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Abstract

This thesis addressed various growth aspects of cultivédBingnaxima in a
commercial farm in Indonesia with special emphasis on the influence of the
environment.P. maxima of three age-classe®re grown at three sites (Ganan,
Manselo and Batu Terio) and two depths over a period of 18 months and various
aspects of somatic growth (linear and weight measurements), gonad growth (visual
and histological observations) and factors which influence growth (environmental and

biological) were monitored.

Environmental monitoring of the three sites and two depths showed that seawater
parameters varied spatially between sites and depths as well as temporally throughout
the sampling period. Some of the parameters measured were physico-chemical
properties (water temperature, salinity, pH) and particulate matter (suspended
particulate matter, particulate organic matter and chlorophylb andc). These
environmental descriptors provide the basis for comparison of growth rates of

maxima held at the three sites in subsequent chapters.

Total growth (G) and monthly instantaneous growthsg)cof both length and weight

were computed as part of the study on growtR.aaximaGs is a better indicator

of growth as it is a standardised measure and permits comparison to be made between
various age-classed oysters with different shell sizes as well as at a specific point in
time. Growth studies showed age has an inverse relationst maxima growth,

with both G- and Gy decreasing with increasing age. Multivariate testing showed that
growth of all age classes was affected by culture depth, but not culture site. Growth
rate at a depth of 5 m was higher than at 15 m. When oysters were partitioned by size
before analysis, there was a site effect on growth rate for medium and small oysters.
Spatial differences iP. maxima growth was shown to be linked to the local culture
environment, where variation in somatic grow was influenced by varying pH, salinity
and pH levels, and gonad growth was influenced by water temperature, pH, SPM,
POM.



Growth of P. maxima was fitted into five mathematical models i.e Special Von
Bertalanffy Growth Function (VBGF), General VBGF, Gompertz, Richards and
Logistic and various growth parameters computed. The criteria used for best fit was
low mean residual sum of squares (MRSS), high coefficient of determin&i@m¢

low deviation of the asymptotic length, § from the maximum length (ls,). Based

on these criteria, the Special VBGF and the General VBGF equally provided the best
fit to length-at-age data for all the pearl oysters grown at the area. However, when
data was plotted, General VBGF tended to underestimaléhe Special VBGF best
described the growth d?. maxima cultured at the farm, with growth parameters
estimates of L =168.38mm, K =0.930 ¥, t,= 0.126.

Biofouling studies showed that splassesof macro-fouling which settled on the
shells of P. maxima were invertebrates from the classes Maxillopoda, Polychaeta,
Bivalvia, Demospongiae, Foraminifera and Ascidicea. The quantity and diversity of
biofouling was found to affect growth in medium and small oysters. The spatial and
temporal variation in quantity and diversity of the six classes of biofouling was in turn
affected by various environmental parameters. Regression analysis provided
information on environmental parameters acting in concert to affect biofouling while
principal component analysis showed the interaction between different biofouling
taxa and environmental parameter. Together, they allowed examination of the
interaction between various parameters, apportionment of environmental factors
towards taxa of fouling and the degree a particular environmental variable affects
fouling. Chlorophyll levels, pH and salinity were found to have a greater affect on

biofouling settlement than SPM, POM and seawater temperature.

Macroscopic investigation of gonads and comparison to histological data in this study
support previous reports that gonad colour and appearance may be used to determine
sex and stage of developmentAnmaxima. A fundamental difference in the colour

and the area occupied by the developing gametes made it possible to distinguish
between the gender and various stages of developmednt wiaxima oysters with
relative ease. While most of the oysters observed appeared to be of indeterminate sex,
enough male and female oysters were observed to show that gametogenesis in
cultured P. maxima occurred between August to February, with spawning occurring

twice during that period; once in October/November and again in February. Sex ratio

Vi



in culturedP. maxima was overwhelmingly biased towards maleness, with no spatial

difference in sex ratio between oysters cultured at various sites and depths. The
expression of maleness was weakly correlated to water temperature, pH and rainfall,
while there was no correlation between femaleness and environmental descriptors.

Size, and not age, was more important in determining the g&xnodxima.

In summary, this research presented new data on growth of different age cld&ses of
maxima cultured in a farm situation in Indonesia. It has added to our knowledge the
importance of various environmental factors and biofouling on somatic and gonadal
growth of P. maxima. This information can be utilised to improve farming
management practices through judicious selection of future culture sites. It is hoped
that this will form a basis for further study into grow-oufPofmaxima in the pearling
industry in Indonesia and South-East Asia and lead to further improvement and

expansion in the industry for the future
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Chapter 1D General Introduction

CHAPTER 1

A brief introduction to pearl oyster culture,

with emphasis on Pinctada maxima

1.1 Introduction

Pearls are produced through biological processes unlike physical methods that create
other gems. The origin of pearls has been the source of many romantic notions in the
past - the Chinese believed moonlight made pearls grow, while the Greeks held that
pearls were dew from the moon collected by oysters (Strack, 2006). Today, cultured

pearls are created in a far less mysterious fashion in pearl farms around the world.

1.2 Pearls in history

One of the oldest written references to pearls dates from 2206 BC (Kunz and Stevenson,
1908). They were also referred to in the Vedas, Bible, Koran and Talmud. The
veneration of pearls spread to Europe with the campaign of Alexander the Great who
linked the Orient with the Occident and paved the way for goods, crafts and cultures
(MYller, 1997).

The importance of pearls continued throughout the ages well into theed®ury. By

the turn of this century, pearls were one of the most popular jewels in the world. Today,
pearls remain as popular as they were centuries ago; with a difference b pearl ownership
is no longer restricted to royalty and the elite, but has become accessible to more people

through their mass cultivation in pearl farms.

1.3 Formation of pearls

Natural pearls form when a foreign object such as a grain of sand or a parasite lodges
itself into the soft tissues of a pearl forming mollusc. As the irritant enters the mollusc,

some cells from the mantle may become attached to it or dislodged. These mantle cells
may grow and divide to form a Opearl-sacO enclosing the particle or OnucleusO. Nacre or

Omother-of-pearlO is deposited by the pearl sac to coat the irritant thus forming a pearl.
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Spherical pearls are usually found loose within the soft body tissue of the oyster,
whereas more irregularly shaped pearls (blister pearls) commonly form on the inner

shells of pearl oysters (Taylor and Strack, 2008).

The composition of a cultured pearl is almost indistinguishable from a natural pearl. The
difference is that a nucleus is generally much larger and is surgically implanted into the
body of the pearl oyster using specialised tools. One or more nuclei, usually spherical,
are implanted into the gonad of the pearl oyster together with a piece of mantle tissue
from a donor pearl oyster. If the graft is successful, the mantle tissue eventually grows
around the nucleus forming a pearl-saml secretes nacreous deposits to form a pearl
(Taylor and Strack, 2008). Half pearls or blisters, called OmabeO pearls are cultured by

attaching one or several nuclei onto the inner shells of pearl oysters.

1.4 Brief history of pearl culture

From a commercial point of view cultured pearls first appeared in the 1920s (Strack,
2008). However, the Chinese had used freshwater mussels to coat small objects with a
pearly layer as long as 3000 years ago (Farn, 1986). By theehfury, pearl images of
Buddha were produced by attaching carved templates onto the inner surfaces of the

valves of freshwater mussels (Gervis and Sims, 1992).

The first patent to produce half pearls was awarded to Kokichi Mikimoto, who in 1896
successfully produced blister pearls in the Japanese akoya, Bisttada imbricata

In 1908, joint ownership of the method to produce spherical pearls was awarded to two
Japanese, Tokishi Nishikawa and Tatsuhei Mise. However, it has been reported that the
Japanese obtained the knowledge of this technique from an Australian, William Saville-
Kent, who was believed to have produced the first spherical pearls from the pearl oyster,
Pinctada maxima, in the 1890s, almost two decades before the Japanese (George, 1978)

Regardless of who was the first to produce cultured pearls, Mikimoto went on to

! Earlier studies distinguished the Japanese akoya pearl d®jisietada fucata martensii, the Indian
oysterPinctada fucateand the eastern lingah shell from the Indian Oc&¥dn¢tada vulgarisas separate
species (Shirai, 1994While these species have now been proposed to be from one sptotada
imbricata RSding, 1798 (Shirai, 1994jhe complex oPinctada fucatamartensii-radiata- imbricata has

not been completely resolved (Wada and T‘mkin, 2008). Within this thesis, the different terminologies
used by cited authors will be employed when reference is made itore¢levant work. For general
discussions, the tesi®. imbricata or Akoya pearl oystewill be used.
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dominate the cultured round pearl industry and brought worldwide acceptance to
cultured pearls. Even today, the name Mikimoto is intimately associated with cultured

pearls.

1.5 Species and distribution of commercial pearl oysters

It is generally accepted that many species of mollusc, under suitable conditions, are
capable of producing pearls, although not necessarily good quality ones. Some species
of pearl-bearing marine molluscs include pearl oysters (pteriidae), abalone (haliotidae) ,
the giant clams (tridacnidae), conch (strombidae) and nautilus (naut{lidges)manet

al., 2001). Although pearls may occur in a variety of mollusc, those of commercial
importance, on account of their brilliant lustre, are usually from oysters of the family

Pteriidae within the genera of Pinctada and Pteria

These two genera of cultivated marine oysters occupy a taxonomic position within:

Phylum: Mollusca

Class: Bivalvia

Subclass: Pterimorphia
Suborder: Pterioida or Mytiloida
Family: Pteriidae

Genus: Pinctada and Pteria

The commercially important pearl oysters include the silver-lip or gold-lip pearl oyster
Pinctada maxima, the black-lip pearl oysRermargaritifera,the akoya pearl oystét.
imbricatd’ and the winged oyster®teria penguinand Pteria sterna.Less important
species include the Indian pearl oystinctada fucata, and the American pearl oyster,
Pinctada mazatlanica (Southgage al., 2008).The species which this study is focused

on is P. maxima.

