reduced to a 3% food ration. The dry meat weight, condition index and fecundity

of fed broodstock were significantly higher than for unfed animals.

The quantity of lipid in the eggs, usually between 4 and 9 ng egg-1, was similar
whatever the broodstock diet. However, levels of the essential polyunsaturated fatty acids

20:5w3 and 22:6w3 in the eggs were low if the broodstock diet was deficient in these
PUFA:s.

Even though diet manipulation caused changes in the fatty acid composition of the

eggs, growth and survival of Manila clam larvae was not reduced in a hatchery situation.
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Chapter 1 - Introduction

1.1. Bivalve production

The bivalve industry is of great importance in Europe and in the U.K. where it is a
traditional, well-established profession with a strong social structure. The culture of
bivalves has the advantage over commercial production of other food species, in that
bivalves feed on the natural phytoplankton of an area which reduces production costs. The
site selected must have a good water quality, high primary production, and moderate
currents to supply food and oxygen and remove wastes (Walne,1974). Usually bivalves
are cultured in the intertidal zone or in suspended culture in the sea with good accessibility

from land or, under certain conditions in polyculture utilising the effluents of a

fish/crustacean farm.

The economic importance of bivalve culture varies between countries, as does the
market demand for these products. Countries such as Japan, France, Italy, Spain and
Portugal, with shellfish eating habits, are the principal producers but also prime
consumers. The high market demand for bivalves in these countries maximizes the
utilization of natural resources as well as the culture of a variety of species, both to

increase supply and to compensate the depleted natural stocks.

In 1983 the production of more than 500,000 tons live weight of Manila clam was
shared between Japan, U.S.A., France, Italy, Great Britain, Canada and Germany (Anon,
19835), of which 80% was cultured and the remainder harvested from natural populations.
Japan accounts for 60% of the clam production with an annual tonnage of 240,000 tons of
Manila clams. The British shellfish industry farmed output, spread over more than 300
sites in 1986 and the estimated output for 1991 are given in Table 1.1.



Table 1.1. Annual production of cultivated shellfish
in England and Wales (Multi-Annual Guidance

Programme).
Species Production  (tonnes)
1986 1991

Ostrea edulis 100 200
Crassostrea gigas 300 452
Mytilus edulis 3,500 9.400
Clams 10 50
Scallops 30 30

There are about 16,000 hectares of public ground in the U.K. which are suitable for
bivalve cultivation. The annual production per hectare is estimated at 15 t for oysters, and
10 - 25 t for clams. In Britain, about 75 years ago 5,000 t of oysters per year were eaten
but nowadays it is around 400 t per year. Although home consumption has decreased it is
speculated that there is much scope for an increase in demand. Prices of oysters are
£2,000-3,000 tonne -! and of clams £4,000-6,000 tonne -1, There is potential for export to
European countries to increase as well: in 1986, 543 t of oysters were exported and

according to Piquion (1985), the Spanish market had been short of clams for the previous
10 years.

In the U.K. the overfishing, the decline of natural oyster beds and the prohibition of
the importation of Portuguese oysters (Crassostrea angulata) in 1962 stimulated interest
in the Pacific oyster (Crassostrea gigas) which was introduced in 1964. The Manila clam
(T. philippinarum) was introduced in 1980 and the American oyster (Crassostrea

virginica) in 1984. For these non-native species it is necessary to rear spat in hatcheries for




distribution to farmers, t0 maintain and increase bivalve culture and production for home

consumption and for export.

The efficiency of the hatchery operation has been improved recently with the
introduction of nursery stages. Spat can be reared from settlement to planting size in

upwelling recirculation systems which result in higher overall survival.

