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ABSTRACT 

 

The New Zealand pipi, Paphies australis, occurs widely around the coast of 

New Zealand and belonging to the family Mesodesmatidae. Pipi form a part of 

the recreational bivalve fishery, and there is also an annual restriction of the 

total commercial harvest. Previous investigations have examined the biological 

and ecological aspects of pipi in the wild. However, neither of them studied the 

nutritional requirements of pipi under hatchery conditions. This thesis discusses 

the feeding requirements of pipi collected from Waiwera Beach and Onehunga 

Harbour, during their growing and maturing stages. A series of studies on the 

cell clearance rates, feeding trials, proximate analysis, and broodstock 

conditioning of pipi clams were conducted over 15 months (September 2008 

until December 2009) at the AUT Aquaculture Laboratory. In the cell clearance 

rates study, the rates for microalgal diets in descending order were 

Thalassiosira pseudonana > Isochrysis galbana > Chaetoceros muelleri > 

Tetraselmis suecica > Pavlova lutheri. It is inferred that pipi are capable of 

filtering a variety of microalgal species while at the same time being a selective 

filter feeder. The same microalgal species tested in the aforementioned study 

were fed to pipi of different size classes (spat, juveniles, and adults) in the 

feeding trials experiment. Three processed diets (baker‟s yeast, wheat flour, 

and corn flour) also were tested on the pipi clams. This study was carried out to 

test the effect of different diets on growth and survivality, and body composition 

of spat, juvenile, and adult pipi. There were positive relationships between the 

growth performance (length and weight) and dietary lipid content for spat and 

juveniles. For adult pipi, the carbohydrate content in the diets was positively 

related to pipi shell growth. However, proximate analyses of adult pipi at the end 



 

 

of the experiment indicated an overall depletion of carbohydrates in the tissues, 

while proteins and lipids were accumulated. These results suggest that the 

gonadal development have initiated during the breeding season. Based on the 

results of the present study, it is suggested that baker‟s yeast would be a good 

substitute of spat and juvenile feeds, and wheat and corn flours would be good 

substitutes for adult feeds. In the conditioning experiment, broodstock pipi were 

conditioned with three different diets: exclusively P. lutheri, exclusively corn 

flour, and a mixed diet composed of P. lutheri and corn flour in 1:1 ration. On 

days 21 and 28, following the conditioning period, broodstock were induced to 

spawn by temperature shock treatment. Although both spawning induction trials 

failed to bring broodstock pipi into spawning condition, maturity was apparent 

for brooodstock fed the mixed diet of P. lutheri and corn flour, indicating that 

P.lutheri-corn flour may be a better food source compared to P. lutheri or corn 

flour alone for pipi broodstock conditioning.  

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER ONE 
GENERAL INTRODUCTION 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

1.1. INTRODUCTION 

 

Bivalves belong to the Class Bivalvia (or Lamellibranchia), Phylum Mollusca. 

Well-known bivalves include clams, mussels, scallops, oysters, and cockles, 

which are among the most common invertebrates found worldwide. Numbering 

about 30 000 species, the Class Bivalvia forms the second most diverse class 

of molluscs after gastropods. Bivalves are exclusively aquatic, requiring fresh or 

sea water for reproduction and respiration, and typically for feeding (Grzimek et 

al., 2004). Bivalves frequently occur in large aggregations, forming shell beds in 

marine, estuarine, and freshwater habitats. Some bivalves are epifaunal, and 

attach themselves to a hard substrate (e.g., mussels, oysters) whereas others 

are infaunal, and burrow in sandy to muddy sediments (e.g., clams). Scallops 

are free-living and swim by rapidly clapping their valves and producing 

propulsive jets of water. Shell morphology typically reflects the nature of the 

habitat, with calm-water species often having more delicate and leaf-like shells 

compared to those subject to fast-flowing currents (Grzimek et al., 2004). The 

majority of bivalves are filter feeders that feed on naturally occurring 

phytoplankton at the base of the food chain.  

 

The molluscan bivalve exoskeleton consists of two calcareous valves. The 

valves are hinged dorsally by an elastic hinge ligament and the adductor 

muscles on each side hold the shell closed. When the adductor muscles relax, 

the ligament expands automatically and springs open the valves. Conversely, 

adductor muscle contraction rapidly closes the valves. The strong muscular foot 

is less muscular in the attached species (e.g., mussels and oysters) and is used 

to dig down into the sediment. Scallops lack a foot but are highly active 



 

 

swimmers. Bivalves use siphons (tube-like structures in which water flows) for 

respiration, feeding, defecation, and/or reproduction (Campos & Veer, 2008). 

However, not all bivalves have siphons. Those that live on or above the 

substrate (e.g., scallops and oysters) do not need them. Only bivalves that 

burrow in sediment (e.g., clams) need to use these tube-like structures.  

 

Bivalves have long been important for human consumption. They also have vital 

ecological roles in marine and freshwater ecosystems. In addition, their 

economic values include fisheries, ornament industry, and health products. 

Worldwide commercial bivalve species include the hard clam (Mercenaria 

mercenaria), the soft-shelled clam (Mya arenaria), the surf clam (Spisula 

solidissima), the ocean quahoq clam (Arctica islandica), the grooved carpet-

shell clam (Ruditapes decussatus), the Manila clam (Ruditapes philippinarum), 

the geoduck clam (Panopea generosa), the toheroa clam (Paphies 

ventricosa),the tuatua clam (Paphies subtriangulata and Paphies donacina), the 

pipi clam (Paphies australis), the blue mussel (Mytilus edulis), the green-lipped 

mussel (Perna canaliculus), the great scallop (Pecten maximus), the New 

Zealand scallop (Pecten novaezealandiae), the Lion‟s Paw scallop (Lyropecten 

sobnodous), the Pacific oyster (Crassostrea gigas), the black-lip pearl oyster 

(Pinctada margaritifera), the European flat oyster (Ostrea edulis), the Atlantic 

oyster (Crassostrea virginica), the Sydney rock oyster (Saccostrea 

commercialis), the blood cockle (Anadara granosa), and the New Zealand 

cockle (Austrovenus stutchburyi). 

 

Bivalves (clams, mussels, scallops, and oysters) make up a significant 

proportion of the world‟s fisheries production. Total landings of bivalves from 

http://en.wikipedia.org/wiki/Substrate_%28biology%29
http://en.wikipedia.org/wiki/Scallop
http://en.wikipedia.org/wiki/Oyster
http://en.wikipedia.org/wiki/Sediment


 

 

capture fisheries and aquaculture operations increased from over 6 million 

metric tonnes to 13 488 000 tonnes during the period between 1991 and 2007 

(FAO, 1993; 2009). During 2001-2007, bivalve landings from capture fisheries 

totalled only 13 217 000 tonnes, while landings from aquaculture recorded a 

total of 72 787 000 tonnes (Table 1). About 85% of the world‟s bivalve 

production between 2001 and 2007 was obtained from aquaculture operations 

(FAO, 2007).  

 

Table 1: Production (in thousand tonnes) of bivalves worldwide from capture 
fisheries and aquaculture operations from 2001 to 2007 (FAO, 2009).  

 
 

In this thesis, the term “clam” refers to a group of bivalves which burrow in 

sediment. The Family Mesodesmatidae is represented by a few genera and 

species of marine clams, which include the genus Paphies. Four species of surf 

clams in this genus are found in New Zealand waters. These are the tuatua 

(Paphies subtriangulata), deepwater tuatua (Paphies donacina), pipi (Paphies 

australis), and toheroa (Paphies ventricosa) (Fig. 1). The toheroa and tuatua 

inhabit the intertidal zone, which is easily accessible at low tide and have been 

the basis of important hand-gathering fisheries (Anon, 2008). In comparison, 

deepwater tuatua are found in subtidal coastal waters (Leach et al., 2001) while 

Species 
group 

       2001 2002 2003 2004 2005 2006 2007 

Oysters Capture fisheries 197 184 195 149 163 140 149 

Aquaculture 3787 3883 4016 4141 4155 4262 4401 

Mussels Capture fisheries 240 225 187 188 132 109 110 

Aquaculture 1375 1551 1618 1662 1707 1801 1631 

Scallops Capture fisheries 702 750 804 791 725 760 733 

Aquaculture 1102 1113 1102 1048 1144 1262 1463 

Clams, 
cockles, 
arkshells 

Capture fisheries 823 799 898 835 690 751 788 

Aquaculture 2800 3066 3372 3635 3678 3799 4213 



 

 

pipi recruit both intertidal (Morton & Miller, 1973) and subtidal zones (Creese, 

1988).  

 

Toheroa are the largest clams of the family, and have shells larger than 150 mm 

in length (Hooker, 1995). The shells are thin and have a prominent gap at the 

margin of the valves. The tuatua, although very similar in shape to toheroa, are 

relatively smaller in size. Adult tuatua reach only approximately 90 mm in 

length. The shell is relatively thick and solid. Pipi shells are moderately large, 

solid white, and covered by a thin yellow organic coating, known as 

“periostracum”. All the New Zealand mesodesmatids are epicurean shellfish 

and therefore, the fishery is largely recreational. All the New Zealand 

mesodesmatids are potential candidates for aquaculture (McLeod & Wing, 

2008). 

 

 

 

 

 

 

 



 

 

 

 

 

Fig. 1: Comparative appearance of New Zealand mesodesmatids. (A) the 
toheroa, (B) the tuatua, and (C) the pipi.   
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1.1.1. Biology, population distribution, and ecology of pipi 

 

The taxonomic hierarchy of pipi is as follows: 

 

Kingdom: Animalia 
Phylum: Mollusca 

Class: Bivalvia 
Order: Veneroida 

Family: Mesodesmatidae 
Genus : Paphies 

Species: P. australis     (Gmelin, 1790) 

 

Pipi are found around mainland New Zealand and at the Chatham and 

Auckland Islands, and are distributed mainly in the North Island (Fig. 2). They 

inhabit mid to lower regions of protected beaches, especially those built of shell 

sand, and particularly near the mouth of harbours where salinity is lower than 

seawater.  In the entrance to the harbour, juvenile pipi are abundant (Grace, 

1966). Salinity is probably the key factor to their inward extension into harbours 

(Grace, 1966). In addition, settlement areas tend to be nearer harbour 

entrances, and adult beds are found seaward (Grace, 1972; Hooker 1997). 

Smaller pipi presumably could adapt to lower salinity environments.  