! Earlier studies distinguished the Japanese akoya pearl ®isietada fucata martensii, thindian
oysterPinctada fucateand the eastern lingah shell from the Indian OcParctada vulgarisas separate
species (Shirai, 1994While these species have now been proposed to be from one sptotada
imbricata RSding, 1798 (Shirai, 1994jhe complex ofPinctada fucatamartensiiradiata- imbricata has

not been completely resolved (Wada and T‘mkin, 2008). Within this thesis, the different terminologies
used by cited authors will be employed when reference is made itore¢levant work. For general
discussions, the tes. imbricataor Akoya pearl oyster will be used
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1.5.1 Pinctada maxima

Pinctada maximas the largest and thickest of the pearl oysters, with its shell growing
up to 35 cm in length (Landmaat al., 2001). It is distributed in warm waters over a
large geographical range in the Indo-Pacific, from Burma to the Solomon Islands (Fig.
1.1). The range extends north to Hainan Island off the coast of China and south to the
northern coastline of Australia (Gervis and Sims, 1992) approximately from the
Abrolhos Islands in Western Australia and Harvey Bay on the east coast of Australia.
The most prolific shell grounds are to be found in Australia, Papua New Guinea and the
Philippines (George, 1978).

Fig. 1.1  Geographic distribution d?inctada maxima (From Wada and T‘mkin,
2008).

Pearls fromP. maxima,also known as South Sea pearls, are much sought after on

account of their size and thick nacre, with pearls growing up 15 mm in diameter (Strack,
2006). Their colour range from silver and white to a deep gold, which are very rare and
the most valuable of South Sea pearls. Cultivation of South Sea pearls is carried out
through much of their natural geographical range, with Australia, Indonesia and the

Philippines producing over 90% of the worldOs supply (Table 1.1).
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Table 1.1 Production of cultured South Sea pearls from P. maxima in 2005
(Source: Henricus-Prematilleke, 2005)

Country Volume (kg) Value (US$ millions)
Indonesia 3750 85
Australia 3000 123
Philippines 1875 25
Myanmar 563 13
Malaysia 75 2
Papua New Guinea 75 Unknown
TOTAL 9338 248 million

1.6 Life cycle of pearl oysters

The life cycle of the pearl oyster is similar to that of other bivalves. External fertilisation
takes place when eggs and sperm are discharged into the seawater. The unfertilised eggs
are irregular in shape and become spherical when fertilised. The larval stages of a pearl
oyster vary from 16 to 30 days depending on the species, water temperature, and
availability of food and settlement substrate (Gervis and Sims, 1992). The larva grows
through the straight-hinge or D-shape veliger, umbo, eyespot and pediveliger stages in
the pelagic phase (Rose and Baker, 1994) before settling onto a suitable substratum as a
sessile spat (Fig. 1.2). The larval stages of different species of pearl oysters have been
studied in detail (Alagarswanat. al., 1983a, 1983c; Alagarswasti al., 1989; Rose

and Baker, 1994) and are compared in Table 1.2.

Juveniles attach to suitable surfaces by secreting thread-like tufts of byssal fibres.
Byssus which are severed or damaged are renewed by fresh secretions (Farn, 1986). The
juvenile stage lasts from 6 months to 2 years, depending on the species, after which the

oysters mature as males. Pearl oysters are protandrous hermaphrodites with the ratio of
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males to females tending to 1:1 with increasing age (Gervis and Sims, R98®xima
mature as males during the first year when their shell height exceed 110 mne{Rose
al., 1990) while gonadal maturity iR. margaritifera is reached in the second year
(Tranter, 1958a; Reed, 1966). Tranter (1959) reportedRhditicatareached sexual
maturity 6 months after settlement, when their dorsoventral shell length measured

between 2.6 cm and 3 cm.

Table 1.2 Timing of larval development fér maximaP. margaritifera and®. fucata
martensii (Adapted from Gervis and Sims, 1992).
h = hours, m = minutes, d = day

P. maxima P. margaritiferg®  P. fucata martensii
Egg spherical Oh Oh Oh
Straight hinge or D shape 24 h 24 h 20 h 40 nn
Early Umbo d6 do -
Umbo ds d12 d 10bd 12
Eye Spot d 15 d 16 d 15
Pediveliger d18 d 20 d 20
Plantigrade d 18bd 25 d 20 d?22

'Rose and Baker (1994)
’Alagarswamiet al (1989)
*Doroudi and Southgate (2000)
“Alagarswamiet al (1983)



Broodstock

Male spawning Female spawning

Juvenile D-Stage Veliger

Spat :
Umbone Veliger

Plartigrade Eyed Veliger

Fig. 1.2  Various stages in the life cycle of P. maxima (Photos courtesy of Dr Jens Knauer, PearlAutore).
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1.7 Pearl oyster aquaculture

Mikimoto established the first pearl farm in 1888 on the Shinmei inlet in Shima, Japan
(Strack, 2006). Wild stocks of pearl oysters were collected, implanted with spherical
beads of mother-of-pearl, and placed in bamboo baskets moored at sea (Strack, 2006).
He examined them every few months and successfully produced cultured blister pearls.
This marked the beginning of pearl and pearl oyster cultivation. The methods devised

by Mikimoto have since been modified and improved upon in the last hundred years.

Pearl culture operations can be divided into three phases; collection, on-growing and
pearl culture. Today, the new category of hatchery production is becoming more
widespread and an increasingly important source of oysters for pearl culture (Southgate,
2008). The sequence of pearl oyster cultivation will briefly be discussed here, with the

on-growing of pearl oysters discussed in detail later.

1.7.1 Spat collection

Until the 1980s, cultured pearl production depended on a plentiful supply of mature
oysters which were collected and used directly for pearl production (Gervis and Sims,
1992). With the depletion of wild stocks, restrictions to the collection of mature oysters
have been put in place. The oysters are allowed to spawn in the wild and a percentage of
the oyster spat produced are collected and grown. Collectors are placed in the sea during
the settlement stage of the larvae of target oyster species. Materials used for spat
collection vary, according to the location, species to be collected and available material
in the area (Southgate, 2008).

1.7.2 Hatchery Production

Hatchery production of pearl oysters is becoming more widespread and assuming
greater significance to the industry as it ensures a continual supply of juveniles allows
for selective breeding and avoids exclusive reliance on wild stock. Broodstock are

collected from the wild and spawning is induced by a variety of methods (Southgate,

2008). These include chemical induction (Alagarswainial., 1983b), using filtered

ultra violet sterilised seawater (Rose and Baker, 1989), ammoniated seawater (Wada,
1942; Kuwatani 1965; Tanaka and Kumeta, 1981) and temperature variation (Tanaka
and Kumeta, 1981; Ros#. al., 1990; Rose and Baker, 1994). Temperature induced

8
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spawnings usually result in higher fertilisation and larval survival rates (Tanaka and
Kumeta, 1981; Rose and Baker, 1989; Rose et. al., 1990).

Techniques for larval rearing have been described fanaxima (Minaur, 1969; Rose

and Baker, 1994FR. fucata(Alagarswamiet. al.,1983a and 1983ck. fucata martensii
(Wada, 1973; Hayashi and Seko, 1986) &dmargaritifera (Tanakaet. al., 1970;
Southgate and Beer, 1997). These techniques rely on good food quality, with lipid
contents of the microalgal food being of prime importance (Brown and Jeffreys, 1992)
along with clean water and low larval stocking densities. Larvae are collected on spat
collectors which are placed into culture tanks to provide settlement substrate (Southgate,
2008).

1.7.3 Grow-out of pearl oysters

The grow-out or on-growing of pearl oysters begins when the spat on collectors are
large enough to be removed from their point of attachment, graded and placed in
secondary culture systems, they may either be collected from natural spat fall or

hatchery-produced.

Various systems of on-growing are used for pearl oysters. These include rafts, long-line
and fence-lines, trestles and ear-hanging (Gervis and Sims, 1992; Southgate, 2008) and
the choice of system depends on various factors such as the environment in which the

oysters are reared and operations costs.

1.7.4 Pearl Culture

Oysters need to reach a minimum size before pearl production, which in the @ase of
maxima is 12 cm (Strack, 2006). The implantation of nuclei into the gonad of a mature
pearl oyster together with a piece of mantle tissue varies slightly with different species
of commercial oysters. Oysters are conditioned before operation to weaken musculature
S0 as not to expel the implanted nuclei and to rid the gonad of gametes to create more
space for the nuclei to be inserted (Gervis and Sims, 1992; Taylor and Strack, 2008).
Highly skilled technicians seed the pearl oyster with nuclei usually originating from
freshwater mussels of the family Unionidae (Alagarswami, 1970). Following the

insertion of nuclei, a pearl-sac forms and completely encloses the nucleus within seven
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days (Kawakami, 1952a and 1952b). Secretion of periostracal material, prismatic and
nacreous layers follow and a pearl is gradually formed. Formation of the pearl-sac
following nucleus insertion ifP. maxima was described in detail by Scoones (1990).
The culture period of a pearl depends on the species of pearl oyster, the size of the
nucleus, the physiological condition of the individual oyster and environmental factors
such as water temperature and salinityPlnmaxima, this takes approximately two
years (Strack, 2006)

1.8 Pearl production in Indonesia

Cultured pearls are produced throughout the Indo-Pacific region (Gervis and Sims,
1992). The production estimates for 2005 for South Sea pearls were approximately 3.2
tonnes in Australia, 3.8 tonnes in Indonesia, and 1.7 tonnes in the Philippines
(Comtrade, 2005). Pearl production in Indonesia was estimated to have an approximate
value of US$60 million (Poernomo, 2005).

However, while Indonesia is now producing larger quantitieB.ahaxima pearls, the

value of pearls from Australia is still higher (Table 1.1). This is largely due to the lower
quality of pearls produced in Indonesia. Until recently, information and technological
advances in the farming of silver-lip oysters have been largely unavailable. Given
IndonesiaOs status as a major producer of these pearls, there is a surprising paucity of
information on growth of this species in Indonesia and this lack of information provides
the basis for this study. This thesis addresses various aspects of the growth oPfarmed

maxima in Indonesia with special emphasis on the influence of the environment.