1.2. Species history and importance

The present work studied the introduced clam species, Tapes philippinarum (Adams
and Reeve, 1850). The Manila, Pacific or Japanese little-neck clam T. philippinarum was
introduced from the Pacific to European coastal waters for its improved qualities of

resistance, adaptation and faster development relative to the over-exploited native

palourde, Tapes decussatus. In a number of European countries, including France
(Latrouite and Claude, 1976) it is presently reared in great quantities in some hatcheries
(Parache, 1982). It appears to have good potential for cultivation on a commercial scale
(Piquion, 1985; Utting 1987a,b) by virtue of its tolerance to salinity, temperature, disease,
TBT and handling (Loosanoff and Davis, 1963; Utting, 1987 b). Trials comparing the

performance of the native palourde with the Manila clam confirm its superior growth,
survival and condition factor (Spencer, 1987).

This clam is also known by the generic names of Venerupis or Ruditapes and has been

reported under a number of synonyms. Bernard (1983) regards Ruditapes as a sub-genus

of the genus Tapes. He also considers the genus Venerupis as a distinct taxon, concluding

that Tapes philippinarum (Adams and Reeve, 1850) is the correct name and the oldest of

this group of names. On the other hand, Partridge (1977) argues that the proper name is




Tapes semidecussatus Reeve and refers to this name as the grammatically correct form of

Tapes semidecussata Reeve, 1864.

The Manila clam was accidentally introduced from Japan to the Pacific Coast of North
America with seed of the Pacific oyster, C. gigas (Thunberg). It was first recorded m
Ladysmith Harbour in 1936 (Quayle, 1938, 1941) from where it soon spread. During the
1950s and 1960s Manila clams were of little commercial interest. Great development
occurred in the mid-1970s and Manila clams are now fished in commercial quantities from
British Columbia to California (Magoon and Vining, 1981). This clam is now the largest
fishery on the west coast of North America, especially in Washington State and British

Columbia. Manila clams appear to grow in the same habitat as Pacific oysters (Chew,

1990). Production and demand for this clam species extended to the European market.

Manila clam broodstock from the west coast of North America were introduced into

Western Europe (Great Britain, France and Italy) and in 1990 there were approximately 18
hatcheries producing seed (Chew, 1990).

In France,the Manila clam was introduced in the mid - 70s, owing to its superior
growth and viability when compared to the endemic species T. decussatus. Preliminary
investigations of this species have been made by a number of French workers, who have

mainly concentrated on the ongrowing of spat imported from the Pacific. In Italy, in areas
such as Venice Lagoon by virtue of regular introductions and natural setting, subsequent
commercial harvest of Manila clams commenced in the late 1980s. The Manila clam was
introduced to Spain in 1980 where most of the work has concentrated on the on-growing
of spat (Perez Camacho, 1980; Perez Camacho and Cuna, 1985). The Spanish market
imports approximately 1,500 tonnes of clams mainly from natural fisheries in Portugal,

France and Tunisia. In countries such as Japan, Korea and Portugal clam production plays

an important part in their economy (Korringa, 1976).




Manila clam broodstock was first introduced into the U.K. under quarantine from
Washington State, U.S.A. in 1980. The stock was spawned upon receipt and the Fl
generation reared in quarantine at the Ministry of Agriculture, Fisheries and Food
(MAFF), Fisheries Laboratory, Conwy, Wales (Millican and Williams, 1985). The original
broodstock was then destroyed. This procedure followed the guidelines as defined by the
International Council for the Exploration of the Sea (1988). After 12 months of disease
checks by the Fish Diseases Laboratory, MAFF, Weymouth, the F1 generation was offered
to the commercial hatcheries as a disease-free broodstock. Hatchery production of Manila
clam seed is essential in the U.K. because it is highly improbable that this clam waill
successfully spawn and establish a self-recruiting population. This is because T.
philippinarum breeds at temperatures above those normally found in U.K. inshore waters
(Utting, 1987a). Research on the hatchery rearing of larvae as a source of seed for

cultivation has been conducted at Conwy (Lovatelli, 1985; Spencer et al, 1991; Utting
and Spencer, 1991).