 

Early studies between the 1960‟s and the mid 1980‟s have suggested that pipi 

are predominantly an intertidal species (Larcombe, 1968; Morton & Miller, 1968; 

Jones, 1983; Venus, 1984; Bradstock, 1985). As a result, most of the studies 

are based around intertidal pipi populations. Subtidal pipi have been regarded 

as temporary aggregations that have appeared from chance settlement events 

under favourable conditions (Venus, 1984; Dickie, 1986). However, the most 

recent studies on pipi have shown that they also may recruit in the sub-littoral 



 

 

zone (to water depths of at least 7 m), forming extensive sub-tidal beds in 

harbour channels (Dickie, 1986; Hooker, 1995). Pipi can grow up to a maximum 

size of 83 mm in length and a height of 51 mm (Powell, 1979). Hooker (1995) 

showed that pipi at the Whangateau Harbour could grow up to 30 mm in over a 

year (16-17 months), and reached 50 mm after 3 years, with a slower growth 

rate thereafter.  

 

 

Fig. 2: Distribution of pipi around New Zealand (NABIS, 2004).  

 

Less information is known about the optimum environmental conditions for 

pipi. However, it is assumed that pipi are tolerant to fluctuations in seawater 

temperature. In summer, New Zealand waters fluctuate between 17-22ºC and 

in winter between 10-14ºC (Walrond, 2009). New Zealand coastal waters tend 

to be colder in the south and warmer in the north. As spring arrives, the water 

gradually warms and reaches peak temperatures in late summer. Warmer 



 

 

temperatures in northern New Zealand provide more favourable habitats for 

pipi than in the south. Observations in the AUT Aquaculture Laboratory 

revealed that pipi would die due to ammonia, nitrite, and nitrate accumulations 

(unpublished data). During the 3-month observation, ammonia levels 

fluctuated between 0 and 0.5 mg L-1, and the highest concentrations recorded 

for nitrite and nitrate were 0.5 and 80 mg L-1, respectively. A study by McLeod 

and Wing (2008) demonstrated that prolonged exposure (> 30 days) of pipi 

population to low salinity (< 10 ‰) significantly affected their survivorship. 

However, pipi could survive in low salinity up to at least 20 days if returned to 

normal seawater salinity (~ 34 ‰) (McLeod & Wing, 2008).   

 

1.1.2. Nutrition of pipi 

 

Pipi are active filter-feeders, straining particulate food from water pumped 

through the gills. Like most bivalves, pipi feed by filtering food particles from the 

surrounding aqueous environments.  An incurrent siphon draws water in over 

the gills using ciliary currents and an excurrent siphon ejects the filtered water 

and wastes out (Fig. 3).  After moving over the gills, food particles are trapped 

in the mucus around the gills, and then transported to the mouth, situated 

anterior to the gills. The mouth has two palps; outer and inner. The outer palp 

collects incoming food particles (which are then sorted by both palps), and the 

inner palp transfers acceptable food to the mouth. Rejected materials are 

expelled (by the outer palp) without having passed through the digestive tract, 

for immediate removal as pseudofaeces (Healy, 1998). 

 



 

 

In the wild, filter-feeding bivalves (including pipi) feed on naturally occurring 

phytoplankton in the water column throughout their life cycle. Phytoplankton are 

microscopic single cell microalgae, which form the basis of life in the seas and 

the primary source of essential nutrients for most filter feeders including pipi. 

Filter feeding in bivalves also involves trapping of sediment and organic debris 

(Healy, 1998). When the tide rises, pipi open their valves to feed on plankton in 

the incoming water. At low tide, pipi close their valves, trapping enough water 

inside to support their needs until covered again by water at high tide.  

 

Fig. 3: General anatomy of a clam (Hosie, n.d.).  

 

1.1.3. Reproduction and larval development of pipi 

 

The understanding of reproduction is basic to life history studies, and may 

provide essential information for fisheries management and aquaculture 

practices. In fact, knowledge on reproduction and spawning is fundamental to 



 

 

understand recruitment and population dynamics of any marine species (Shaw, 

1962; Baron, 1992; William & Babcock, 2004). 

 

P. australis is a dioecies species, where male and female reproductive organs 

are found in different individuals (Hooker, 1995). The process to form mature 

haploid gametes (gametogenesis) begins in autumn when the oocytes are in 

the early development stages and by late winter, pipi are sexually matured at 

about 40 mm shell length with ready-to-spawn gonads (Fig. 4). The spawning 

activity starts in early spring and continues through to late summer. Hooker 

(1995) investigated the reproductive cycle of pipi in Whangateau Harbour, 

northeastern New Zealand for two years (May 1991 to April 1993). He 

distinguished five developmental stages (early active, late active, mature, 

partially spawned and indeterminate) in pipi gonads based on microscopic 

examination of histological sections. The gametogenesis pattern was similar in 

both years.  

 

 

 

 

 

Fig. 4: Reproductive cycle of the pipi clam, P. australis. 

 

Two major spawning seasons were observed, one in September/ October and 

the other in November/December. The sex ratio for pipi in Whangateau Harbour 

was 1:1, and there was no sign of hermaphroditism. In comparison to other 

Paphies species, the deepwater tuatua (P. donacina) clam has two spawning 

Late developmental stages 

(Late autumn - May) 

Early developmental stages 
(Early autumn - March) 
Gametogenesis begins 

 

Spawning 
(Late winter/Early spring, 

continued through to late summer 

Mature 

(Early winter - June) 



 

 

seasons: a minor period in March and a major period in October/November 

(Greenway, 1981; Grant, 1994). The major spawning in the spring season is 

likely to be induced by changes in water temperature (Ohba, 1959; Holland & 

Chew, 1974; Mann, 1979b; Grant, 1994; Xie & Burnell, 1994). During spawning, 

sperm are released into the water column, which triggers females to release 

matured eggs (Helm & Bourne, 2004). Fertilisation takes place in the water 

column, when a single sperm penetrates the egg membrane. In the 

reproductive organs, germ cells undergo meiosis to produce haploid gametes 

(sperm and egg), which then diffuse during fertilisation to create new diploid 

embryos. The time taken for embryonic and larval development is species 

specific and temperature dependent (Helm & Bourne, 2004).  

 

1.1.4. Potential for pipi aquaculture 

 

Aquaculture is the cultivation of any salt or freshwater animal or plant, in natural 

(coastal waters, rivers, lakes) or controlled environments (tanks or enclosures).  

Commercial scale aquaculture in New Zealand began with an emphasis on 

bivalve species. It began in the late 1960‟s with the intertidal farming of oysters 

S. commercialis in the north of the North Island (Crimp, 2007). Pacific oysters 

(C. gigas) later became the dominant cultivated oyster species in New Zealand 

following their introduction into the country in the early 1970s. Mussels were 

firstly cultured in the late 1960‟s as a result of the collapse of two dredge 

fisheries in the Hauraki Gulf (in the North Island) and the Marlborough Sounds 

(in the South Island) (Dawber, 2004; Jeffs et al., 1999). In 2006, the aquaculture 

industry in New Zealand developed a strategy to achieve a sustainable annual 

billion NZ dollar business by 2025 (Ministry of Fisheries, 2008). In 2007, action 



 

 

was taken by the government to offer more support to the growing industry 

(FAO, 2010).  

 

Hooker (1995) showed that pipi could be conditioned and induced to spawn by 

temperature manipulation in a hatchery. The adults were maintained in 

conditioning tank for 23 days at 22°C, and were fed daily with Isochrysis 

galbana and Thalassiosira pseudonana. At the end of the conditioning period, 

the adults were spawned using a combination of temperature shock (27°C) and 

a dilute sperm solution. The larvae were reared in larval tanks with the addition 

of I. galbana, T. pseudonana, Pavlova lutheri, and Chaetoceros gracilis 

microalgae. Spat were reared in a downweller arrangement before moved to an 

upweller after three months following the spawning. The successful induced 

spawning in the hatchery is an advantage to the future aquaculture prospects of 

pipi.  

 

At present, the culture of marine bivalves in hatcheries depends on the 

availability of large quantities of microalgae. Many studies have been conducted 

to determine the best microalgal species that provide sufficient nutrients for 

optimal growth and survival of cultured bivalves (Provasoli, 1968; Walne, 1970; 

Brown et al., 1991; Nell & O'Connor, 1991; Coutteau & Sorgeloos, 1992; Brown 

et al., 1997; Lora-Vilchis et al., 2004; Martinez-Fernandez et al., 2006; Martinez-

Fernandez & Southgate, 2007). More than fifty microalgal species have been 

tested as live food for bivalve molluscs, but less than twenty species have been 

used commercially in aquaculture (Brown, 1991; 2002). Some microalgal 

species which are regarded as being successful for bivalve cultures include 

Isochrysis sp. (strain T-ISO), Pavlova lutheri, Tetraselmis suecica, Chaetoceros 



 

 

muelleri, Chaetoceros calcitrans, and T. pseudonana (strain 3H). These 

microalgae are usually fed to cultured bivalves (larval, juvenile, and broodstock 

stages) in combination of two or three species. 

 

The Isochrysis spp. cells have no discrete cell wall, and only possess a plasma 

membrane covering (Zhu et al., 1997). Cells are between 5 and 6 µm long, 

motile, and ellipsoidal in shape. They are generally solitary with a pair of 

flagella, more or less equal, showing at one end of a cell. Pavlova spp. are 

small golden/brown flagellates that are really similar to Isochrysis. The cells are 

ovate with approximately 6-8 µm in diameter. The green flagellate species, 

Tetraselmis cells are green, ovoid, free-swimming, 12-15 µm in diameter, and 

usually encountered as solitary. The body of the cells is surrounded by a theca 

(cell wall). Chaetoceros and Thalassiosira are diatoms. Diatoms are unicellular 

algae that make cell walls out of silica (hydrated silicon dioxide). Chaetoceros 

cells, with a diameter of 4-7 µm build chains of varying length. However, 

occasionally the cells are solitary. The cells are constructed like a box with a lid, 

and always carry outward brushes that point from the corners of the cell. T. 

pseudonana is encased in a hockey puck shaped shell comprised of a rigid cell 

wall, made mainly of silica. The average diameter of the cell is approximately 4-

8 µm (Table 3). 

 

Concentrations of algal cells in the cultures should be maintained at higher 

concentrations to provide enough food sources for reared bivalves. Therefore, 

microalgae are normally cultured in specialised maintenance media, for 

instance, Guillard‟s f/2 (Guillard, 1975), HESAW (Harrison et al., 1980), or 

Walne‟s media (Walne, 1970). The f/2 medium has been used widely and is 



 

 

suitable for growth of most microalgal species. The macronutrients in the f/2 

medium include nitrate, phosphate, and silica. Inorganic micronutrients (trace 

metal compounds) include ferric chloride, EDTA salt, and a number of trace 

elements. Organic micronutrients consist of vitamins: thiamine (B1), 

cyanocobalamin (B12), and biotin (H). Silicate is specifically used for culturing 

diatoms which utilise this compound for production of an external shell. The 

composition and preparation of Guillard‟s f/2 is provided in Table 2.   

 
Table 2: Composition and preparation of Guillard‟s f/2 medium. 