1C
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CHAPTER 2

Overview of factors affecting growth of marine bivalves

2.1 Introduction

This study focuses on the growth Bf maxima and the environmental factors that
influence it. The following section presents a general overview of bivalve growth and

the methods used to measure it as background information for this thesis.

2.2 Bivalve growth

From an aquaculture and economic point of view, rapid growth of cultured bivalves is
desirable. This has lead to numerous studies on the growth of several important
commercial marine bivalve species encompassing larval development and survival
(Alargarswamiet al., 1989; Pecheniét al., 1990; Cochard and Devauchelle, 1993) to
bivalve physiology (Videlaet al., 1998; Sobral and Widdows, 1997), bioenergetics
(Bayne and Newell, 1983; Grant, 1996) and shell morphometrics (Beaumont and
Khamdan, 1991; L—pez et al., 1995; Brown and Hartwick, 1988b).

Ultimately the study of growth should encompass the rates of chemical reactions that
govern body composition and dimensions. However, most studies on bivalve growth at
this stage examine less detailed aspects such as changes in body dimension, increase in
mass and changes in chemical constituents in tissues (Wilbur and Owen, 1964) as they

are easier to measure and more relevant to the aquaculturist.

2.3 Measuring growth of bivalves

Growth in molluscs consists of both increases in the shell and the soft body with the
former being easier to measure. The more widely used methods to quantify growth
include measuring annual growth rings (Stevenson and Dickie, 1954; Chetlfaht

1980; Quayle and Newkirk, 1989), successive recording of the dimensions of marked
individuals (Loosanoff, 1954; Lutz and Hess, 1979; Estacion and Braley, 1988),

comparison of successive length frequencies of a large random sample (Quayle, 1951;

11
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Haskin, 1954) and acetate peels of cut shells (Lutz, 1976; Quayle and Newkirk, 1989).
Other methods include X- ray and radioisotope measurements and using tetracycline as
a marker (Wilbur and Owen, 1964).

2.3.1 Linear measurements

As there is a direct relationship between the linear dimensions of the shell and mass
(Quayle and Newkirk, 1989), changes in these dimensions are often used to monitor
growth. Some of the more common expressions used to describe the linear dimensions

of bivalves are listed below.

2.3.1.1 Dorso-ventral measurement (DVM)

The DVM is measured as the greatest distance from the umbo to the furthest shell
margin, or from a line drawn perpendicular to the hinge line across the greatest
dorsoventral distance (Fig. 2.1). It is often referred to as the shell height (1988;
Pouvreauet al., 1999, Yukihiraet al., 2006), although it has also been termed shell

length (Chellam, 1988; Nayar and Al-Rumaidh, 1993; Hart and Joll, 2006) and shell
width (Nicholls, 1931). There is sometimes confusion between the lay term and
anatomical term. DVM is more commonly used to determine growth in pearl oysters

(Saucedo and Southgate, 2008) and in this study is referred to as shell height.

Shell thickness

Shell length
(APM)

Do Right valve
2 § Left valve 19
0
c Nr
n

2 '

Hinge length

Fig. 2.1  Diagrammatic representation of the dimensions for measurement in a
bivalve, based on the pearl oyster, Pinctada maxima.

12
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2.3.1.2 Antero-posterior measurement (APM)

The APM is the greatest horizontal distance between the anterior and posterior margins
of the shell usually taken parallel to the hinge line (Fig. 2.1). While the long axis of the
oyster (APM) has been described as the height anatomically (Quayle and Newkirk,
1989), common usage indicates it as the length and it has been commonly referred to as
such (Nicholls, 1931; Pilditch and Grant, 1999). Although, it has also been previously
called the shell width (Al-Sayed et al., 1997), the term shell length will be used for the
APM in this thesis.

2.3.1.3 Hinge Length (HL)

The hinge length is the distance between the ends of the anterior and posterior edge
along the hinge line (Fig. 2.1). It is a dimension used in various growth and taxonomic

studies for adult and spat bivalves (Narayanan and Michael, 1968; Wada, 1986a).

2.3.1.4 Shell thickness

Thickness is the greatest distance between the external surfaces of the two valves when
they are fully closed (Beaumont and Khamdan, 1991; Nayar and Al-Rumaidh, 1993)
(Fig. 2.1). This dimension is also known as the shell width (Franz, 1993, Gaytan-

Mondragon et al., 1993) but will be referred to as shell thickness in this thesis.

2.3.2 Weight measurements

While linear measurements are useful, they do not show tissue growth. Weight
measurements are useful as an indicator of tissue or meat growth, especially since the
meat (or shell, in some cases) is usually the product of concern to the grower. The
commonly used measures of weights include wet weight, dry weight and ash-free dry

weight.

2.3.2.1 Wet weight

Wet weights have been used effectively by previous authors to measure growth in
bivalves (Parsons and Dadswell, 1992; Wada and Komaru, 1994; Numaguchi, 1995a).
Wet weight may be measured in water or in air. Weighing bivalves in water eliminates

inconsistencies in weight brought about by variable retention of seawater within the

13
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internal cavity caused by gaping valves and is a sensitive method (Quayle and Newkirk,
1989). Weighing in air is easier although care must be taken that the animal is dried

from the outside and not allowed to gape and leak liquid.

The difference between the weight in air and weight in water is the whole volume of the
animal (Quayle and Newkirk, 1989). The meat and shells of the bivalve may be
separated and measured individually, and shell volume and internal volume is calculated

from the differences between the various air and water weights.

2.3.2.2 Dry weight

Dry weight is obtained by drying the shell and meat until a constant weight is reached.
It is used as a measure of physiological condition and growth in bivalves (Baghge

1989; Macdonald and Bourne, 1989; Numaguchi, 1994). Dry weight is also measured to
monitor changes in the reproductive cycles through seasonal oscillations (De Zwaan and
Wijsman, 1976).

Measuring dry weights eliminates inaccuracies caused by retention of varying amounts
of water within the bivalve body cavity and the water content of tissues which may vary
with physiological status. However, the disadvantage of this parameter is the need to
sacrifice the animalvhich does not allow for the monitoring an individualOs growth by

repeated measurement.

2.3.2.3 Ashifree dry weight (AFDW)

The AFDW is calculated as the difference between dry weight and ash weight of a
sample and is the measure of organic content. Ash content is estimated by igniting the
sample at a temperature that could range of around 450 B 500iC (Sprung and
Borcherding, 1991; Mart'nez et al., 1992; Emerson et al., 1994).

This measurement is more precise than dry weight since ash content, like that of water,
has been known to increase under unfavourable physiological conditions (Wilkins,
1967; Mayzeaud, 1976). It is a particularly useful measure for larvae and post-larvae

where dissection of the animal is impractical. As with dry weight, the disadvantage of

14
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this parameter is the need to sacrifice the sampled animal. AFDW was measured in this

thesis to calculate condition index in later chapters.

2.3.3 Volume

Growth in molluscs can be measured by changes in volume (Lawrence and Scott, 1982;
Rainer and Mann, 1992), since volume integrates length, width and thickness (Quayle
and Newkirk, 1989). This is a particularly useful when there is considerable variation in

the shape of the shell, as occurs in many bivalves such as oysters.

Shell cavity volume can be estimated from the difference between the volume of water
displaced by whole live animal and volume displaced by the separate valves after
removal of meat (Rainer and Mann, 1992). In general, volumetric measurements suffer
from poor precision due to the displacements methods used to measure internal shell

volume (Lucas and Beninger, 1985).

2.3.4 Condition index

In growth studies, it is important to be able to evaluate the quality and condition of the

animal by using a simple index for comparison. The use of a physiological or condition

index in bivalve aquaculture is widely utilised to characterise the quality of a marketed

product. Additionally, condition indices are used to assess physiological activity such

as growth, reproduction or secretion in the cultured animals (Lucas and Beninger, 1985)
as well as an indicator of the nutritive state of the animal (Brown and Hartwick, 1988c;

Littlewood and Gordon, 1988).

In bivalves, shell represents cumulative growth, while the amount of body tissue
depends on the current sexual and metabolic activity of the organism. By comparing the
amount of tissue to the amount of shell, it is possible to evaluate the current metabolic
and reproductive status of the bivalve. A low condition index indicates a major
biological effort has been expended. This could be energy used in response to poor
environmental or disease condition, or for the production and release of gametes (Lucas
and Beninger, 1985).

1t
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The most widely used condition index for adult bivalve is calculated as the dry tissue
weight: dry shell weight ratio (Rainer and Mann, 1992; Numaguchi, 1994, Numaguchi,
1995a). In the case of post-larvae and spat, Walne and Millican (1978) used the ratio of
dry ash weight: total dry weight which corresponds well to the more conventional dry
tissue weight: dry shell weight (Lucas and Beninger, 1985). The use of dry tissue and

shell measurements eliminates bias due to water content fluctuation.

Condition index can also be expressed as the dry weight: internal cavity volume ratio,
and has been used primarily with oysters (Lawrence and Scott, 1982; Bressan and
Marin, 1985; Rainer and Mann, 1992).

Due to the nature of the measurements of condition indices, they are easily standardised

and give valuable information about the comparative physiological status of the animal.

2.3.5 Biochemical index

The RNA:DNA ratio, protein:DNA ratio and protein:RNA ratios are biochemical
indices which have been shown to be directly related to on-going tissue growth in
bivalves and other aquatic organisms (Haines, 1973; Pease, 1976; Paon and
Kenchington, 1995). These biochemical indices are increasing being used in growth
studies of bivalves as changes in these ratios serve as a sensitive and reliable indicator
of condition (Kenchington, 1994).