The expansion of the Manila clam industry in Britain has been slower than expected.
This may be due to the different culture techniques compared to oysters since clam seed
must either be covered with plastic netting of 6-13 mm mesh size or be placed in cages
(Utting, 1987a; Spencer 1990). As the species is non-native some UK conservation groups
(English nature, Joint Nature Conservancy Council) have eipressed concern about the
possibility of this species spawning in the wild and competing with native clams (Tapes
spp.). The release or escape into British coastal waters of non-native shellfish, unless under
licence, constitutes a contravention of the 1981 Wildlife & Countryside Act (Great Britain
Parliament, 1985).



1.3. Hatchery culture techniques

Many studies have been carried out on hatchery techniques for larvae and spat
production of a range of bivalve species (Belding, 1910, 1912, 1930; Wells, 1920, 1927;
Bruce, Knight and Parke, 1940; Davis,1950; Loosanoff and Davis, 1963; Walne, 1963,
1974; Epifanio, 1975; Helm and Millican, 1977; Pillsbury, 1985; Enright, Newkirk, Craigie
and Castell, 1986; Laing and Millican, 1986).

Shellfish research at Conwy began in 1914 and a range of species, spawned and
reared in the hatchery, were tested for commercial farming development. These included
the New Zealand oyster, Tiostrea lutaria, the Chilean oyster, Ostrea chilensis, the Pacific
oyster, C. gigas, the Portuguese oyster, C. angulata, the American hard shell clam,
Mercenaria mercenaria, the European palourde, Tapes decussatus, the Chilean mussel,
Choromytilus chorus and later the Manila clam, 7. philippinarum and the American

oyster, C. virginica.

The production of spat in hatcheries is a fundamental part of commercial production
in many countries of the world. Hatchery operation requires continuous improvement of
methods and techniques. Three principal lines in the production of hatchery-reared bivalves
have been outlined (Walne,1974): good quality broodstock, suitable sea water quality, and
sufficient quantities of good quality algae. The diagram in Table 1.2 shows the basic

culture scheme for bivalve seed production.

At present, in the U.K., two commercial hatcheries are in active production: these are
at Guernsey (Channel Islands) and Whitstable (Kent). Now they produce up to 100 million
juvenile Pacific oysters and Manila clams per year (Spencer, 1990). In 1988 75% of the



U.K. bivalve hatchery output was sold to Spain, France, Italy and South Africa, and i

1990 to Spain, Ireland and South Africa (Spencer, pers. comm.).

Table 1.2. Basic culture scheme for bivalve seed production

Broodstock
J Conditioning

Maturity
| Temperature shock?

Spawning
|

Larval rearing
J Metamorphosis
Spat
|

Ongrowing of seed in the sea

The major problem to the viability of commercial hatcheries throu ghout Europe is
mass mortality of bivalve larvae during summer months. These mortalities can affect
production. Growth and survival of marine invertebrates can be adversely affected by poor
water quality (Wilson, 1951, 1981; Millar and Scott, 1968; Helm, 1971; Utting and Helm,
1983). Abnormal mortalities at specific times in the year may also be related to larval
quality and to nutritional value of food species. Helm (1971) and Utting and Helm (1983)
suggested that the presence of metabolites and decomposition products of blooms, may be
a contributary factor for mass mortalities of larvae after spring phytoplankton blooms in a

hatchery sea water supply.

The quality of the sea water used in a hatchery is an important factor in bivalve

culture. At the Conwy laboratory, the sea water is taken from the Conwy estuary and is

consequently subject to natural fluctuations in quality. Bivalve larvae may be affected by



excessive turbidities caused by suspended silt, detritus or unicellular organisms (Davis,
1953; Loosanoff, 1954, 1958; Berg, 1971; Walne, 1970). Changes in bivalve larval growth
and development have also been related to natural and artificial pollutants, metabolic
exudates of dinoflagellate blooms, organic constituents in the water liberated from bottom

sediments (Davis and Chanley, 1956; Loosanoff, 1958; Millar and Scott, 1968; Thain and

Watts, 1984), heavy metal toxicity (Fujiya, 1960; Calabrese et al., 1973; Martin et al.,
1981) and bacterial contamination (Tubiash et al., 1985).