 

Despite being the main food for bivalves, microalgae are time-consuming and 

expensive to produce under indoor facilities. Coutteau and Sorgeloos (1992) 

identified the mass production of microalgae as a major bottleneck in bivalve 

hatcheries and nurseries. The cost of microalgal production comprises up to 30-

50% of the overall hatchery operational costs. Moreover, there is a great 

variability in the quantity and biochemical composition of the nutrients supplied, 

depending on the origin and culture conditions of the microalgae. Efforts have 

been made to improve the production and to find satisfactory alternatives that 

are more cost-effective than the conventional microalgal propagation. The 

operation of bivalve hatcheries would be greatly improved by total or even 

partial substitution of the live microalgae.  

Therefore, there has been a considerable amount of research to find suitable 

substitutes for microalgae to feed commercial bivalve species. The studies 

F/2 Medium 

 
Compound   Stock    add in               
                       per L   1 L SW 

Trace Metal Solution (TMS) 

 
 Compound        Stock 
                             per L 

Vitamin Solution (VS) 

 
Compound   Stock 
                       per L 

NaNO3                    75.0 g    1.0 mL 
NaH2PO4.H2O   5.0 g    1.0 mL 
Na2SiO3.9H2O 30.0 g    1.0 mL 
TMS                            1.0 mL 
VS                               0.5 mL 
 

CuSO4.5H2O       10.0 g 
ZnSO4.7H2O       22.0 g 
CoCl2.6H2O        10.0 g 
MnCl2.4H2O      180.0 g  
Na2MoO4.2H2O     6.0 g 
FeCl3.6H2O           3.2 g 
Na2EDTA.2H2O   4.36 g 

Biotin          1.0 mg 
B12                        1.0 mg 
B1                    200.0 mg 
 



 

 

focused on the use of substitute diets for larvae, spat, and broodstock of 

bivalves. Tested substitutes include preserved microalgae (Brown & Robert, 

2002; Knuckey et al., 2006; Ponis et al., 2008), yeasts (Epifanio, 1979; 

Coutteau et al., 1994; Brown et al.,  1996), plant-based meals  (Haven, 1965; 

Gillespie et al., 1966; Ingle, 1967; Dunathan et al., 1969; Albentosa et al., 1989; 

Albentosa et al., 1999; Pirini et al., 2007), and micro-encapsulated diets  (Laing, 

1987; Kreeger & Langdon, 1994; Knauer & Southgate, 1997; Nevejan et al., 

2007). Researchers have observed promising alternatives for replacing live 

microalgae in the diets of cultured bivalves. Among artificial diets, baker‟s yeast 

(Saccaromyces cerevisiae), corn flour and wheat flour are graded as good 

potential alternatives (Table 4).  

 

The quality of bivalve eggs and larvae depend principally on the physiological 

condition of the broodstock. Broodstock conditioning is an important step in the 

operation of bivalve hatcheries. It permits the induction of gametogenesis 

outside the normal reproductive period and in animals experiencing 

gametogenesis, to accelerate the gamete development (Sastry, 1979; Helm & 

Bourne, 2004). The period of conditioning depends on the maturity of gametes. 

Many temperate and cold water climate bivalves will require 4 to 8 weeks of 

conditioning during late winter and early spring before they are ready to spawn 

(Helm & Bourne, 2004).  

 

The maturation of gametes is controlled by both endogenous and exogenous 

factors. Among the latter factors, temperature and nutrients are the most 

influential (Mann, 1979a; Muranaka & Lannan, 1984; Ruiz et al., 1992; 

Heasman et al., 1996; Berntsson et al., 1997; Liu et al., 2008). Excellent food is 



 

 

needed, primarily for energy reserves to develop gametes. Inadequacy of 

energy during the conditioning process not only affects the spawning success, 

but also results in lower fecundity. It is unclear which microalgae are preferred 

by pipi during the conditioning period. Based on microalgal species availability, 

Hooker (1995) combined two microalgal species – I. galbana and T. 

pseudonana – to feed the conditioning broodstock. However, no investigations 

have been conducted to identify the preferred food for pipi under culturing 

conditions.   

 

High water temperature during conditioning has greatly affected the spawning 

success in the clams, R. philippinarum (Delgado & Perez-Camacho, 2007) and 

R. decussatus (Matias et al., 2008; Ojea, et al., 2008) and C. gigas (Muranaka 

& Lannan, 1984; Chavez-Villalba et al., 2002). Increases in water temperature 

commonly favour formation of the yolk of an egg (vitellogenesis).  Indeed, an 

increase in water temperature during the pre-vitellogenic period may increase 

metabolism and stimulate the use of energy reserves for subsequent 

vitellogenesis. A successful conditioning period ensures a better prospect to 

thrive spawning. Spawning is induced by applying stimulus/stimuli on the 

broodstock with an aim to trigger the release of gametes (both sperm and 

eggs).  

 

 

 

 

 

 



 

 

1.1.5. Objectives of the thesis 

 

The pipi forms a part of the recreational bivalve fishery, and there also is a 

limited commercial harvest of this species. Despite the widespread distribution 

in both the North and South Island coastal waters and popularity of pipi, there is 

little information available on them. The limited studies on pipi have focused 

mainly on biological and ecological aspects including the reproductive cycle, 

spawning induction, larval growth and settlement, growth dynamics (Hooker, 

1995), demographics (Hooker, 1995; Hewitt et al., 1997; McLeod & Wing, 

2008), and burrowing behaviour (Hull et al., 1998).  

 

Pipi are potential aquaculture candidates and have been successfully 

reproduced in the hatchery (Hooker, 1995). The major aspects in the operation 

of a bivalve hatchery are feeding and propagating the animals. There is clearly 

a lack of information on the nutritional demands of pipi during the growing 

stages and reproductive maturity. This thesis attempts to fill a gap in the feeding 

aspects of pipi, particularly on comparisons between different diets and how 

feeding may affect maturity in pipi under culturing conditions.  

 

This thesis has three main objectives: 

 

1. To determine the optimal diet for pipi from a range of microalgal and 

substitute diets. 

 



 

 

2. To evaluate the nutritional benefits of each diet for adult pipi based on 

moisture, ash, protein, carbohydrate, and lipid contents of the diets and 

adult tissues.  

 

3. To condition broodstock pipi with different diets (based on Objectives 1 and 

2) prior to spawning under laboratory conditions. 



  

 

 

Table 3: Summarises the biochemical composition of selected microalgae (TP, total protein; TL, total lipid; TC, total carbohydrate). 
Algal species Attributes Percentage of dry weight  Comments References 

Size 
(µm) 

Shape/content TP TL TC 

Isochrysis galbana (T-
ISO strain) 
 

5-6  Small, brown 
flagellate 

 High in DHA 

 Commonly used in 
bivalve hatcheries 

22.0 19.9 6.1  Ruditapes decussatus spat had greatest growth solely fed 
this micro-alga. FDW* 14.09 mg ind.

-1
, IDW* 1.58 mg ind.

-1
 in 

35 days. 

 Performed the best growth rate when fed solely to R. 
philippinarum spat without additional wheatgerm flour. 

 Best to be fed to Pinctada maxima larvae. 

 M. mercenaria juveniles displayed the best growth and 
survival rates with Isochrysis. 

 Isochrysis and Thalassiosira were fed to P. australis 
broodstock during the conditioning period.  

 Albentosa et al. 
(1999) 
 

 Albentosa et al. 
(2002) 

 Minaur (1969) 

 Pales Espinosa 
& Allam (1996) 

 Hooker (1997) 

Pavlova lutheri 
 
 

6-8  Rich in EPA and 
DHA 

 Widely used in the 
hatchery culture of 
bivalves 

29.0 12.0 8.9  A mixture diet consisting of Pavlova, Isochrysis, 
Thalassiosira, and Chaetoceros were offered to P. australis 
spat. 

 Spat of Lyropecten (Nodipecten) subnodosus grew the most 
with Pavlova-Chaetoceros diet. 

 Cells were hoarded and preserved before being fed to C. 
gigas larvae. No significant differences in growth/survival with 

the fresh-fed larvae. 

 Poor growth when the micro-alga was monospecifically fed to 
P. maxima spat. 

 Hooker (1997) 
 
 

 Ortiz et al. 
(2009) 

 Ponis et al. 
(2008) 
 

 Taylor et al. 
(1997) 

Tetraselmis suecica 
 

12-15  Theca cell wall, 
motile green alga 

 Lacking in 22:6 fatty 
acids 

31.0 10.0 12.0  Poorly ingested and not digested by adult scallops Pecten 
fumatus. 

 Not recommended as a monospecific diet to C. gigas larvae 
due to lower growth and higher mortalities. 

 Heasman et al. 
(2000) 

 Robert et al. 
(2001) 

Thalassiosira 
pseudonana 
 

4-8  Unicellular, hockey 
puck shape 

 Connected by a 
single filament to 
form a chain 

34 19.4 8.8  C. gigas Thunberg; Alga grown under different steady-state 
conditions and the one grown under high light had more fatty 
acids 14:0 and 16:0. Supported optimum growth in Pacific 
oyster spat. 

 Thompson & 
Harrison (1992) 



  

 

 

Chaetoceros calcitrans 
 

6-7  Silicaceous  cells 

 Chains of varying 
lengths; cells are 
constructed like a 
box with a lid 

 Carries outward 
brushes that point 
from the corners of 
the cells 

34.0 16.0 6.0  High mortality (62%) in silver-lip pearl oyster (P. maxima) 
spat. 

 Used as a monospecific diet to condition Crassostrea belcheri 
broodstock. 

 Fed to Artemia franciscana. 

 Taylor et al. 
(1997) 

 Chotipuntu 
(2005) 

 Khoi et al. 

(2006) 
 

Skeletonema costatum 
 

2-21  Filamentous diatom 25.0 10.0 4.6  Used in P. maximus larval rearing.  Seguineau et al. 
(1996) 

 

Chaetoceros muelleri 
 
 
 
 
 
 

4-5  Chains of varying 
lengths; silicaceous 
cells are constructed 
like a box with a lid 

 Carries outward 
brushes, pointing 
from the corners of 
the cells 

12.0 7.4 2.7  Greatest increase in shell length, wet weight and AFDW* of 
P. maxima spat. 

 Rated very highly as a diet for Sydney rock oyster (S. 
commercialis). 

 Taylor et al. 
(1997) 

 O‟Connor et al. 

(1992) 
 
 
 
 



 

 

 

Table 4: The development of artificial diets in various bivalve species (TP, total protein; TL, total lipid; TC, total carbohydrate). 
Diets TP TL TC Bivalves species Comments References 

Cereal flours 14 

 

 

23 

10 

 

 

22 

76 

 

 

54.8 

 R. decussatus spat (2.10 
± 0.20 mm) 

 R. philippinarum spat 

 R. decussatus spat 

 

 C. coteziensis spat 

 
 
 

 50% microalgal replacement with wheatgerm flour provided similar 
growth to that fed with 100% Isochrysis. 