The amount of somatic DNA remains relatively constant within the somatic cells of a
species (Clemmesen, 1993) while the RNA content fluctuates with age, life stage, size
and variation in environmental conditions (Pease, 1976; Bulow, 1987). Biochemical
indices have been used successfully in growth studies on various bivalves in€luding
virginica (Pease, 1976; Wright and Hetzel, 1983¢cten maximus (Robbiret al.,

1990), Abra ovata (Frantziet al., 1993) andMya arenaria (Mayrancet al., 1994).
Although these indices provide early information about the ecological changes on an
animalOs growth (Mayramd al., 1994), RNA and DNA levels can only be measured
using laboratory techniques seldom available to the aquaculturist, making it impractical

for the grower to use as a measure of bivalve growth.
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2.3.6 Mathematical model - von Bertalanffy growth function (VBGF)

Growth can be expressed mathematically and the method which has found widest
application in fisheries science is the von Bertalanffy growth function (von Bertalanffy,
1938). The VBGF is a mathematical model which allows for comparative studies on
growth. Although the conceptual analysis of the underlying theory is based on fish
growth, it has been used successfully for computation of growth parameters in various
species of bivalves including Pacific oyster gigas(Yoo et. al., 1972), American
oysterC. virginica(Shaw, 1962), the blue mus$él edulis (Sukhotin and Maximovich,
1994), giant clanilridacha gigas (Munro and Gwyther, 1981) and the quahog clam
Mercenaria mercenaria (Menzel, 1963; Jonets al., 1989). VBGF has been used
successfully for computation of growth parameters in pearl oysters incliRling
margaritifera (Nasr, 1984; Pouvreaet al., 2000b; Pouvreau and Prasil, 200R),
imbricata (Urban, 2000; Urban, 2002; Marcaetoal., 2005) P. mazatlanica (Saucedo

and Monteforte, 1997B) and P. maxima (Hart and Joll, 2006; Yukihara et al., 2006).

The VBGF reads for length:

Li=L (1 b &)y, (Equation 2.1)

where L is the asymptotic length, K is the growth constanthke length at age t angl t

the theoretic age of the animal at length equals zero.

While there are other mathematical models for describing growth mathematically such
as the logistic growth curve or Gompertz curve (Moreau, 1987), the VBGF is generally
considered to be superior than the others as it is biologically interpretable and can be
used for comparative growth studies as well as its parameters are relatively easy to

determine.

17



Chapter 2DbLiterature Review

2.4 Allometry of growth

Changes in growth may be represented by a parameter of growth of the whole organism
related to age, or the rate of growth of one part or dimension to that of another part,
termed allometry of growth (Huxley and Teissier, 1936). The relationship between
various measurements of growth is a useful source of information, with the relationship
between the size of the animal and its meat content of particular interest to the grower
(Quayle and Newkirk, 1989).

Significant differences in the allometric relationships between shell and body growth
can be caused by local variations in the marine environment (Brown and Hartwick,
1988a; Franz, 1993). Site-related growth variations are apparent as an increase in
absolute growth or change in the allometric relationship between shell and body tissue
(Macdonald and Thompson, 1985; Aldrich and Crowley, 1986; Brown and Hartwick,
1988b).

Allometric relationships are an important consideration for growers interested in a
particular shape of the cultured bivalve (for example, a pearl oyster with a greater shell
thickness that would facilitate insertion of a larger nucleus) and may be utilised as a

means of assessing the suitability of a potential site.

2.5 Bioenergetics of bivalve growth

Growth results when energy acquisition exceeds energy expenditure (Bayne and
Newell, 1983). The difference between the energy of the food an animal consumes and
all the other energy utilisations and loss is termed Oscope for growthO (Warren and
Davies, 1967).

The scope for growth has been widely used to examine the various components of
growth in pearl oysters and their response to environmental changes (Paivatau
2000a; Yukihiraet al., 1998a; Yukihiraet al., 1998b; Yukihiraet al., 2006; Lucas,
2008b). The different components of growth include ingestion, absorption, excretion
and respiration (Bayne and Newell, 1983). Energy is acquired through ingestion and

absorption while energy is expended through excretion and respiration. Any decrease in
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energy expenditures will cause greater assimilation and increased capacity for growth

and vice-versa (Bayne et al., 1993).

Ingestion is determined by clearance rate of particulate organic matter (Baghe

1989; Bacoret al., 1998, Yukihiraet al., 1998b) while absorption is estimated by using
ash weight: organic weight ratio (Conover, 1966; Macdoealal., 1998). Respiration

is measured through rates of oxygen consumption (Sobral and Widdows, 1997; Clausen
and Riisg@Erd, 1996, Yukihie al., 1998) and excretion is estimated by ammonia
secretion rates (Widdows, 1985; Macdonald et al., 1998).

Scope for growth calculations can be used to build a model of bioenergetics in pearl
oysters (Pouvreaet al., 2000b) to simulate growth, reproduction and spawning which
may provide valuable information for management of aquaculture. Bivalves reported to
have the highest scope for growth as well as highest clearance, respiration and excretion
rates include the pearl oysteBs, maxima andP. margaritifera(Yukihira et al., 1998a;

Lucas, 2008a)

2.6 Factors that affect growth of bivalves

An outstanding feature of growth in bivalve molluscs is its variation in rate (Wilbur and

Owen, 1964). Obviously many factors combine to exert an influence on the growth of
bivalves. Jamiesomt al. (1988) divided factors influencing growth &. edulis into

two categories: 1) biological factors and 2) physical factors. For bivalves under culture,
a third factor which affects growth is culture method and husbandry. Quantification of
these factors is useful for making predictions for the culture of economically important

species.

2.6.1 Biological factors

Some of the biological factors are inherent which affect growth of bivalves includes

genetics, age, size, health and physiological condition of the animal.

2.6.1.1 Genetic factors

Most commercially important bivalve molluscs show quantitative traits which can be

influenced by genetic factors (Wada, 1987; Wada and Jerry, 2008). Quantitative traits,
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also called polygenic traits, are those of most interest from a production viewpoint and
are likely to be controlled by a large number of genes (Newkirk, 1980). These traits

include growth rate, survival, meat yield and shell shape.

The expression of particular traits such as growth rate is due to a combination of both
genetic and environmental factors. To determine the relative importance of the genetic
component, an expression termed heritabilify i& used. Heritability is expressed as a
ratio of genetic variance: total phenotypic variance (composed of genetic and
environmental components). Some heritability estimates for bivalve growth and

survival are given in Table 2.1.

Electrophoretic studies have shown that natural populations of bivalve species are
genetically differentiated to some extent (Ahmetdal., 1977; McDonald and Koehn,
1988; Blotet al., 1988). If the populations experience different environments, one might
expect to see adaptations to local environmental conditions (Newkirk, 1980). The
interaction between genotype and environmental factors has been descrided for
virginica where genetically dissimilaC. virginica spat from different estuaries
displayed varying growth rates (Mallet and Haley, 1983)virginica larvae have also

been shown to grow at different rates at different salinities (Newkirk, 1978a).

The origin of an bivalvaffects itsgrowth rate (Tedengren and Kautsky, 1986; Petersen
and Beal, 1989; Rawson and Hilbish, 1991), filtration rate and net growth efficiency
(Widdowset al., 1984) and mortality (Dickiet al., 1984, Kautsket al., 1990) and its
influence is considered a manifestation of genetic differences (Sukhotin and
Maximovich, 1994; Kvingedal et al., 2007a, b; Kvingedal et al., 2008).

The difference in quantitative traits can be exploited for selective breeding programs in
bivalve aquaculture. The aim of selective breeding is to produce strains that are
improved for certain economic traits. In oysters, this includes faster growth rates (Haley
and Newkirk, 1977), greater resistance to disease (Haskin and Ford, 1978) and
producing improved hybrid vigour or heterosis (Singh and Zourous, 1978). For some
species of bivalves, a positive correlation has been established between heterosis and
growth rate (Mitton and Grant, 1984; Zourous and Foltz; 1987; Britten, 1996).

Pronounce difference has been reporte@iredulisof the same cohort reared under
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uniform conditions (Walne, 1958) and this was correlated with the degree of
heterozygosity (Singh and Zourous, 1978; Koehn and Shumway, 1982; Abtaabz
1989).

21



Chapter 2DbLiterature Review

Table 2.1 Heritabilities estimated for various species of marine bivalve molluscs
including the pearl oyster, P. fucata. (Adapted from Wada, 1987)

Species Traits Heritabilities Reference
C. virginica Larval growh 0.07D0.85 Longwell (1976)
Newkirk et al. (1977)

Spat length 0.29D0.71 Losee (1978)

C. gigas Larval survival 0.31 Lannan (1972)
Size 0.15 Lannan (1972)
Shape 0.13 Lannan (1972)
Meat weight 0.37 Lannan (1972)
Total weight 0.33 Lannan (1972)

M. edulis Larval growth 0.12D0.78 Innes and Haley (1977)

Newkirk (1980)
Newkirk et al.(1980)

P. fucata martensii  Shell width 0.127D0.467 Wada (1984)
Shell convexity 0.126D0.368 Wada (1986b)
Larval shell length 0.078b0.335 Wada (1989)
Shell height 0.304D0.921 He et al(2008)

While selective breeding can produce favourable results, the effects of inbreeding must
be taken into consideration. While inbreeding can be beneficial when used as a means
of OpurifyingO lines such as in producing better colour nacre in pearl oysters, inbreeding
can also produce deterioration in vigour and survival due to inbreeding depression. The
deleterious effects of inbreeding have been reported in various cultured bivalves. For
example, inbreeding of the Pacific oyst€, gigas, produced offspring which were
smaller in shell size, wet weight and dry weight (Beattial., 1987) while abnormal
die-off as with mortality as high as 72.5% was reported in inbred lines of Japanese pearl

oyster, P. fucata martensii (Wada, 1984).
While growth of cultured bivalves may be improved through selective breeding in the

hatchery, the advantages of improved growth performance must be weighed against the

inadvertent effects of inbreeding depression caused by genetic drift (Newkirk, 1978b).
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Chromosome manipulation by producing triploids through chemical or physical means
has been studied as a means of retarding or stopping gonad development in favour of
growth in aquaculture. Triploid animals can be produced by suppressing either meiosis |
or Il in bivalve molluscs (Gosling, 2003). Many authors reported that the size and
weight of triploid adult bivalves were significantly greater than diploid animals (Stanley
et al., 1984; Tabarini, 1984; Allen and Downing, 1986; Masioal., 1988, Komaru and
Wada, 1989). Triploidy has been reported to improve growth in the Japanese pearl
oystersPinctada fucata martensii (Jiargg al, 1991, 1993; Komaru and Wada, 1994;
Uchimura, 1999). It also has the advantage of making the pearl oysters more suitable for
nuclei insertion as mature gonads in a pearl oyster is unfavourable for pearl operation.
While triploidy may retard gonad development in most bivalves, Komaru and Wada
(1990) reported some male and female triploids to be mature. More studies must be
performed on the gonadal maturation in triploids before it can be safely be used as an

inducement for growth in aquaculture.