The level of food reserves in bivalve eggs at spawning is critical to successful seed
production and can be influenced by the nutritional quality of particulates and dissolved
organic material in the water, as well as the level of essential reserves in adults before
gametogenesis or accumulated during gametogenesis. In molluscan larvae, embryogenesis
is characterized by extensive morphological change and a loss in energy reserves. Pandian
(1969) with the shippershell, Crepidula fornicata Say, calculated that oxidation of lipid
reserves during embryogenesis was 65.3% of the total energy expended while 18.8% and
6.3% were from protein and carbohydrate respectively. Helm ef al. (1973) demonstrated
that adults of the European flat oyster, Ostrea edulis L., receiving a food supplement of

the unicellular alga Tetraselmis suecica (Kylin) Butch., during laboratory conditioning for

spawning, produced more broods of larvae than oysters receiving only the natural

phytoplankton in the sea water supply. Larvae were liberated sooner, grew at an enhanced

rate and provided greater spat production than broods from the control stock.

1.4. Natural environment and hatchery gametogenesis

In bivalves in temperate latitudes the natural gametogenic cycle is linked to cycles of

glycogen storage and subsequent synthesis of lipids during vitellogenesis in the spring.

Interruption of this cycle by artificial conditioning at elevated temperature may force the



development of eggs before sufficient glycogen has accumulated for the synthesis of lipid.

The consequence of this would be the production of fewer, poor quality eggs (Gallager
and Mann, 1986).

The objective of broodstock conditioning in the laboratory /hatchery is to extend the

natural breeding season of cultured species, producing larvae of high quality to sustain

seed production.

Breeding in bivalves is controlled largely by temperature and by food supply. An
adequate food supply is necessary for the broodstock to accumulate reserves of glycogen

and lipid for utilization during gonad development and gametogenesis.The quality and

quantity of phytoplankton available to the broodstock is of great importance in providing

the best conditioning environment prior to gamete production and liberation. It is usual to

select potential breeding stock based on their condition, determined as condition index and

levels of glycogen reserves.

In the hatchery routine artificial conditioning of bivalve broodstock can be achieved
by manipulating the temperature and phytoplankton supply to bivalve stocks removed from
the natural environment at different times of the year (Loosanoff and Davis, 1963; Walne,
1970).Conditioning regimes to reduce adult stress and maximize the viability and survival
of larvae have been described by Bayne (1972) and Lannan et al., (1980). Broodstock
conditioning in bivalves ensures that the broodstocks are at the same state of
gametogenesis and will produce eggs in the optimum state of development and ensure

maximum larval survival (Lannan, 1980; Lannan et al., 1980). Bivalves in good condition

with high levels of lipid and carbohydrate reserves (Quayle, 1969; Walne, 1970) have
higher fecundity than animals of similar size in poor condition (Walne, 1964). Well-



conditioned broodstocks produce eggs that go through meiosis synchronously after

fertilization (Allen et al., 1989).

During extended conditioning periods, the initial lipid content of released larvae and
subsequent survival declined (Gallager and Mann, 1986). Bayne (1972) and Bayne ef al.
(1975) showed reduced growth of M. edulis larvae that developed from nutritionally

stressed adults.

Spawning of T. philippinarum in the UK. hatcheries needs thermal stimulation,

requiring the water temperature to be raised well above 20°C. Cahn (1951) reported that
spawnings in Hokkaido, Japan, occurred between temperatures of 20 and 23°C, and
Loosanoff and Davis (1963) stated that spawning in the Manila clam usually occurred at
temperatures between 20°C and 27.5°C. Millican and Williams (1985) reported no natural
spawning in T. philippinarum in the summer of 1984 in North Wales when peak sea water

temperatures exceeded 20°C in August.