 Wheatgerm flour as complement (< 50%) to microalgae  
 

 Cornmeal replacement (50%) diet showed the same growth rate in 
organic matter as those fed with phytoplankton alone. 

 It is practicable to use cornstarch (< 50%) as a complement to live 
phytoplankton in the diet.  

 Albentosa et al. 
(1999) 

 Albentosa et al. 
(2002) 

 Perez-Camacho et 
al. (1998) 

 Mazon-Suategui et 
al. (2008) 

 

Refrigerated 

microalgal cells 

    M. mercenaria juveniles 
(1-2 mm) 

 M. mercenaria juveniles 
 

 M. mercenaria juveniles 

 I. galbana; damaged and aggregated empty cells after 1 week. 
After 10 weeks, only 10-20% cells presented intact walls. 

 58.7±1.8 % mortality when fed with refrigerated Tetraselmis 
striata; higher following the unfed controls (74.1±3.2 %). 

 After 10 weeks, only 1-2 % of P. lutheri cells presented intact 
chloroplasts and cell walls.  Cumulative mortality of the animals 
was 48.3±3.2 %. 

 Pales Espinosa & 
Allam (2006) 

 Pales Espinosa & 
Allam (2006) 

 Pales Espinosa & 
Allam (2006) 

Yeast     M. mercenaria, Mytilus 
edulis, and Argopecten 
irradians juveniles  

 Crassostrea virginica  

 S. commercialis 

 Spray-dried Candida utilis had successfully substituted 50% of the 
live microalgae requirement. 

 Poorly digested by the juveniles. 

 Added in the fattening diet for adults.  

 Epifanio (1979) 
 

 Epifanio (1979) 

 Nell (1985) 

Formulated diet     Mytilus galloprovincialis 

 Mytilus edulis 

 MySpat (INVE Technologies, Belgium) fed animals grew as fast as 
the animals that received 75% microalgae. 

 MyStock formulated diet 

 Nevejan et al. 
(2007) 

 Nevejan et al. 

(2008) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER TWO 
CELL CLEARANCE RATES IN Paphies australis 

 

 

 

 

 

 

 

 

 

 

 



 

 

2.1. INTRODUCTION 

 

The volume of water completely cleared of suspended particles per unit time is 

called the clearance or filtration rate. The filtration rate, or F, of filter-feeding 

bivalves can be measured by monitoring decreases in particle concentration, in 

a known volume, over short time periods, around the bivalve (Mohlenberg & 

Riisgard, 1979; Shumway et al., 1985; Riisgard, 1988). Filtration rates have 

been studied for Paphies donacina (Marsden, 1999), Mercenaria mercenaria 

(Coughlan & Ansell, 1964; Riisgard, 1988), Venerupis pullastra (Foster-Smith, 

1975; Mohlenberg & Riisgard, 1979), Mytilus edulis (Jorgensen, 1949; Foster-

Smith, 1975; Hildreth & Crisp, 1976; Mohlenberg & Riisgard, 1979; Riisgard & 

Mohlenberg, 1979; Kiorboe & Mohlenberg, 1981; Riisgard & Randlov, 1981; 

Famme et al., 1986; Jones et al., 1992; Nielsen et al., 1993; Cranford & Hill, 

1999), Perna perna (Berry & Schleyer, 1983) Crassostrea virginica (Galtsoff, 

1928; Jorgensen, 1949; Riisgard, 1988), Argopecten irradians (Riisgard, 1988), 

Arctica islandica (Mohlenberg & Riisgard, 1979), Geukensia demissa (Riisgard, 

1988), Spisula solidissima (Riisgard, 1988), Potamocorbula amurensis (Foster-

Smith, 1975), Cerastoderma edule (Foster-Smith, 1975), and Ciona intestinalis 

(Jorgensen & Goldberg, 1953).   

 

Several methods have been used in the studies of filtration rates of bivalves. 

These different methods include direct measurement (Famme et al., 1986, 

Jorgensen, 1988; Davenport & Woolmington, 1982; Redpath & Davenport, 

1988), flow-through chamber (Bayne et al., 1976; Hildreth & Crisp, 1976; 

Riisgard, 1977), suction (Mohlenberg & Riisgard, 1979; Kiorboe & Mohlenberg, 

1981; Famme et al., 1986), clearance (Jorgensen, 1975b; Griffiths, 1980; 



 

 

Riisgard et al., 1980; Riisgard, 1981; Berry & Schleyer, 1983; Famme et al., 

1986; Jorgensen & Riisgard, 1988; Jorgensen et al., 1990; Clausen & Riisgard, 

1996; Marsden, 1999; Dupuy et al., 2000), photoaquarium (Winter, 1973, 

Riisgard & Mohlenberg, 1979), steady-state (Riisgard & Randlov, 1981), video 

observation (Nielsen et al., 1993; Riisgard et al., 1996; Riisgard & Larsen, 

2000), replacement (Coughlan & Ansel, 1964), thermistor (Foster-Smith, 1976; 

LaBarbera & Vogel, 1976; Vogel, 1994), bio-deposit (Hawkins et al., 1996), and 

impeller (Jones et al., 1992).  

 

2.1.1. Clearance method 

 

In many studies, a large number of filtration measurements have been 

performed using the clearance method. This method measures volume of water 

cleared of suspended particles per unit of time (Dame, 1996). Experimental 

animals are kept in an enclosed system, with well-mixed seawater and 

microalgal cells. The clearance rate is measured as function of time using the 

formula: 

 

F = (V/t) ln (C0/Ct) 

 

where V = volume of water, t = time, and C0 and Ct = particle concentrations at 

time 0 and t. The method also has been proved to be reliable in many filtration 

studies of bivalves (Jorgensen, 1975b; Griffiths, 1980; Riisgard et al., 1980; 

Riisgard, 1981; Berry & Schleyer, 1983; Famme et al., 1986; Jorgensen & 

Riisgard, 1988; Jorgensen et al., 1990; Clausen & Riisgard, 1996; Marsden, 

1999; Dupuy et al., 2000). In a study on the brown mussel, P. perna by means 



 

 

of the clearance method, the F values as a function of W (dry tissue weight) 

was F = 8.85 W0.66 and a function of L (shell length) was F = 0.0027 L1.86 (Berry 

& Schleyer, 1983). In Coromytilus meridionalis (Griffiths, 1980), C. virginica, and 

G. demissa (Riisgard, 1988), the rates were 5.37 W0.60, 6.79 W0.73, and 6.15 

W0.83, respectively.  

 

2.1.2. Filtration in bivalves 

 

Filter-feeding bivalves continuously remove particles from the water column and 

dilute the suspension (Dame, 1996). Bivalves rely on particulate matter of sizes 

ranging from 1 μm to 40-100 μm, including phytoplankton, nano-zooplankton, 

bacteria, and detritus (Dame, 1996). It is suggested that the consumption and 

assimilation of particles is related to particle abundance (Kreeger et al., 1988; 

Langdon & Newell, 1990). Size and quality of the particles also determine the 

filtration and feeding in bivalves. Particles that are too large are not utilised as 

food (they will be rejected as pseudofaeces) and particles that are too small 

may pass through the filter. Ingestion capability is related to the size of bivalves, 

where smaller animals (spat and juveniles) have different preferences or 

selections of foods based on the cell sizes compared to adult bivalves 

(Gallager, 1988). His study showed that clam larvae (Mercenaria mercenaria) 

could dynamically ingest food as small as 0.5 µm as for cyanobacterium, 

Synechococcus sp. during the first day of their lives. On the second day, the 

larvae (larvae mean length 100 µm) were fed a mixture diet of 50:50 

Synechococcus sp. and Isochrysis galbana. The larvae ingested 48 

cyanobacterium cells for every I. galbana cell. The mean ratio was further 

dropped to 3:1 in the 10-day-old larvae (mean length 234 µm), indicating a 



 

 

relationship between food and larval size. In Placopecten magellicanus, M. 

edulis, and Mya arenaria, 55% of the wild collected veligers were found to 

contain cells of 5-15 µm in their stomach. Only 3% of the veligers retained cells 

between 15 and 25 µm. These findings provide information on the optimal sizes 

of microalgae that are suitable for feeding bivalves, especially during their initial 

life stages.  

 

Digestibility of several species such as Chlorella autotrophica, Dunaliella 

primolecta, and Nannochloropsis atomus is difficult due to the presence of thick 

cell walls. Although these microalgal species are ingested, they are not 

essentially digested as shown in the case of C. virginica (Babinchak & Ukeles, 

1979). Based on the epifluorescence microscopy observations, the authors 

showed that larvae of C. virginica were incapable to digest those microalgal 

species mentioned earlier, which resulted in poor larval growth. Apart from the 

„thick wall‟ barrier, diatoms with long silicaceous spines (e.g., Phaeodactylum 

sp.) may be an irritant to bivalves, which causes closure of the shells (Helm & 

Bourne, 2004). Deficiency of appropriate digestive enzymes is the current 

hypothesis to explain the indigestibility. 

 

2.1.3. Objective of the study 

 

At present, no information is available on feed evaluation of pipi reared under 

laboratory conditions. To understand feeding capacity in hatchery conditions, 

information is needed on filtration ability of pipi. Therefore, objective of this 

study was to determine the cell clearance rates of pipi fed with different 

microalgal species.  



 

 

2.2. MATERIALS AND METHODS 

 

2.2.1. Pipi  and microalgal samples 

 

Pipi were collected in October 2009 from Waiwera Beach (north-eastern 

Auckland). Individuals (31.0-44.0 mm in width and 19.0-21.0 mm in height) were 

acclimated for two days upon arrival in the AUT Aquaculture Laboratory. Pipi 

were unfed during the acclimating period and kept in a recirculating seawater 

system equipped with biological filters, at 17 ± 1°C. 

 

The microalgal diets were grown in Guillard f/2 medium (Guillard, 1975). The 

microalgae were cultured in 1 L flasks with 24-h illumination by fluorescent tube 

lights and aerated. On the day of the experiment, individual pipi was set into 

separate 400 mL beakers. The experiment was carried out in triplicate for each 

diet (microalgae).The initial cell concentrations were counted for each 

microalgal diet (Isochrysis galbana, Pavlova lutheri, Tetraselmis suecica, 

Chaetoceros muelleri, and Thalassiosira pseudonana) using a Neubauer 

haemocytometer. At every 30, 60, 180 and 360-minute intervals, 10 mL of 

seawater from each beaker were pipetted and cell concentrations were counted 

using a Nauebuer haemocytometer. Filtration rates were calculated as: 

 

F = V/t x ln (C0/Ct) 

 

where V is the volume of water, t is time and Co and Ct are algal cell 

concentrations at times 0 and t, respectively. 