2.6.1.2 Age

Previous studies on molluscan growth and age have relied on estimation of an animalsO
age using size-frequency study, growth interruption lines and release and recovery of
tagged individuals (Haskin, 1954). With the advent of hatchery-production, the absolute
age of bivalves is known and growth rate may be studied over the different stages in the

life cycle.

The curve of absolute growth in bivalves as a function of age commonly describes a
sigmoidal curve (Gibson, 1956; Wilbur and Owen, 1964; Seed, 1973). The general
pattern is for rapid growth to occur in young individuals which declines with age. In
older individuals, there may be an extended period of slow growth at a rate which does
not change greatly with time (Wilbur and Owen, 1964). The decrease in growth rate
with age has been reported in a number of species of molluscs including the European
cockle Cardium edule (Kristensen, 1957), the American oyStevirginica (Ingle and
Dawson, 1952), the blue mus$él edulis (Chalfanget al., 1980), the fan musseinna

nobilis (Richardsoret al., 1999), the scalloPecten maximus (Mason, 1957) and the
pearl oysters,Pinctada radiata (Nayar and Al-Rumaidh, 1993, margaritifera

(Pouvreau et al., 2000b) and P. mazatlanica (Saucedo and Monteforte, 1995).
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Age-related response may reflect variations in the allocation of assimilated energy into
reproduction, storage, shell or somatic growth (Zardes., 1980; Cigarr'a, 1999). The
slower growth rate which occurs as the animal ages has been attributed to progressive
reduction in metabolic activity (Wilbur and Owen, 1964; Chalfaintl., 1980). For
example, the activity of the enzyme carbonic anhydrase, which is associated with shell
deposition in molluscs (Wilbur and Jodrey, 1955; Freeman, 1960), has been found to
decrease with age in the pearl oyskerfucata martensii (Kawai, 1955) and American
oysterC. virginica (Wilbur and Anderson, 1950). Studiesnfucata martensii shell

and pearl formation (Yamaguchi, 1958; Kobayashi and Watabe, 1959) have indicated a
decrease in mantle efficiency with age in the deposition of calcium carbonatez.CaCO
As pearl formation is a process closely related to shell deposition, the growth of pearls
is affected by the age of both the host oyster and the inserted piece of mantle which

forms it.

Ageing has an effect on changing the energy budget and scope of growth of the bivalve
(Bayne and Newell, 1983). As discussed previously, scope of growth is equivalent to
total production and is the sum of reproductive output and somatic growth. When an
individual ages, a greater proportion of this is directed to the production of gametes
while somatic production declines (Rodhouse, 1978; Branch, 1982). When somatic

production reaches zero the animal achieves its maximum size.

The decreased growth rate in older bivalves has been attributed to size as well as age.
Walne (1958) observed that individual oystebs, edulis, of the same age exhibited
decrease growth efficiency as their size increased, while Kristensen (1957) found a
similar relationship in the cockl&;. edule. Since growth rates decrease as a bivalve
becomes larger and older, one may expect to find metabolic correlations with size and
age (Wilbur and Owen, 1964).

2.6.1.3 Size

As an animal increases in size, its growth rate becomes slower due to a reduction in
metabolic activity and feeding efficiency. Smaller individuals have been found to have a

faster growth rate than larger individuals in many bivalves (Petersen and Fegley, 1986;
Hoffman et al., 1994; Cigarr’a, 1999; Stiles et al., 2000).

24



Chapter 2DbLiterature Review

Studies of body size and metabolic rate of molluscs and their larvae have established
that metabolism is proportional to a constant power of the body weight (Hemmingsen,
1960; Zeuthen, 1947, 1953; von Bertalanffy, 1957). The relationship between metabolic
activities such as filtration, ingestion, oxygen consumption and maintenance ration, and
body size, in molluscs, can be expressed as a function of dry-tissue weight (W) by the

allometric equation

R=aW, (Equation2.2)

where R is the rate of the metabolic activity under consideration, and a and b are
constants at specific experimental conditions (Winter, 1978). From studies on filtration
and oxygen consumption in various bivalves, the b values were found to range from
0.46 to 0.87 (Table 2.2). ) Generally, mature bivalves give priority of energy allocation
to gonad growth and gamete development (Brown and Russell-Hunter, 1978). Rapid
growth is observed when gonad development is blocked by inducing triploidy in

Pinctada martensii (Jiang et al., 1993).

The surface that governs the rate of oxygen supply, i.e. the surface of the qills, is
thought to physiologically limit growth (Pauly, 1979). As a relationship between body
size and gill area was found to exist M edulis (Dral, 1967; Foster-Smith, 1975;
Thiesen, 1982), it is justified to assume that as the animal becomes largél,
approach a point where the oxygen-controlled rate of synthesis of body mass is lowered

so that it is just sufficient to counteract catabolic processes (Vakily, 1992).

The surface of the gills affect filtration the same way it does oxygen supply; in larger
animals, filtration is reduced, leading to less food being ingested which ultimately
lesses the growth rate of the animal. For example, J¢rgensen (1952) reported that the
growth efficiency decreased from 84%Nh edulis andM. californianus of 0.35 b 6.0

mm in length to 11% in animals of approximately 90 mm in length while Winter (1973)
calculated that smaM. edulis filtered algae equivalent to 29% of its dry tissue weight

daily, while larger M. edulis filtered just 5.5%.
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2.6.1.4 Reproductive stage

Reproductive activity in molluscs has on effect on the growth of an organism by
directing energy away from somatic growth and channelling it towards gametogenesis
(Bayne and Newell, 1983). In some molluscs, reproduction is only initiated when
somatic growth stops, while in others growth continues after maturity with increasing

energy being allocated to gamete production.

Many bivalves have seasonal cycles of energy utilisation that are intimately associated
with the reproductive cycle (Besnard, 1991; Paon and Kenchington, 1995; Retdick

al., 1999). This is also true in pearl oysters (Saucedo and Southgate, 2008). The energy
requirement for gametogenesis is supplied by food or utilisation of lipid, carbohydrate
and protein reserves supplied to the gonads from various storage sites (Barber and
Blake, 1991). Paon and Kenchington (1995) reported that gonad weight increase
coincided with adductor muscle weight decrease in the sea sdalimwpecten
magellanicus during gametogenesis, suggesting either a transfer of substrate from the
adductor muscle or a preferential direction of resources towards gamete production at
the expense of the adductor muscle. Another example of substrate transfer from muscle
is glycogen peaks, originating mainly from the muscular tissues, and thought to trigger
vitellogenesis in several bivalves such Agopecten irradians (Barber and Blake,
1981),M. edulis (Loweet al., 1982; Baynet al., 1983)0. edulis (Ruizt al., 1992a),

O. puelchana (Fernandez Castro and Vido de Mattio, 1987%8mymeris glycymeris
(Galapet al., 1997). Vitellogenesis in pearl oysters has been reported to be very energy
demanding and sensitive to external factors and selective pressure (Saucedo and
Southgate, 2008). Metabolic conversion from glycogen to lipid is thought to occur
during gonad development (Gabbott, 1983; Deslous-Paoli and HZral, 198&:t Ruiz
1992b). Many investigators have reported a relationship between reduced growth rate

and spawning in bivalves (Quayle, 1951; Nasr, 1984).

Generally, mature bivalves give priority of energy allocation to gonad growth and
gamete development (Brown and Russell-Hunter, 1978). Rapid growth is observed
when gonad development is blocked by inducing triploidimctada martensii (Jiang

et al., 1993).
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Table 2.2 Values of the constant b in various bivalves including pearl oy&ters
maxima andP. margaritifera, based on the general allometric equation R =

aw

Bivalve species Metabolic activity b Reference
M. edulis Filtration 0.60  Vahl (1973)
0.73  Winter (1973)
Oxygen consumption 0.70  KrYger (1960)
0.64 Read (1962)
0.75 Vahl (1973)
M. californianus Filtration 0.46 Bayneet al. 1976)
Pecten irradians Filtration 0.82  Chipman and Hopkins (1954)
Oxygen consumption 0.87  J¢rgensen (1976)
P. maxima Clearance 0.61  Yukiharaet al. (19983
Respiration 0.56  Yukiharaet al. (19983
Ammonia excretion 0.78  Yukiharaet al. (19983
P. margaritifera Clearance 0.60  Yukiharaet al. (19983
0.61  Pouvreatet al (2000a)
Respiration 0.44  Yukiharaet al. (19983
Ammonia excretion 0.64  Yukiharaet al. (19983
Pseudofaecal productio 0.77  Pouvreatet al. (20003
Faecal production 0.49 Pouveauet al. (20003
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2.6.1.5 Disease and parasites

Bivalve culture throughout the world has been plagued by epizootics (Lester, 1989) that

have affected the growth and survival of animal stocks. Disease and disease-related
stress has been found to cause shortened life span, mass mortalities, reduction in total
amino acid and carbohydrate content and invasion by other opportunistic organisms

(Jeffries, 1982).