1.5. Importance of lipid in diet quality

Numerous studies have suggested the importance of lipid in adult marine bivalves, for
the formation of gametes and as an energy reserve (Walne, 1970; Beukema and De Bruin,
1977: Holland, 1978; Taylor and Venn, 1979; Beninger and Lucas, 1984). Rogers (1983)
demonstrated that O. edulis preconditioned in phytoplankton enhanced water at low
temperatures accumulated significantly higher reserves of carbohydrates and lipid than
control oysters of the same origin maintained in the sea. It is known that oocytes are rich
in lipids (Gabbott, 1975; Holland, 1978) and a large proportion of adult bivalve lipids
consist of phospholipids (Lubet and Longcamp, 1969; Krishnamoorthy et al., 1978).

10



Beninger (1984) also refers to the importance of the phospholipids in the cell membrane

of the oocytes that can be used as an energy reserve.

The importance of lipid reserves in O. edulis during the period from liberation to
metamorphosis has been clearly shown by Millar and Scott (1967) and Holland and
Spencer (1973). Helm et al. (1973) found that viability and survival of cultured larvae was
significantly correlated to the initial neutral lipid content at the time of liberation. Gallager
and Mann (1986), working on C. virginica and M. mercenaria also found significant
correlation between initial egg lipid content and survival to both straight hinge and

pediveliger larvae stages.

The lipid composition of the diet is important in determining the growth and
development of bivalve larvae (Holland and Spencer, 1973). The lipid content in bivalve
larvae can be used as an indicator of their physiological condition and potential for

successful metamorphosis (Gallager et al., 1986).

1.6. Essential Fatty acids

The effect of specific polyunsaturated acid (PUFA) deficiencies in algal diets fed to
broodstock during gametogenesis in O. edulis and T. philippinarum was investigated by
Utting et al. (1988). The quality of clam eggs or oyster larvae, defined in terms of their

PUFA content, was mainly a reflection of the composition of the cultured algae fed to the

broodstock during conditioning.

Utting et al. (1988) suggested that the development of the larvae was related to the

quality of the reserves accumulated during gametogenesis, especially long chain PUFA's.
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The fatty acids of marine organisms has been studied extensively, since the
introduction of capillary-column gas chromatography (Ackman et al., 1974). One of the
most important factors that determines the quality of a diet for bivalve larvae is the fatty
acid composition (Chuecas and Riley, 1969; Holland and Gabbott, 1971; Holland and
Spencer, 1973; Helm et al., 1973; Creekman, 1977; Langdon and Waldock, 1981; Wikfors
et al., 1984; Pillsbury, 1985).

Two long-chain PUFAs, eicosapentanoic acid, 20:5w3 and docohexanoic acid,
22:6w3 are the most important. The fatty acid 20:5w3 was shown to be essential for

growth and development of C. gigas juveniles (Webb and Chu, 1981) and clams require
20:5w3 or 22:6w3 (Helm and Laing, 1987).

1.7. Selection and production of suitable algae for hatchery culture

The selection of suitable species of algae is important as this will shorten the period
for rearing the bivalves and thereby reduce the cost. From about 50 microalgal species

tested, only about 10 are regularly used in hatcheries.

Cultured marine algal species are used as the principal food supply during
conditioning. Useful species that can be cultured on a large scale are 7. suecica,
Thalassiosira pseudonana and Skeletonema costatum. A mixed algal diet is better than a
single species diet. Multi-species algal diets at a ratio equivalent to 6% of the initial dry
meat weight of the broodstock in dry weight of algae fed per day provide good results
(Davis and Guillard, 1958; Walne and Spencer, 1968; Calabrese and Davis, 1970; Helm,
1977).

- Many authors have described the nutritional value of different algal species to a range

of bivalve species at all stages of development (Davis, 1950; Loosanoff and Davis, 1963:
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Walne, 1964, 1965, 1974; Rodhouse ef al., 1983; Ukeles et al., 1984; Helm and Laing,
1987; Laing and Millican, 1986). The nutritional value of the main cultured species is:

Chaetoceros sp.> Chroomonas sp.> Isochrysis sp.> Skeletonema sp.> Tetraselmis sp.