  



 

 

2.2.2. Size of microalgae 

 

Microalgal sizes used in this study were: 12-15 µm (T. suecica), 6-8 µm (P. 

lutheri), I. galbana (5-6 µm), 4-8 µm (T. pseudonana), and 4-5 µm (C. muelleri).  

 

2.2.3. Statistical analyses 

 

SPSS software (version 15.0) was used to analyse the experimental results. 

The measured filtration rates were assigned for two-way ANOVA (Repeated 

Measures) tests, at a minimum significance level of p < 0.05. To determine the 

differences between treatments, Independent t-tests were performed as 

described in Statistics with SPSS handbook (Binnie, 2008). An α = 0.05 was 

used as the level of significance.  

 



 

 

2.3. RESULTS 

 

The clearance rates for pipi feeding on the experimental microalgae decreased 

with time (Figs. 5 & 6). The rates decreased immediately after the first 30 

minutes in all food treatments except for P. lutheri, which was constant 

throughout the experimental period. During the first 30 minutes, the highest 

clearance rate was seen in T. pseudonana (0.81 ± 0.05 L hour-1), while the 

slowest rate was recorded with P. lutheri (0.19 ± 0.04 L hour-1). There were 

significant differences in the clearance rates of pipi fed different microalgal 

species within the first 30 minutes. Clearance rates between I. galbana, T. 

suecica, and C. muelleri were not significantly different (t-tests, p > 0.05). 

However, the rates were statistically different from P. lutheri and T. pseudonana 

(t-tests, p < 0.05). After the first 30 minutes, P. lutheri concentration dropped 

from 295 300 to 107 300, and T. pseudonana cells decreased from 391 700 to 

285 300 within the same period (Fig. 5). The clearance rates were similar 

between all microalgal species during the 60-, 180-, and 360-minute intervals (p 

> 0.05). The average clearance rates for all microalgal species in descending 

order were T. pseudonana (0.28 L hour-1) > I. galbana (0.24 L hour-1) > C. 

muelleri (0.19 L hour-1) > T. suecica (0.19 L hour-1) > P. lutheri (0.10 L hour-1).  

Overall, clearance rates decreased with decreasing algal concentrations. Such 

a direct relationship was especially evident between clearance rate and cell 

concentration, and this effect was consistent for all microalgae.  

 



 

 

 

Fig. 5: Algal cell concentrations for five microalgal species used in the 
experiment. Numbers of cells were not standardised due to some difficulties.  
 

 

Fig.6: Cell clearance rates in P. australis fed five microalgal species (Isochrysis 
galbana, Pavlova lutheri, Tetraselmis suecica, Chaetoceros muelleri, and 
Thalassiosira pseudonana).The clearance rates were determined at every 30, 
60, 180 and 360-minute intervals.
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2.4. DISCUSSION 

 

The cell clearance rates of all experimental microalgae peaked during the first 

30 minutes. The generally high consumption rate at the start of the experiment 

may be related to the initial encounter with food particles after a short period of 

starvation (Riisgard & Randlov, 1981). Differences between groups were 

observed only during the first 30-minute interval (Fig. 6). T. pseudonana was 

consistently the fastest filtered microalga, with a peak at the first 30-minute 

interval (0.81 ± 0.05 L hour-1). The lowest clearance rates were with P. lutheri 

(highest at the 360-minute interval: 0.19 ± 0.04 L hour-1 and lowest at the 30-

minute interval: 0.02 ± 0.01 L hour-1). These results indicate that pipi may be a 

selective filter feeder. However, pipi were capable of filtering all the 

experimental microalgae.  

 

Various criteria have been have been proposed as the basis for particle 

selection in bivalves. They include particle size (Mohlenberg & Riisgard, 1978; 

Riisgard, 1988; Langdon & Newell, 1990), shape (Bayne et al., 1977), 

aggregation (Waite et al., 1995), motility and density (Brillant & MacDonald, 

2000), chemical cues (Ward & MacDonald, 1996; Bacon et al., 1998; Defossez 

& Hawkins, 1997; Nakamura, 2001).  

 

2.4.1. Particle selection in bivalves 

 

In the blue mussel, Mytilus edulis, Cerastoderma edule, and Venerupis 

pullastra, the rates of particle ingestion were found to be roughly proportional to 

the size of particles (Foster-Smith, 1975). A number of studies showed that 



 

 

filtration and retention efficiency increased for larger particles. (Wright et al., 

1982; Riisgard, 1988; Sobral & Widdows, 2000). Wright et al. (1982) 

experimented with Geukensia demissa, found that the filtration efficiency of 

bacterioplankton (0.2-2.0 µm) was 42% lower than that of phytoplankton > 2.0 

µm. In the clam Ruditapes decussatus, particles smaller than 3 µm in diameter 

were retained with low efficiency. On the contrary, algal cells in the size range 

3-8 µm were efficiently retained (70% to 100% retention) (Sobral & Widdows, 

2000). The studies mentioned previously concluded that filtration retention 

efficiency increased with increasing particle size. In the present study, because 

the particle size of microalgae varied between 4-15 µm, the overall ranking of 

cell clearance rates for the diets (T. pseudonana > I. galbana > C. muelleri > T. 

suecica > P. lutheri) did not follow the ranking of particle size: T. suecica (12-15 

µm) > P. lutheri (6-8 µm) > I. galbana (5-6 µm) > T. pseudonana (4-8 µm) > C. 

muelleri (4-5 µm). Therefore, selection of particles in pipi may depend on other 

quantitative and/or qualitative characteristics.  

 

Bacon et al. (1998) studied filtration in Mercenaria mercenaria using particles 

between 4 and 6 µm in diameter. The study concluded that size-dependent 

selection was probably not a significant factor, and selection by M. mercenaria 

was based on organic content, or possibly, other qualitative particle 

characteristics. The high filtration rates obtained for the diatom species (T. 

pseudonana and C. muelleri) could be explained by shape of the microalgae. 

Cells of T. pseudonana and C. muelleri are united in chains of varying lengths 

by fine filamentous threads (Round et al., 1990). The cell structure may be 

responsible for their relatively high consumption rates (i.e., ingestion of multiple 

cells at once), which left less particles in water. Microalgae I. galbana, T. 



 

 

suecica, and P. lutheri) used in this experiment were basically solitary cells, 

which would have explained the lower filtration rates for the flagellates.   

 

During the experiment, all pipi had valves which were completely opened when 

microalgae were initially added to the beakers. As the time passed, the gap 

between valves decreased that denoted the decreasing filtration activity. 

Similarly, in mussel Mytilus edulis, the highest rates of water pumping were 

found in fully open mussels with expanded mantle edges and siphons, and the 

reduction of valve gape and retraction of mantle and siphon signifying the 

declining pumping rates (Jorgensen et al., 1988). Partial or complete closure of 

the valves show reducing or discontinuity of filtering activities (Famme et al., 

1986).  

 

Although bivalves show selectivity to different types of particulate matter, the 

mechanism used to differentiate between particles remains undefined. 

However, several authors (Kiorboe & Mohlenberg, 1981; Ward & Targett, 1989; 

Pales Espinosa et al., 2007) have suggested that bivalves are capable of using 

chemical cues to discern among particles. Indeed, chemical communication is 

widely distributed in the marine surroundings and marine organisms interact 

with each other using chemical signals (Hay, 1996). Microalgae produce 

(Hodgson et al., 1991) and excrete (Schmidt & Hansen, 2001; Fistarol et al., 

2005; Uronen et al., 2005) metabolites (including nitrogenous substances, 

polysaccharides, amino acids, fatty acids and vitamins) during their life cycle. 

These metabolites can be re-categorised by bivalves and have significant 

effects on their feeding behaviour (Tillmann & John, 2002; Leising et al., 2005). 

It is assumed that chemo-selection in bivalves is based on microalgal exudates 



 

 

(Shumway et al., 1985; Baldwin, 1995). Recently, extracellular metabolites were 

found to be involved in microalgal selection in oyster species (Crassostrea 

gigas and Crassostrea virginica). Pipi in this study showed selectivity to the 

tested microalgal species, which filtered diatoms at a faster rate than the 

flagellates. The two diatoms, C. muelleri and T. pseudonana may have 

produced chemical signals that affected the feeding selectivity. However, this 

claim needs further investigation. 

 

It is concluded that pipi are capable of filtering a variety of microalgal species 

regardless of particle size. However, the fact that C. muelleri and T. 

pseudonana are long chain diatom species may be responsible for their 

relatively high consumption rate (ingestion of multiple cells at once). In addition, 

chemical cues signalling also may have affected the selectivity among varying 

microalgal species.  

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

CHAPTER THREE 
EFFECTS OF MICROALGAL AND PROCESSED DIETS ON THE 
GROWTH, SURVIVAL, AND BODY COMPOSITION OFTHE NEW 

ZEALAND PIPI, Paphies australis 

 

 

 

 

 

 

 

 

 

 

 



 

 

3.1. INTRODUCTION 

 

Many studies have been conducted to compare the food value of several diets 

to consistently support rapid growth of bivalves cultured under hatchery 

conditions (Robinson, 1992; Coutteau et al., 1993; Millican & Helm, 1994; 

Heasman et al., 1996; Utting & Millican, 1998; Knauer & Southgate, 1999; Lora-

Vilchis et al., 2004; Martinez-Fernandez et al., 2006; Pales Espinosa & Allam, 

2006; Martinez-Fernandez & Southgate, 2007). These comparisons allow 

characterisation of better potential diets for growth. Identification of such 

characteristics will facilitate the development of optimal diets for bivalves 

(Whyte et al., 1990; Wikfors et al., 1992). The list of microalgal species used in 

marine research institutions and commercial hatcheries is still short and there is 

a continuous attempt to find new and better microalgal feeds or the substitutes 

(Coutteau & Sorgeloos, 1992). 

 

Hooker (1995) was able to maintain adult pipi in a hatchery with a mixed diet of 

Isochrysis galbana (clone T-ISO) and Thalassiosira pseudonana (clone 3H) for 

23 days of the conditioning period. The adults were then induced to spawn and 

the resulting larvae were cultured with the same microalgae used to condition 

the adults. In a second spawning trial, Hooker (1995) fed the larvae with the 

Isochrysis-Thalassiosira diet with the addition of Pavlova lutheri and 

Chaetoceros gracilis microalgae. These initial studies showed that pipi could be 

fed and spawned under hatchery conditions, but the best food composition for 

optimal growth and reproduction still needs further investigation. 

 

 



 

 

3.3.1. Microalgae as primary food source for bivalves 

 

Fifty species of microalgae have been tested on larvae and juveniles of the 

commercially cultured bivalves, but only 16 microalgal species are commonly 

used in bivalve hatcheries (Brown, 1991; O'Connor et al., 1992; Baptist et al., 

1993). Common species include T-ISO, Pavlova lutheri, Tetraselmis suecica, 

Chaetoceros muelleri, and T. pseudonana. These microalgae are usually fed 

together as a mixed diet to bivalves. A microalga must possess a number of 

fundamental attributes to be useful in aquaculture (Brown, 1991). A species 

must have an appropriate size for ingestion and digestion and a rapid growth 

rate. In addition, a suitable microalga should be easy to mass produce, stable to 

environmental (e.g., temperature, light, and nutrients) fluctuations in hatchery 

systems, nutritionally adequate for bivalve growths, and free from toxins that 

might be transmitted up the food chain (Brown, 1991). 