Disease causing agents and parasites of bivalves including pearl oysters encompass a
wide range of organisms, ranging from protozoa to molluscs (Quayle and Newkirk,
1989; Humphrey, 2008). The range of deleterious effects on the host bivalve varies
from food sharing to outright disease ending in mortality (Quayle and Newkirk, 1989).

In the culture of pearl oysters, disease also impact on the industry by producing poor

quality pearls (Humphrey, 2008)

Infections by pathogens can affect growth in bivalves by interfering with energy
acquisition in the animal (PZrez Camaehal., 1997) as well as retard shell deposition

at the shell-mantle interface (Perkins, 1996; Ruck and Cook, 1998; Humphrey, 2008).
Some examples of reduced growth in pearl oysters caused by disease agents and

parasites will be discussed.

Reduced shell growth and mass mortalities in farmed Akoya pearl oysters in Japan have
been reported (Miyazakit al.,1999; Kobayashet al., 1999). While a causative agent is

yet to be conclusively identified, there is evidence that an icosahedral virus is involved,
with clinical symptoms of reduced growth, low condition indices, decreased body weigh
and mortality caused by functional disturbance in various metabolic functions such as

feeding, respiration, and excretion (Humphrey, 2008).

Studies have shown that polychaete wétatydora infestation causes a decreas€.in
gigas growth by burrowing in the shell surface at the growing margin (Zottoli and
Carriker, 1974; Sato-Okoshi and Okoshi, 1993; Almeatial., 1997). Another spionid
polychaete wornBoccardia knoxi was found to cause the static condition indic€s in

gigas to decrease (Handley, 1998).
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While most pathogens and parasites cause a decrease in growth in molluscs, there have
been some reports for gigantism in gastropods caused by larval trematode infection
(Rothschild, 1936; Boettger, 1952). Infected animals grew at a rate which was faster
than normal (Rothschild and Rothschild, 1939) which may have brought about by the
partial or complete destruction of the gonads thus favouring somatic growth.
Bucephalussp. trematodes have been reported to infect Akoya pearl oysters and
invading the gonad and digestive glands (Ozaki and Ishibashi, 1934; Wada, 1991;
Khamdan, 1998), making oysters unsuitable for pearl production but no observation of
gigantism were reported. In the literature reviewed thus far, there has been no report of

gigantism or accelerated growth in marine bivalves caused by a pathogenic agent.

2.6.2 Environmental factors

Variations in growth and survival of marine bivalves living under different
environmental conditions have been widely studied as rapid expansion of aquaculture
has placed increasing importance upon habitat requirements and selection.
Environment-related variation in growth has been demonstrated in many commercially
important bivalves, amongst them the pearl oysRerfsicata martensii (Numaguchi and
Tanaka, 1986a, 1986b) afd maxima (Mills, 2000). Growth in marine bivalves is

affected by the interactions of several environmental variables.

2.6.2.1 Water temperature

The effects of water temperature on growth rate in bivalves have been examined in
natural population and under controlled laboratory conditions. Field studies of
temperature effects are very difficult because of the complex interaction of multiple
factors. Temperature is one of the principal environmental factors affecting bivalve
growth (Malouf and Breese, 1977; Inceeal., 1980) and has a direct effect on the
growth of the animal by influencing metabolic activity such as ingestion, absorption,

excretion and respiration.

The range of temperatures over which growth is optimal differs considerably between
species and between different populations of the same species. Below a given
temperature, growth becomes very slow or ceases as the animal stops feeding and the

digestive tract become empty (Bayne and Newell, 1983) due to insufficient energy for
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tissue growth i.e. scope-for-growth nears zero or become negative (Lucas, 2008a). The
temperatureat which feeding stops occurs at different temperatures for different
bivalves, depending on distribution of the species ie, temperate or tropical, ranging from
13iC for the pearl oystd?. martensii (Kobayashi and Watabe, 1959) and to below 5;C
for C. virginica (Loosanoff, 1958) antl. edulis (Loosanoff, 1942) while the giant
clam, Tridacnha gigas was found to stop growing at 19.2iC (Lueasal., 1988) and
growth becomes negligible foM. mercenaria at temperatures below 10;C (Pratt and
Campbell, 1956).

From a physiological perspective, temperature affects growth in bivalves by regulating
the division of net production into somatic and reproductive tissue, as well as regulating

the relative rates of filtration and respiration (Fig. 2.2).

Many temperate species of bivalves follow a growth pattern with a low growth rate
during winter and maximum growth in spring or summer. Some examples include the
pearl oysters P. margaritifera (Nasr, 1984) ahducata(Kobayashi and Tobata, 1949;
Kim, 1969). The slower growth rate at low temperatures, demonstrated experimentally
in C. virginica (Loosanoff, 1950) has been attributed to the adverse affect of

temperature on the opening of the valves and filtration rate.

Higher temperature favours growth by increasing soft tissue weight through gonadal
development in some bivalves suchPesten magellanicus (Pilditch and Grant, 1999),

C. gigas (Almeidaet al., 1997) and pearl oystdPs margaritifera (Araya-Nune<t al.,

1991; Saucedet al., 2000),P. fucata (Behzadet al., 1997) andPteria sterna (Vite-
Garcia and Saucedo, 2008), as well as raises filtration and ingestion Patenaxima
(Mills, 2000; Yukihiraet al., 2000)P. margaritifera (Yukihira et al., 2000) andPteria
sterna (del Rio-Portilla, 1992).

Conversely, some authors have noted that some bivalves experience a cessation or
decrease in growth during summer believed to result from higher temperature increasing

the metabolic energy demand beyond what the feeding processes can cope with
(Lammens, 1967; De Wilde, 1975). Unfed fucata martensii displayed a decrease in

dry weight due to increased catabolic losses of carbon and nitrogen with increasing

water temperature (Numaguchi, 1995b).
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Slowing of growth in summer in some bivalves can be contributed to the channelling of
energy to gametogenesis at the expense of somatic growth (Beaven, 1950). Browne and
Russel-Hunter (1978) observed that gonad growth in bivalves is given priority over
growth of other tissues during periods before spawning which is usually in warmer
months. As water temperature increases, more net production is allocated to
reproduction (Hofmart al., 1994). This would account for no shell increment in some

bivalves during summer.

While shell growth and tissue growth are obviously interrelated (Vakily, 1992),
temperature may affect the growth of one more than the other. Calcium carisonate
crucial in the growth of bivalve shells as it is a major component of the shell, deposited
in the form of an organic matrix (Crenshaw, 1980). Shell composition and secretion in
pearl oyster was described in detail by Fougeraetsal. (2008). In seawater, the
solubility of calcium carbonate increases with decreasing water temperature and high
pressure (Dietriclet al., 1980). The free energy of precipitation of calcium carbonate
from seawater is affected by its solubility and increases linearly from 0jC to 40;C
(Clarke, 1983), meaning that the metabolic cost of removing calcium carbonate for shell

formation is greater at low than high temperature (Vakily, 1992).

Besides the direct effect of temperature on metabolic and active transport reactions
which regulate bivalve growth, temperature may also act concomitantly with other
multiple factors such as food quality and intake (Loosagioéfl., 1953; Davis Guillard,

1958; Yukihiraet al., 2000), size and age (Hamai, 1935; Zaradesd., 1980; Yukihira,
1998a) and latitude (Bullock, 1955, Hofmaanal., 1994) to influence growth. This
phenomenon has been shown for pearl oysters (Toetaal, 2002(b); Mondal, 2006;
Saucedo et al., 2009).

2.6.2.2 Salinity

Salinity conditions beyond a species optimal zone can negatively affect growth and
survival of bivalves (Quayle, 1969; Bernard, 1983) including pearl oysters (Lucas,
2008b). However, many bivalves are euryhaline and can survive over a wide range of

salinities.
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Bayne and Newell (1983) viewed salinity as a limiting factor (Fry, 1947) for marine
molluscs growth; in a low salinity environment the potential for energy acquisition is
restricted. Reduced growth rate of bivalves in low salinities have been reported in many
studies (e.g. Sakuda, 1966; Thiesen, 1968; Remane and Schlieper, 1971; Forbes, 1973;
Mok, 1974; Brown, 1988; Brown and Hartwick, 1988b, 1988c). A review of the effects
and influences of varying salinities on pearl oysters is presented by Lucas (2008b).
Jeyabaskarret al. (1983) suggested that high salinities within the range 29 - 34 &
reduced growth of pearl oyster fucatain farms in India. Tayloet al. (2004) reported

thatP. maxima spat growth was optimal at 30 & but a reduction to 25 & or increment

to 40 & or 40 & reduced shell growth.

Fluctuations in salinity levels may cause reduced growth of bivalves by acting directly
on the physiological processes of the animal, or it can reduce the animalOs tolerance to
alteration in other environmental variables such as food availability and temperature
(Medcof and Needler, 1941; Bernard, 1983). Low salinity causes shell closure in
bivalves (Pierce, 1947; Brown, 1988) leading to reduction in food consumption and
respiration as well as absorption efficiency, and may cause significant energy drain
through excretory losses of amines (Bayne and Newell, 1983). It has been reported in
the pearl oysteP. fucata that ciliary movements of the gills were abnormal at 13 &
salinity and ceased at 9.5 & (Kobayashi and Matsui, 1953) and feeding is inhibited at
approximately 14 a (Wada, 1969). This, as well as the additional metabolic cost to the
animal associated with maintenance of osmotic balance in a stressful salinity regime,

can cause bivalves to stop somatic growth.

Rate of shell formation is partially dependent on the supply of calcium to the mantle by
blood or the external medium (Wilbur and Saleuddin, 1983). Calcium concentration in
water is related to salinity (Riley and Chester, 1971) and the limited availability of the
shell-building substrate in a low-satyn environment may suppress growth in the

bivalve.