There are several criteria determining the nutritional value of algae: the cells must be
easily ingested (cell size less than 10 um diameter) especially by the larvae, non toxic, easy
to culture, have a digestible cell wall and good nutritional quality (biochemical
composition of the cell contents) (Haven and Morales-Alamo, 1970; Epifanio et al., 1981;
Webb and Chu, 1983). In particular, the presence of the long-chain PUFAs 20:5w3 and
22:6w3 is considered to be essential (Chu and Webb, 1984; Langdon and Waldock, 1981).
Diatoms have long been considered as important for bivalve growth. They have a rigid
valve impregnated with silica but enzymes in the bivalve stomach can lyse this outer
covering (Reid, 1983).

Walne (1970) obtained high growth rates for M. mercenaria spat fed with S. costatum
and C. calcitrans. Enright et al. (1985) fed O. edulis spat with 16 phytoplankton species
and showed that the value was: Chaetoceros gracilis> C. calcitrans> S. costatum> T.
pseudonana. Later Laing and Millican (1986) feeding O. edulis spat, found C. calcitrans
better than S. costatum and Laing et al. (1987) confirmed S. costatum, T. pseudonana and
C. calcitrans as all being suitable for rearing T. philippinarum spat although many algal

diets have proved to be ideal for clam larvae, juveniles and broodstock (Kilada, 1985;
Laing et al., 1987; Kersuzan, 1989).

The production of sufficient quantities of suitable algal species is technically the most
difficult and relatively costly part of bivalve rearing in a hatchery (De Pauw, 1981; Helm
and Laing, 1981; Laing, 1985). The feed may represent up to 40% of the total operation
cost in a hatchery (Laing, pers. comm.), and the spat produced can account for 30% of the

production cost of a marketable oyster (Spencer, pers. comm.). Algal culture techniques
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have been extensively developed, and growth enrichment media, isolation techniques and

culture are well described (Aquacop, 1983; Fox, 1983).

There have been many attempts to substitute phytoplankton by artificial diets for
marine bivalves (see review by Langdon et al., 1985). These diets, to be acceptable must
remain in suspension, be non-toxic and be easily assimilated and digested (Laing et al.,
1990). Inert diets such as yeast or ground macrophytes have failed (Masson, 1977;
Epifanio, 1975). Microcapsulated diets have been developed and tested but these diets
were unsuitable for bivalve larvae, and produced only moderate growth in spat (Castell
and Trider, 1974; Chu et al., 1982; Laing, 1987; Martin, 1987), although some authors

reported oyster growth which was up to 73% growth rate of control animals (Langdon
and Seigfried, 1984).

Encapsulation is a process where liquid or particulate materials are enclosed in a
special artificial membrane wall or shell made of natural polymers (gelatin), synthetic
polymers (ethyl cellulose, polyvinyl alcohols) or polyethylene. The wuse of
microencapsulated nutrients for aquatic filter-feeders was first described by Jones et al.
(1974) and later used to study the nutritional requirements of crustacean larvae, Penaeus

japonicus (Jones et al., 1979) and Artemia sp. nauplii (Sakamoto et al., 1982).

Spray-dried unicellular algae produced by the Micro Algae Research Institute of Japan
were used first as food for hard shell clam (M. mercenaria) larvae by Hidu and Ukeles
(1962). They reared clam larvae successfully to metamorphosis, although the growth rate
was lower than that of larvae fed live algae. Celsys (Cell Systems Ltd.) from Cambridge,
UK, has developed dried algae, heterotrophically grown in the dark with sugars. However
the company went into liquidation and the licence for producing spray-dried algae is now

held by British Technology Group. Preliminary results (Laing, 1989a,b; Janke, 1988;
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Foster, 1989) showed that these dried algal diets, could have a promising future as live

algal replacement diets for bivalves.

1.8. Objectives of this study

The aim of this research is to assess the hatchery warm water conditioning of Manila
clam ( T. philippinarum) broodstock fed with live