  

Protein, lipid, carbohydrate and mineral levels in microalgae determine the 

quality of each species, as these compounds constitute up to 90-95% of the dry 

weight of an algal cell. The remaining percent (5-10%) is comprised of nucleic 

acids (Becker, 1986). Producing microalgae in bulk would help to reduce the 

cost of microalgal production. Although having good nutritional value, some 

microalgal species are not used in commercial hatcheries due to difficulties in 

producing large amounts of cells. For instance, Chaetoceros calcitrans forma 

pumilum is rarely grown in volumes over 20 litres. Some species, such as 

Tetraselmis suecica are „sticky‟ and taint culture tank walls which then have 

reduced light through them (Helm, 1990). 

 



 

 

3.3.2. Substitute diets to microalgae for bivalves 

 

Yeast and cereal flours are potential substitute diets over microalgae for bivalve 

feeds. Substitutions of microalgae with processed diets, such as yeast and 

plant-based flours, have been studied for their effectiveness in several clam 

species, such as Tapes philippinarum (Caers et al., 1999), Ruditapes 

decussatus (Albentosa et al., 1999) and Mercenaria mercenaria (Epifanio, 

1979). 

 

Yeasts are unicellular eukaryotic microorganisms that are common in seawater 

(Bass et al., 2007). Yeasts have shorter generation times and can be produced 

more efficiently and economically than photosynthetic microalgae. Yeast was 

first used as a diet in bivalve cultures by Epifanio (1979). He compared the 

growth rates of juveniles in four bivalves – Argopecten irradians, Mercenaria 

mercenaria, Mytilus edulis, and Crassostrea virginica – fed a mixed diet of T. 

pseudonana and various percentages of yeast (Candida utilis). When supplied 

with a 50% yeast-based diet, juvenile A. irradians, M. mercenaria, and M. edulis 

grew faster than those fed the diatom only. It was also observed that yeast diets 

could be supplied at up to an 80% substitution level of microalgae (Epifanio, 

1979).  

 

Other potential replacements for microalgae are plant-based flours. Trials with 

these compounds were first studied on the American oyster, Crassostrea 

virginica, in the 1960‟s (Haven, 1965; Gillespie et al., 1966; Ingle, 1967; 

Dunathan et al.,1969). In these studies, microalgae and cornstarch were mixed 

and fed to the broodstock during the conditioning period, which then were 



 

 

successfully spawned. Mazon-Suastegui et al. (2008) investigated the 

interactive effects of diet and stocking density on growth and biochemical 

composition of Crassostrea corteziensis spat, over 21 days. They discovered 

that the highest contents of protein, carbohydrate, and lipid in spat was 

promoted by microalgae, regardless of density. Nonetheless, it was concluded 

that it was practicable to replace microalgae by 50% with cornstarch, without 

significantly deteriorating growth or biochemical composition of the spat.  

 

Evaluations on growth and biochemical composition of animals are commonly 

used to reflect quality of the experimental diets (O‟Connor et al., 1992; Coutteau 

et al., 1994; Albentosa et al., 1999;  Caers et al., 1999; Woodcock & 

Benkendorff, 2008). It has been shown (Chapter Two) that pipi are capable of 

filtering various microalgal species, namely the green flagellate Tetraselmis 

suecica and several brown microalgae (i.e. Chaetoceros muelleri, T. 

pseudonana (3H), I. galbana (T-ISO), and Pavlova lutheri). However, further 

investigations are necessary to evaluate effects of these microalgae on growth 

and body composition of pipi. 

 

3.3.3. Biochemical composition of bivalves 

 

Carbohydrates are generally considered as the main energy resource in 

bivalves (de Zwaan & Zandee, 1972; Barber & Blake, 1981). Carbohydrates 

also play a role in balancing the utilisation of proteins and lipids for biosynthesis 

against their catabolism for energy production (Whyte et al., 1989). In addition, 

carbohydrates are important for gamete development and maintaining the 

condition of adults during periods of food scarcity or in winter (de Zwaan & 



 

 

Zandee, 1972; Gabbott, 1975). Lipids are used principally during 

gametogenesis and energy lost throughout spawning of adult female bivalves 

(Gabbott, 1983). Additionally, lipids also are favoured during winter when 

carbohydrate levels are scarce (Beukema & de Bruin, 1979). Proteins 

simultaneously provide energy during gonad maturation (Barber & Blake, 1981) 

and maintaining the energy level in periods of inadequate food supply and 

carbohydrate levels depletion (Gabbott & Bayne, 1973; Beninger & Lucas, 

1984; Whyte et al., 1990). Although protein can be catabolised for energy, its 

primary function is to supply nitrogen and essential amino acids (EAAs) for 

tissue biosynthesis (Brown et al., 1989).  

 

Both eicosapentaenoic (EPA) and docosahexaenoic (DHA) fatty acids are 

important for their regulation of membrane fluidity in bivalves and also essential 

for the growth (Chu & Webb, 1984). The importance of these fatty acids is 

displayed by better growth rates of oyster juveniles fed lipids of animal origin 

containing EPA and DHA. In comparison, juveniles fed lipids extracted from 

plants that lack both important fatty acids were of poorer quality than those fed 

lipids of the animal origin (Numaguchi & Nell, 1991; Knauer & Southgate, 1997). 

A study with Ostrea edulis broodstock showed the increased levels of fecundity, 

dry meat weight, and larval survival with EPA-rich I. galbana (T-ISO) compared 

to Dunaliella tertiolecta, which is deficient in EPA and DHA (Millican & Helm, 

1994). 

 

 

 

 



 

 

3.3.4. Objectives of the study 

 

Although pipi were shown to be successfully grown with I. galbana (T-ISO), T. 

pseudonana (3H), P. lutheri, and C. gracilis (Hooker, 1995), further effects of 

these microalgae and other potential substitute diets on growth, survival, and 

body composition of pipi are still unknown. Therefore, aims of this study were: 

 

1. To determine the optimal diet for pipi spat, juvenile, and adult, from a range 

of microalgal and processed diets over a period of 21 days.  

 

2. To evaluate the nutritional benefits of each diet on the growth based on 

biochemical composition of the diets and soft tissue. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

3.4. MATERIALS AND METHODS 

 

3.4.1. Sample collection and experimental setup 

 

Pipi were collected from the Waiwera Beach (northern Auckland) during low tide 

and kept in running seawater in the AUT Aquaculture Laboratory for 3 days to 

clear food from their stomachs and to acclimatise the animals to the new 

conditions. Three size classes were established and defined as: spat (0-10.0 

mm in shell length), juveniles (15.0-25.0 mm in shell length), and adults (30.0-

40.0 mm in shell length). Three replicate tests were carried out for each 

experimental diet, giving a total of 24 replicates for each size class. Each diet 

consisted of three replicates and each replicate contained 30, 20, and 10 clams 

of the spat, juveniles and adults, respectively. 

 

Experimental diets were fed to spat, juveniles, and adults, at different daily 

rations: 2, 4, and 6% (dry food weight/live animal weight), respectively. Unfed 

animals were used in three replicate tanks as control. The experimental tanks 

were cleaned daily to remove solid waste products. The water salinity was 

maintained at 35 ppt and the temperature at 17-18°C for 21 days of the feeding 

trials.  

 

3.4.2. Experimental diets 

 

Eight different diets were tested for their performance on growth of pipi. Five 

microalgal species (T-ISO, Pavlova lutheri, Tetraselmis suecica, Chaetoceros 



 

 

muelleri, and Thalassiosira pseudonana), yeast, wheat flour and corn flour were 

fed to pipi according to the rations.  

 

Microalgal strains were obtained from CSIRO Microalgae Research Centre, 

Australia. They were cultured with f/2 nutrients (Guillard, 1975) in 15 L carboys 

at 18°C, water salinity of 35 ppt, and under 12 L:12 D light cycle, prior to the 

feeding experiments. The baker‟s yeast granules were ground to a powder form 

and sieved through a 20-µm sieve. All the processed diets (baker‟s yeast, corn 

flour, and wheat flour) were suspended in seawater before being poured into 

the tanks to avoid lumping.  

 

3.4.3. Pipi growth measurements 

 

Initial maximum shell lengths and wet weights were determined at the beginning 

of the experiments. Each animal was marked individually with a number on both 

valves so that the individual growth increment could be obtained at the end of 

the culture period. The maximum shell length (anterior to the posterior margins) 

was measured with a Vernier caliper to the nearest 0.1 mm. Individual wet 

weights were measured by placing a monofilament on the underside of a 

balance (Fig. 8). The monofilament was then attached to a weighing tray, which 

was submerged into the experimental tanks. After zeroing the balance, each 

marked pipi was put on the tray without removing it from the water. This method 

ensured that each bivalve was maintained fully saturated with water, and only 

the tissue and shell were being weighed (i.e., no variations due to amount of 

water drained from each animal). 

 



 

 

 

                Balance 

                                                                                         

Monofilament connecting                      
the balance and the  
weighing tray                                                                                
  

Clam, one at a time  
 Weighing tray 

                        

                                                                                             

Fig. 8: System to measure wet weight of pipi while submerged in the water 
containers. 
 

3.4.4. Dry weight determination of microalgal cells 

 

For the determination of the dry weights of microalgae, 200 mL of the cultures 

were collected and cell densities were determined using a haemocytometer. 

Algal cells were filtered and collected through 0.45 µm pore-size fibre filters. 

The filters were then rinsed with 100 mL of 0.5 M ammonium formate to remove 

sea salt residue (Epifanio, 1979), and dried for 12 hours at 100°C.  The dry 

weights of the algal cells were calculated as follows (see Table 5): 

 

Dry weight of algae (pg cell-1):  [Filter paper with algal cells] – [Filter paper]  
                                    Number of cells 
 
 
 
Table 5: Dry weights of the microalgal diets used in the culture of pipi. 

Species Dry weight (pg cell
-1

) 

Isochrysis galbana (T-ISO) 31.64 ± 0.01 

Pavlova lutheri 110 ± 0.02 

Tetraselmis suecica 172.81 ± 0.03 

Chaetoceros muelleri 73.38 ± 0.01 

Thalassiosira pseudonana (3H) 29.67 ± 0.02 

 



 

 

3.4.5. Biochemical composition 

 

Protein, carbohydrate, lipid, moisture, and ash content was determined for each 

diet and adult pipi tissues. Spat and juveniles provided insufficient materials to 

carry out the biochemical analyses; therefore, only the adult samples were 

analysed for evaluating the nutritional benefit of each diet on the growth and 

body content of pipi.  