While most bivalves cultured in coastal areas experience occasional low salinity stress
due to monsoon rains and freshwater run off from the coast, some bivalve are cultured
in environments where high salinities prevail. For example, the pearl ¢ystadiata

cultured in the Arabian Gulf experience high and stressful salinity ranges of 50 to 60 a
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due to excessive evaporation, shallow depths and little freshwater input. In these areas
of high salinity, growth of. radiata is stunted (Al-Sayeet al., 1997). Hypersalinity
changes the osmoregulatory capability of the membrane permeability system so that
permeability to water decreases while permeability to ions increases. The uptake of
nutrients and accumulation of catabolites is affected, leading to the possible slowing

down of metabolism and growth (Al-Sayed et al., 1997).

Salinity may act indirectly on bivalve growth by affecting the growth of phytoplankton
as well as the species composition of the phytoplankton community, the source of food
for marine bivalves (Angell, 1986). Alteration in phytoplankton amounts may lead to

lower food level and subsequently inadequate nutrition for growth.
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Fig. 2.2 Sclematic of the influence of temperature on physiological activities and
growth in bivalves (adapted from Hofmann et al., 1994).
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2.6.2.3 Food availability

An important consideration in aquaculture is food availability as this is a major factor
affecting bivalve growth, having an equal if not greater influence upon growth rates
compared with temperature (MacDonald and Thompson, 1985; Brown and Hartwick,
1988b; Lucas, 2008a).

The influence of food on growth is well documented in bivalves (@f"iE, 1994;
MacDonald et al., 1998; Pilditch and Grant, 1999) including the pearl oyd®ers
maxima(Yukiharaet al., 1998b; Yukiharat al., 1999; Mills, 2000)P. fucata martensii
(Numaguchi, 1995a, 1995b; Yukihiet al., 1999) andP. margaritifera (Yukihira et
al., 1999; Pouvreau et al., 2000a; Yukihira et al., 2006).

In a natural environment, bivalves experience a diet of suspended particulate matter
(seston), which includes living plankton, organic detritus and inorganic particles or silt
(Bayne and Newell, 1983). Factors such as the quality, quantity and size of the
suspended particulate matter alter the physiological responses of the filter-feeding
bivalves, having a direct effect on their growth rates and reproduction (Navarro and
Ulloa, 1992). Therefore, changes in the composition of the seston can lead to changes in

the nutritional quality of the food available, and growth of bivalves.

It has been reported that scope-for-growtlMinedulis (Bayne and Newell, 1983) and
Aulacomya ater (Bayne and Newell, 1983; Navarro and Ulloa, 1992) increased with
increased algal cell quantity. Conversely, it has been obseridadrenaria (Gilfillan

et al., 1976)M. edulis (Bayne and Widdows, 1978) addislandica (Vahl, 1980) that

low ration concentration resulted in lowered growth efficiency and subsequent weight
loss. This has also been observed in the pearl dysteaxima (Yukiharat al., 1998b;

Lucas, 2008a). In environments of high seston concentration, ingestion rate increases
until an asymptote is reached with no further increase at higher concentration éBayne
al., 1989; Baconret al., 1998). Bivalves regulate ingestion as food concentration

increases by reducing clearance rates and producing pseudofaecesetEdcdr998).

Correlation between seston concentration and growth may not necessarily be

meaningful and may only indicate that conditions favourable for plankton growth also
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favour bivalve growth (Coe, 1948). Food quality is perhaps the greatest constraint on
bivalve energy budget and growth (Grant, 1996). For example, specific components of
the seston were found to correlate bivalve growth of rather than the bulk of the seston
(Grant, 1996). Many species of bivalves have the ability to select the quality of the
material ingested through the production of pseudofaeces and preferential rejection of
inorganic particles (MacDonald and Ward, 1994). The nutritional composition of
ingested food particles have been reported to influence growth rates in pearl oysters.
Martinez-Fernandeet al. (2006) reported that growth rate Bf margaritiferalarvae

fed a micro-algal diet was correlated to levels of nutrients in the food especially

carbohydrates and highly unsaturated fatty acids.

In order to for growth to occur, bivalves need to ingest food particle of an appropriate
size and favourable morphology (Saucedo and Southgate, 2008). For example,
mortalities and loss of condition in the pearl oy$tefucata martensii were reported in
Japan when the marine diatdditzschia spp. was found to predominate in the water
column (Tomaret al., 2001; Tomaret al., 2002b) due to the unsuitability of the algae

as a food for akoya pearl oysters.

Van Stralen and Dijkema (1994) demonstrated that bottom mussel culture was related to
chlorophyll levels, while Vahl (1980) reported the growth @f islandica to be
correlated to concentration of particulate organic matter (POM) as well as inorganic
matter. It has been found that the presence of suspended inorganic material silt
stimulated growth in the bivalvd. edulis (Ki¢rboeet al., 1980, 1981; M¢ hlenberg and
Ki¢rboe, 1981; Bayne and Newell, 1983). Ki¢rheteal. (1980) suggested that the
presence of silt may induce rapid feeding as well as absorb organic compounds for

energy utilisation in the mussel.

The characterisation of food supply to bivalves and its effect on bivalve growth is a
complex issue and involves interaction between variables such as food concentration,
food quality, size and other diverse factors such as temperature, resuspension, water
current and water flow. Feeding and metabolism in pearl oyster was recently reviewed
by Lucas (2008a).
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2.6.2.4 pH

As reduced pH is an infrequent natural occurrence in the sea, relatively little research
has been done on its potential effects on bivalve growth (Knutzen, 1981), when
compared to studies on the effects of temperature and salinity. However, with the
ongoing decrease in the pH of the Earth's oceans caused by their uptake of
anthropogenic carbon dioxide from the atmosphere, negative consequences is a threat to
oceanic calcifying organisms such as pearl oysters. Ocean acidification may force
bivalves to reallocate resources away from productive endpoints such as growth in order

to maintain calcification.

Oxygen uptake in bivalves occurs when oxygen diffuses passively from the higher
partial pressure of oxygen in mantle cavity water to the lower partial pressure of oxygen
in the haemolymph. Rate of oxygen uptake depends on the partial pressure gradient and
pH is one factor which influences partial pressure besides temperature and salinity
(Lucas, 2008b). Reduced ventilation is correlated to reduction in gape with retraction of
the mantle edges (Jorgensen, 1996) which in turn lowers feeding and consequently

growth.

Some observed responses to pHOinedulis,C. gigas and\. edulis include growth
suppression, shell dissolution, tissue weight loss and feeding suppression at pH < 7.0,
and abnormal and OnarcoticO behaviour at pH < 6.5 such as gaping of the valves and the
absence of byssal attachment (Bamber, 1990). Other responses to low pH in bivalves
consist of reduced gamete respiratioMinedulis below pH 7.6 (Akberadt al., 1985),
increased adult mortality and shell dissolutiorPinfucataat pH 7.4 - 7. Kuwatani

and Nishii, 1969), reduced pumping rate and abnormal shell movement inCadult
virginica below pH 7.0 (Loosanoff and Tommers, 1947), inhibition of feeding and shell
growth, shell dissolution and increased mortalityenerupis decussata below pH 7.0
(Bamber, 1987) and lowered shell depositiorCerastoderma edule at below pH 7.0
(Richardsoret al., 1981). Recent research with the pearl oyBtducata showed that
reduced pH (to pH 7.8 and 7.6) resulted in reduced activity, reduced byssal attachment

and byssal strength as well as reduced shell strength (Welladsen, 2009).
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The responses of bivalves towards a low pH are attributed to the direct affect of acidity
(Bamber, 1990) and the disruption of the JGfarbonate buffering system in seawater
(Whitfield and Turner, 1986).

2.6.2.5 Fouling, boring organisms and predators

Biofouling is the attachment of marine organisms to another organism or non-living
object. Some fouling organisms of bivalves including pearl oyster include barnacles,
bryozoans, molluscs, fouling sponges, ascidians, hydroids, algae and tunicates
(Dharmarajet al., 1987; Quayle and Newkirk, 1989; de Nys and Ison, 2008). These
organisms can affect bivalve growth by occupying the same ecological niche as the
bivalve and contesting for available food and living space (Arakawa, 1990a; Fernindez
et al., 1999). Additionally, they may be deleterious to bivalve growth through physical
interruption to the opening and closing of the valves thereby affecting the efficiency of
filtration (Alagarswami and Chellam, 1976; Paul and Davies, 1986), interfering with the
shell growth margin (Tayloet al., 1997a) and reducing oxygen supply to the animal
(Wallace and Reinsnes, 1985).

Fouling communities have been reported to cause adverse effect on the growth and
survival of cultured bivalves like the Pacific oyster gigas (Arakawa, 1990a), the
northern quahogMercenaria mercenaria (Fernindez al., 1999), the American
oyster,C. virginica (Zajacet al., 1989) and the pearl oysté?sfucata (Alagarswami

and Chellam, 1976; Mohammad, 1976; Dharmatjal., 1987),P. margaritifera
radiata (Doroudi, 1996)P. radiata (Doroudi, 1996 teria penguin (Smitasiet al.,

1994) and P. maxima (Taylor et al., 1997a).

Another group of animals which adversely affect bivalve growth and survival are boring
organisms comprising polychaetes, sponges, molluscs and isopods (Dhatedraj
1987). Polychaetes &folydoraspp., a common borer, cause damage by drilling into the
bivalveOs shell margin and penetrating the nacre (Quayle and Newkirk, 1989). This
induces the bivalve to expend energy in secreting additional nacre to coat blisters
created byPolydora spp. and leaving less energy for somatic growth. Boring sponges of
the Cliona species bore into calcareous shells and create a honeycomb of tunnels,

making the animal susceptible to further damage by polychaetes. In extreme cases, the

38



Chapter 2DbLiterature Review

secretion of nacre to seal perforations may lead to death from physical exhaustion
(Alagarswami and Chellam, 1976). The deleterious effea®ioha such as destruction
of shell have been reported in pearl oysters (Frorabat., 2005; Humphrey, 2008; de

Nys and Ison, 2008) and can potentially lead to disruption in the pearling industry.