 

Before the start of the feeding trial, 30 adult pipi were frozen for the initial 

biochemical composition after 3 days acclimation. At day 21, following the 

growth measurements, the remaining adult pipi were sacrificed and the soft 

tissues were separated from the shell. The frozen tissues from the initial 

samples were thawed. The tissues (initial and tested samples) were carefully 

blotted with absorbent papers to remove excess wetness prior to oven drying. 

All the analyses were performed according to the Official Methods of Analysis of 

AOAC International (AOAC, 2005). 

 

3.4.5.1. Total protein 

 

Samples were analysed according to the Kjeldahl method. The method 

determines total nitrogen content and protein, as the nitrogen content of the 

sample multiplied by a conversion factor.  A conversion factor of 6.25 is used for 

many applications including in the present study (AOAC, 2005). The method 

can be divided into three main steps: 1) digestion of the samples in sulphuric 

acid with a catalyst, which converts nitrogen into ammonia; 2) distillation of the 



 

 

ammonia into a trapping acid solution; and 3) titration with hydrochloric acid to 

quantify the ammonia. 

 

3.4.5.1.1. Digestion of samples  

The purpose of the digestion was to break down the complex structure of 

protein and other forms of nitrogen and convert them into ammonia. The 

homogenous dry diet and animal tissue samples were placed in Kjeldahl tubes. 

Digestion was accomplished by boiling the homogenous dry diet and tissue 

samples (approximately 1.0 g) in 10 mL of concentrated sulphuric acid (98%) 

with the addition of 10 mL of 35% hydrogen peroxide solution. A mixture of 7.5 

g of copper sulphate and potassium sulphate (9:1 ratio) catalyst was then 

added into each tube. The boiling was completed when the digested samples 

turned clear. Distilled water (50 mL) was then added into the tubes.  

 

3.4.5.1.2. Distillation 

This step involved separation of the ammonia from the digestion mixture. This 

was achieved by raising pH of the digestate with sodium hydroxide, which 

converts the ammonium ion into ammonia. The distillations were carried out 

with the semi-automatic steam distilling unit (UDK 126A, Velp Scientifica Ltd., 

Milano, Italy). Indicating boric acid solution (25 mL) was added to a 250 mL 

Erlenmeyer flask. The digestates were distilled with the addition of 45% sodium 

hydroxide, and the distillates were collected in the Erlenmeyer flasks containing 

boric acid. Then, distillation ceased when 150 mL distillate was collected in 

each flask. Ten drops of green methyl indicator were then added into each flask 

to indicate the acidity of solutions.  

 



 

 

3.4.5.1.3. Titration with hydrochloric acid (HCl) 

The purpose of the titration step was to quantify the amount of nitrogen present 

in the sample. The distillates were titrated with 0.05 M hydrochloric acid solution 

until they turned from green to red. The titrated volumes of hydrochloric acid 

were recorded. Total protein contents were calculated as follows: 

 

Total protein (%): 6.25 x 14.01 x (mL titrant – mL blank) x (0.05 M HCl) x 100 
                                            Sample weight (g)                        1000 
 

3.4.5.2. Total lipid 

 

A modified Bligh and Dyer method (1959) was used to extract and measure the 

total lipids. Samples (0.5 g) were put into 15 mL centrifuge tubes and then 

rehydrated with Millipore pure water. Then, a 3 mL mixture of methanol and 

chloroform (2:1) was added into each tube and carefully shaken to homogenise 

the contents.  

 

Chloroform (1 mL) was added to the samples and the tubes were arranged in a 

tube rack. The tubes containing samples were sonicated for 10 minutes. Then, 

1 mL of distilled water was added into each tube and further sonicated for 10 

minutes.  

 

After sonication, samples were centrifuged for 10 minutes at 2000 rpm. The 

samples showed two phases separated by a protein disc and sample bits. The 

tube contents were filtered on filter papers. The lower chloroform layer 

containing lipids was collected with a Pasteur pipette and transferred into a 

small pre-weighed glass tube. The glass tubes were re-weighed. 



 

 

Tubes were then placed in a warm water bath (38-40°C) equipped with a 

nitrogen stream blow-down apparatus. The chloroform phase was evaporated 

to dryness under the stream of nitrogen. Tubes containing lipid extracts were re-

weighed. Total lipids were determined as follows: 

 

 Total lipid (%):                 Lipid extract (g)             x 100 
                           Lipids in chloroform solvent (g) 

 

3.4.5.3. Total carbohydrate 

 

Total carbohydrate content of each diet and adult tissue content was estimated 

by „difference‟. The sum of protein, lipid, and ash content was subtracted from 

100 (Porter & Earl, 1990). Total carbohydrates were calculated using the 

formula: 

 

Total carbohydrate (%): 100 – (% moisture + % ash + % protein + % lipid) 

 

3.4.5.4. Moisture 

 

Moisture content of the diet and tissue samples was determined by difference 

between the weights of the wet and oven dry samples. The tissue wet weights 

were measured using a balance (Shimadzu AUW 320, Kyoto, Japan) to the 

nearest 0.0001 g, before drying to a constant weight in an oven for about 24 

hours at 60°C (Watvic oven). After drying, the samples were immediately placed 

in a desiccator to cool to room temperature for an hour, and then weighed. The 

percent moisture was calculated by multiplying the difference between the wet 

and dry samples by 100. After moisture content determinations, the dry tissues 



 

 

were cut into small pieces and thoroughly mixed to ensure uniformity. The dry 

diet and tissue samples were used for the analyses of ash, total protein, total 

lipid, and total carbohydrate contents. 

 

3.4.5.5. Ash 

 

Ash content represents the quantity of the non-combustible material remaining 

in the samples after burning, which provides a measure of the total amount of 

minerals present within a sample (Fjell et al., 1996). Weighed dry samples 

(approximately 1.0 g) were placed into dried and pre-weighed porcelain 

crucibles. Samples were then burned in a furnace (SR-6000 McGregor 

Shimaden Co. Ltd., Japan) at 600°C for two hours and cooled to room 

temperature in a desiccator. Crucibles containing samples were then re-

weighed. Weights before and after burning were recorded, and the differences 

were multiplied by 100 to get ash percent.  

 

3.4.6. Statistical analyses 

 

Data on the growth parameters (lengths and weights), mortality, and 

biochemical compositions (eight diets and soft tissues) were analysed with 

parametric statistics after all assumptions were met and transformations 

undertaken, when appropriate. The homogeneities of variances in different 

samples were assessed with Levene‟s tests. The proportions of shell lengths, 

live weights, mortality rates, and biochemical contents were transformed by 

arcsine square root transformation before subjecting to one-way analyses of 

variances (ANOVAs). Tukey‟s HSD Post Hoc tests (at p < 0.05) were conducted 



 

 

to determine the differences between the means of all treatments. All analyses 

were performed with SPSS version 15.0 software.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

3.5. RESULTS 

 

3.5.1. Growth responses to different diets 

 

Growth of spat, juvenile, and adult pipi varied considerably among diets. 

Increases in shell length (mm) and wet weight (mg) of spat, juvenile, and adult 

pipi fed different diets in relation to their initial lengths and weights are 

presented in Figure 9. In general, the wet weight of the starved pipi decreased 

during the starvation period. However, the shells still recorded minimum 

increments.  

 

3.5.1.1. Growth of spat pipi 

 

At the end of the 21-day experiment, spat that had the greatest length increase 

were those fed on I. galbana (1.21 ± 0.10 mm individual-1). However, the 

increase was not significantly different to spat fed P. lutheri (0.91 ± 0.09 mm 

individual-1), C. muelleri (0.99 ± 0.04 mm individual-1), or yeast (1.00 ± 0.18 mm 

individual-1) (Tukey test, p > 0.05). Significantly, slower growths were recorded 

in spat fed T. suecica (0.66 ± 0.08 mm individual-1), T. pseuodonana (0.83 ± 

0.27 mm individual-1), wheat flour (0.79 ± 0.05 mm individual-1), and corn flour 

(0.72 ± 0.01 mm individual-1) (Tukey test, p > 0.05). The unfed spat exhibited 

the smallest shell length increase with only 0.06 ± 0.01 mm per individual, which 

was significantly different to all fed groups (Tukey test, p > 0.05) (Fig. 9A). 

 

In terms of wet weight, spat fed P. lutheri (125.14 ± 8.69 mg individual-1) were 

significantly heavier than spat  fed other diets or the unfed group (p < 0.05). 



 

 

Spat fed yeast displayed a 92.33 ± 4.42 mg weight increase per individual, 

followed by those fed I. galbana (84.52 ± 12.37 mg individual-1), wheat flour 

(74.94 ± 3.08 mg individual-1), C. muelleri (73.64 ± 8.68 mg individual-1), T. 

suecica (70.69 ± 1.77 mg individual-1), corn flour (68.12 ± 18.58 mg individual-1), 

T. pseudonana (65.30 ± 8.86 mg individual-1), and the control group (-24.04 ± 

1.30 mg individual-1). It was noted that starvation resulted in significant weight 

losses during the three weeks of the culture period (Tukey test, p < 0.05) (Fig. 

9B).  

 

3.5.1.2. Growth of juvenile pipi  

 

When a daily diet of 4% I. galbana was offered to juveniles, they exhibited the 

greatest length increase (1.72 ± 0.18 mm individual-1) (Fig. 9C). However, the 

increase did not differ significantly from the increments obtained by juveniles fed 

P. lutheri (1.34 ± 0.16 mm individual-1) and T. suecica (1.31 ± 0.44 mm 

individual-1) (Tukey test, p > 0.05). Tukey tests showed that juveniles fed T. 

pseudonana, yeast, wheat flour, and corn flour were similar to those fed C. 

muelleri (p > 0.05). The lowest length increase for juvenile pipi was observed in 

the unfed group (0.033 ± 0.037 mm individual-1).  

 

The greatest wet weight increase in juvenile pipi was recorded in animals fed P. 

lutheri (177.94 ± 8.12 mg individual-1), followed by I. galbana (163.27 ± 19.88 

mg individual-1), C. muelleri (154.63 ± 43.58 mg individual-1), T. pseudonana 

(120.22 ± 8.49 mg individual-1), corn flour (104.23 ± 7.16 mg individual-1), T. 

suecica (96.72 ± 32.29 mg individual-1), yeast (84.87 ± 5.78 mg individual-1), 

and wheat flour (77.47 ± 17.29 mg individual-1). Starved juveniles displayed a 



 

 

significant decrease in terms of wet weight (-37.02 ± 7.22 mg individual-1) 

(Tukey test, p < 0.05) (Fig. 9D).  