In addition to fouling and boring organisms, predators present a serious threat to the
survival and growth of cultured bivalves. Predators can affect the dynamics of prey
population not only by direct predation, but also by changing the rates of growth and
reproduction of prey (Fraser and Gilliam, 1992). Growth would be affected if prey stops
foraging to avoid predators (Milinski and Heller, 1978; Lima and Dill, 1990), or if
greater energy is channelled to morphological or chemical defence against predators
(Harvell, 1992; Stibor, 1992; Hernandez and Leon, 1995). Nakaoka (2000) reported that
M. mercenaria showed lower growth rates in habitats where predation by whelks was
higher and suggested that the lower growth rate was caused by feeding inhibition; a
predator-avoidance behaviour. Pit and Southgate (2003a) reported that removing
predators monthly had a significant effect on growth of blacklip pearl oyster
margaritifera. Predators of pearl oyster include gastropods, starfish, crabs, turtles and
fish and these attack their prey through drilling through shells, forcibly tearing open

valves as well as crushing shells (Humphrey, 2008).

2.6.3 Culture methods

Aquaculture practices strive to provide optimal conditions to promote the rapid growth
of a species. Long term viability of bivalve culture is dependent upon the selection of
suitable sites and culture methods which provide the physical and biological conditions
necessary to promote rapid growth and high survival (Brown and Hardwick, 1988a).
Culture methods including depth, stocking density and cleaning regimes can affect and
modify pearl oyster growth (Pouvreaat al., 2000b; Saucedo and Southgate, 2008;
Southgate, 2008).

Growth in bivalves is influenced by depth. Lodeisisal., (2002) showed that growth
and survival rate of the pearl oystrimbricatain Venezuela was higher in suspended
culture than bottom culture. Depth has also been showed to affect growth of various

other pearl oysters such Bgeria penguin(Smitasiriet al., 1994) andPinctada fucata
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(Chellam, 1978). Research with scallops indicated a nutritional basis for this effect
(Wallace and Reinsnes, 1985).

The spatial distribution of an organism can affect the growth of the animal through
competition for food and space. Overstocking of animals can have the same deleterious
affect on bivalve growth as fouling organisms. CultuRdcopecten magellanicus
showed an inverse relationship between growth (measured by shell height, meat weight
and whole weight) and stocking density (Parsons and Dadswell, 1992). A possible
explanation put forward by Wildish and Kristmanson (1985) is the seston depletion
effect, whereby food resources are depleted more rapidly by animals held in high
densities. Another reason may be space limitation leading to retarded growth or shell
deformation, as demonstrated by Tayétral. (1998) for the pearl oysteRinctada
maxima stocked at high densities. Spatial variation in growth has also been
demonstrated in other bivalves such as the bay sc&lfgppecten irradians (Duggan,
1973), the clamMercenaria mercenaria (Hadley and Manzi, 1983), Sydney rock
oysters, Saccostrea commercialis (Hollidagt al. 1991, 1993) and Pacific oysters,

Crassostrea gigas (Roland and Albrecht, 1990) amongst others.

Methods of culture employed for commercial bivalve farming takes into consideration
optimal conditions for growth. In the hatchery stage, larval growth and survival are
improved through feed supplement, removal of predators and provision of an optimal
growth environmental with controlled water parameters such as temperature, salinity
and pH. During ocean grow-out, growth and survival may be significantly better in
some structures over others. For example, the pearl oytertda mazatlanica and
Pteria penguin grew larger when cultured in pocket nets compared to lantern nets and
plastic cages (Gaytan-Mondragehal., 1993). Similarly, an evaluation into growth of

P. margaritifera using 5 different culture techniques indentified optimum growth was
attained when oysters were grown using pocket nets and by OearO hanging (Southgate,
2000). Besides employing suitable culture structures, the judicious selection of sites
with favourable conditions also affect growth of bivalves. Yukibiral. (2006) showed

that growth index (!) for P. margaritiferawas significantly different between two
culture sites in Queensland, Australi@legtion of a culture site which has appropriate
physical and biological conditions to promote growth of pearl oysterucial to the

success of pearl oyster culture.

4C



Chapter 2DbLiterature Review

2.7 Conclusion

Bivalve growth is affected by a complex combination of biological and environmental

factors. Biological factors include the size, age, reproductive condition and genetic
characteristic of the animals. These aspects of bivalve growth are often difficult if not
impossible to manipulate in a culture situation to ensure optimum growth. On the other
hand, limited control may be exerted over environmental factors that govern growth
such as water temperature and salinity, which affect rates of biochemical reactions
within an organism and food availability, which affects nutritional conditions, through

careful selection of culture sites.

2.8 Aims of this study

The major objective of this study was to develop our understanding of what governs
growth and mortality inP. maxima cultured at Aljui Bay in West Papua, Indonesia.
Various temporal (month), spatial (site and depth) and biological factors (age and size)
were investigated to determine how they affect somatic and reproductive groRith in
maxima. In addition, various environmental parameters were investigated to determine

their influence on P. maxima growth.

The specific aims of this study were:

1. To examine the temporal and spatial variation in environmental parameters at

three experimental sites within Aljui Bay (Chapter 4)

2. To evaluate the spatio-temporal and age-related variation in growth and
mortality of P. maxima grown at three sites and two depths, with special

emphasis on the environmental influence (Chapter 5)

3. To model the growth ofP. maxima mathematically and use mathematical

expressions to compare growth at three sites and two depths (Chapter 6)

4. To investigate the spatio-temporal variation in the recruitment of biofouling
assemblages dA. maxima grown at three sites and two depths and examine the

effect of biofouling on growth and mortality (Chapter 7)
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5. To examine various factors affecting gender and gonad developmént in

maxima cultured at two sites and depths (Chapter 8)
This research will provide valuable insight into factors which influence growth. of

maxima during ocean grow-out. Timesitu nature of this study ensures that the research

outcome is directly relevant to the pearl farmer.
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CHAPTER 3

General Methods and Materials

3.1 Study area

Field study was conducted between May 2000 and February 2002 at a commercial pearl
oyster farm, P. T. Cendana Indopearls. Cendana Indopearls is owned by an Australian
parent company Atlas Pacific Limited. Cendana Indopearls is located in a remote area
surrounded by pristine waters off Pulau Waigeo (Latitude 0j 11' S, Longitude 130j 14"
E), West Papua (formerly Irian Jaya), Indonesia. Pulau Waigeo (Fig. 3.1) is the largest
island in the Raja Ampat island group, lying approximately 148 km off the north-west
of West Papua within the administrative regency of Sorong. Access to the farm is by
boat from Sorong. Unless otherwise stated, all field experiments and environmental

monitoring were conducted on site.

/ | Pulau Waiaeo

S

Fig. 3.1  Location of study area at Pulau Waigeo, Raja Ampat Island group, West
Papua, Indonesia.
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Cendana Indopearls has approximately 2,500 hectares of water leases in the area, and
the farm consists of a land-based hatchery, ocean-based nursery and ocean grow-out
stocked with approximately 800,000 oysters as well as pearl seeding and farming
facilities. The farmOs proximity to the equator and away from cyclonic activity makes it

a favourable site for pearl oyster cultivation. Additionally, it presents an ideal site to

conduct pearl oyster research as all stages of the life cycle are fully represented.

3.2 Physical features

The farm is located at the western end of Pulau Waigeo within Aljui Bay (Fig. 3.2).

Aljui Bay consists of an inner bay and an outer bay. Oysters are cultivated in the outer
bay by suspension on long-lines arranged in blocks close to shore and placed either
parallel or perpendicular to the land mass. The sea within the Bay is relatively calm and

protected by surrounding islands.

Aljui Bay encompasses numerous scattered islets and reefs within both bays. The inner
bay is landlocked and fringed by extensive mangrove swamps. The outer bay is
approximately 10 km long by 5 km wide (Knauer, Atlas Pacific, pers. comm., 2002) and
access from the open sea is restricted to a few channels. The topography of the outer
bay islets is characterised by lower montane forest on steep and rugged limestone karst,
with ultra-basic peridotites and serpentine rock outcrops (Diamond, 1986). Most of the
islets have no sandy shoreline; instead the perimeter slopes almost vertically into

fringing reefs, with xerophytic vegetation over the basic parent rocks (Diamond, 1986).

3.3 Climate

West Papua lies within the humid tropical climatic zone with an approximate average
annual air temperature and rainfall of 27G and 2767.7 mm, respectivélyHoare,
1996). Historical climate data derived from the Global Historical Climatology Network
indicated slight seasonal variation in average monthly temperature and rainfall within
the region, with greater rainfall and lower temperatures observed in June, July and
August (Hoare, 1996).

! Data from weather station at Jefman Airport (LatitudgNQ Longitude 131iE) and covers an area
approximately 111 km north to south and east to west (Hoare, 1996).
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PULAU
WAIGEO

Inner Bay

OuterBay

Aljui Bay

Fig. 3.2  Location of Aljui Bay, western Pulau Waigeo.

3.4 Experimental sites

Three locations within Aljui Bay were selected as experimental sites. The sites were
used extensively for culturing farm oysters and differed in depth, surrounding
topography, current and long-line positions. The micro-environment of the sites was
monitored over a one and a half year period to determine if there were any differences
in environmental parameters between sites and over season. The experimental sites are

Ganan, Manselo and Batu Terio (Fig. 3.3)

3.4.1 Ganan

Ganan (Latitude 00;j 110 59 S, Longitude 130; 150 52 E) is located at the entrance to the
outer bay and faces strong upwelling currents sweeping in from the Pacific Ocean from
two direction (Fig. 3.3) with high water exchange. The long-lines at Ganan are placed
perpendicular to the current flow (cross-current) and secured to limestone karsts on the
nearby land mass of Pulau Ganan. Depth soundings with a SiEe€a80 echo sounder
indicate a maximum depth at Ganan of approximately 23 m. The bottom topography

consists mainly of coral reef and sand.
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Fig. 3.3  Diagram of the experimental sites of Ganan, Manselo an