 

3.5.1.3. Growth of adult pipi 

 

For adult pipi, the greatest shell increase was on individuals fed corn flour. The 

increase was 0.79 ± 0.29 mm individual-1, which was similar to adults fed P. 

lutheri (0.53 ± 0.09 mm individual-1), yeast (0.51 ± 0.15 mm individual-1), and 

wheat flour (0.59 ± 0.10 mm individual-1) (Tukey test, p < 0.05). Adults fed with I 

galbana, T. suecica, C. muelleri, and T. pseudonana displayed 0.33 ± 0.04 mm, 

0.32 ± 0.13 mm, 0.29 ± 0.04, and 0.26 ± 0.08 mm length increment per 

individual, respectively. The unfed adult pipi showed a minimal shell length 

increase (0.01 mm individual-1) (Fig. 9E). 

 

The greatest weight gain for adult pipi was on animals fed P. lutheri (167.74 ± 

22.34 mg individual-1). However, the increase was similar to those offered C. 

muelleri, yeast, and corn flour (Tukey test, p > 0.05). Adults maintained with I. 

galbana, T. suecica, T. pseudonana, and wheat flour showed 93.06 ± 15.46 mg, 

118.63 ± 12.77, 89 mg, 89.11 ± 17.80 mg, 80.69 ±16.94 mg of wet gains per 

individual, respectively. The starved group was different to all fed groups (Tukey 

test, p > 0.05) (Fig. 9F).  



 

 

 

 

 
 
Fig. 9: Shell growth (mm) and weight gain (mg) for P. australis fed various diets 
for 21 days. 9A-B; spat, 9C-D; juveniles, 9E-F; adults. Abbreviations: IG; I. 
galbana (T-ISO), PL; P.  lutheri, TS; T. suecica, CM; C. muelleri, TP; T. 
pseudonana (3H), Y; baker‟s yeast, WF; wheat flour, CF; corn flour, and C; 
control unfed group. The same letters over the error bars indicate non-statistical 
differences. Error bars represent 95% confidence interval of the mean. 

0.0

0.4

0.8

1.2

1.6

IG PL TS CM TP Y WF CF C

S
h

e
ll
 G

ro
w

th
 (

m
m

)

Spat

d

a

a, b

c

a,b
b,c

a,b

b,c
b,c

A

-40.0

0.0

40.0

80.0

120.0

160.0

IG PL TS CM TP Y WF CF

W
e

ig
h

t 
g

a
in

 (
m

g
)

Spat

d

c

a,b

a,b a,b

a

b

a,b

a,b

B

C

0.0

0.4

0.8

1.2

1.6

2.0

IG PL TS CM TP Y WF CF C

S
h

e
ll
 G

ro
w

th
 (

m
m

)

Juveniles
a

a,b
a,b

c

b,c

b,c

b,c b,c

d

C

-70.0

0.0

70.0

140.0

210.0

IG PL TS CM TP Y WF CF

W
e

ig
h

t 
G

a
in

 (
m

g
)

Juveniles

a,b

b

c,d

b,c

b,c,d

d
d

b,c,d

e

D

C

0.0

0.4

0.8

1.2

IG PL TS CM TP Y WF CF C

S
h

e
ll
 G

ro
w

th
 (

m
m

)

Diet

Adults

c

a

b

a,b

a,b
a,b

a a
a

E

-140.0

-70.0

0.0

70.0

140.0

210.0

IG PL TS CM TP Y WF CF

W
e

ig
h

t 
g

a
in

 (
m

g
)

Diet

Adults

e

a,b

c

a,b,d

c,d

a

b,c,d

a

c,d

F

C



 

 

3.5.2. Mortality  

 

Relatively low mortality was observed after the 21-day experiment across all 

treatments for spat, juvenile, and adult pipi. Spat that were starved displayed 

the highest percent mortality at 22.22% ± 3.85 SD, followed by spat fed yeast 

(18.89% ± 3.85 SD). Spat fed I. galbana, T. suecica, C. muelleri, T.  

pseudonana, and yeast treatments had pipi mortalities of 16.67% ± 3.33 SD, 

17.78% ± 8.39 SD, 13.33% ± 3.33 SD, 15.56% ± 5.09 SD, and 14.44% ± 1.92 

SD, respectively. The lowest mortality was found in spat fed P. lutheri (12.22% 

± 3.85 SD) and wheat flour (12.22% ± 1.92 SD) (Fig. 10A).  

 

The highest mortality for juvenile pipi was found in animals fed on yeast 

(33.33% ± 2.89 SD), followed by I. galbana (25.00% ± 10.00 SD) and wheat 

flour (25.00% ± 5.00 SD) (Fig. 10B). Juveniles fed T. suecica, C. muelleri, T. 

pseudonana had the same percent mortality at 21.67%. Meanwhile, juveniles 

fed C. muelleri and corn flour had a similar percent mortality at 20.00% ± 5.00 

SD. The lowest mortality was found in juveniles fed on P. lutheri (18.33% ± 2.89 

SD). 

 

For adult pipi, the highest mortality was for pipi fed yeast (33.33% ± 5.77 SD), 

followed by adults fed wheat flour (30.00% ± 10.00 SD), and unfed (30.00% ± 

10.00 SD). Adults fed T. suecica displayed a mortality of 26.67% ± 5.77 SD. 

Juveniles fed P. lutheri, C. muelleri, and T. pseudonana showed the same 

mortality at 23.33% ± 5.77 SD. The lowest mortality was found in adults fed 

corn flour (16.67% ± 5.77 SD) (Fig. 10C).  



 

 

 

 

 
Fig. 10: Mortality of spat (A), juvenile (B), and adult (C) pipi during the 21-day 
feeding experiment. Clams were fed IG: I. galbana, PL: P. lutheri, TS: T. 
suecica, CM: C. muelleri, TP: T. pseudonana, Y: yeast, WF: wheat flour, and 
CF: corn flour. Control group (C) was the unfed clams. No statistical differences 
were observed among all treatments for spat, juvenile, and adult pipi. Error bars 
represent 95% confidence interval of the mean. 
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Biochemical composition of diets and adult tissues 
 

Biochemical composition of the experimental diets (microalgal and processed 

diets) fed to spat, juvenile, and adult pipi are presented in Table 6. In general, 

the microalgal diets (I. galbana, P. lutheri, T. suecica, C. muelleri, and T. 

pseudonana) contained high proportion of protein and lipid, and low 

carbohydrate. In contrast, the processed diets (baker‟s yeast, corn flour, and 

wheat flour) were low in protein and lipid but high in carbohydrate. The highest 

protein content (33.54% ± 1.54 SD) among all diets was observed in T. 

pseudonana (3H). Microalga P. lutheri contained the highest proportion of lipids 

(23.21% ± 2.93 SD), while wheat flour had the highest amount of carbohydrates 

(80.18% ± 2.81 SD) (Table 6). Microalga I. galbana contained 21.30% ± 0.59 

SD protein, 19.06% ± 0.65 SD lipid, and 19.59% ± 1.86 SD carbohydrate.  

 

Tissue quality data of adult pipi of the initial samples and individuals fed the 

experimental diets are shown in Table 7. Protein and lipid increased in the 

tissues for all treatments except for the controls (ANOVA, F(9, 20) = 338.82, p < 

0.05). The largest proportion of total protein content was found in adults fed P. 

lutheri (33.75% ± 0.87 SD). However, the protein content did not differ from that 

of those fed yeast (Tukey test, p > 0.05).  Lipid content was highest in adult pipi 

fed I. galbana (6.13% ± 0.53 SD). However, the lipid content was not 

significantly different from those fed P. lutheri (5.41% ± 0.45 SD) and corn flour 

(4.46% ± 0.36 SD) (Tukey test, p > 0.05). The control group lost 11.8% of its 

lipid reserve and indeed, the value was similar with the initial value (Tukey test, 

p = 0.961).  

 



 

 

Meanwhile, carbohydrate levels in the tissues decreased during the 21-day 

experimental period for all fed groups and the control. However, there were 

insignificant decreases for carbohydrate levels in adult pipi fed T. suecica, C. 

muelleri, wheat flour, and the control group (Tukey test, p < 0.05). 



 

 

Table 6: Biochemical composition (%) of the microalgal and substitute diets used for rearing P. australis spat, juveniles, and adults in the 
laboratory (mean ± SD). 

Diets Protein Lipid Carbohydrate 

Isochrysis galbana (T-ISO) 21.30 ± 0.59 19.06 ± 0.65 19.59 ± 1.86 

Pavlova lutheri 27.23 ± 1.69 23.21 ± 2.93 9.44 ± 3.29 

Tetraselmis suecica 29.74 ± 1.51 10.90 ± 0.60 18.68 ± 3.49 

Chaetoceros muelleri 31.79 ± 0.48 15.63 ± 1.37 20.34 ± 3.02 

Thalassiosira pseudonana (3H) 33.54 ±1.54 18.86 ± 1.55 13.56 ± 5.31 

Yeast 5.36 ± 0.12 1.80 ± 0.24 77.19 ± 1.66 

Wheat flour 8.34 ± 0.16 1.57 ± 0.38 80.18 ± 2.81 

Corn flour 8.39 ± 1.01 5.56 ± 0.68 76.79 ± 0.47 

        
 
 
Table 7: Biochemical composition (%) of adult P. australis at the beginning and at the end of the experimental period (mean ± SD). 

Diets Protein Lipid Carbohydrate 

Initial 6.99 ± 0.43
a
 1.02 ± 0.15

a
 17.20 ± 3.47

c
 

Isochrysis galbana (T-ISO) 24.27 ± 0.88
e
 6.13 ± 0.53

e
 7.03 ± 0.94

a,b
 

Pavlova lutheri 33.75 ± 0.87
f
 5.41 ± 0.45

d,e
 4.04 ± 0.20

a
 

Tetraselmis suecica 10.77 ± 0.44
b
 2.67 ± 0.81

b
 16.32 ± 2.38

c
 

Chaetoceros muelleri 14.06 ± 0.39
c
 2.92 ± 0.27

b,c
 10.28 ± 2.37

b,c
 

Thalassiosira pseudonana (3H) 18.19 ± 1.60
d
 3.33 ± 0.54

b,c
 7.53 ± 1.52

a,b
 

Yeast 23.47 ± 1.43
e
 4.28 ± 0.28

c,d
 7.98 ± 1.58

a,b
 

Wheat flour 18.86 ± 0.28
d
 2.08 ± 0.70

b
 13.31 ± 4.08

b,c
 

Corn flour 18.92 ± 0.39
d
 4.46 ± 0.36

c,d,e
 7.90 ± 1.49

a,b
 

Control 7.53 ± 0.28
b
 0.90 ± 0.14

a
 12.18 ± 3.97

b,c
 



 

 

3.5.3. Growth and dietary content of pipi 

 

Biochemical composition of the experimental diets affected the growth of pipi of 

all size classes. In spat, dietary lipid contents were found to be a factor for 

growth determination. High lipid levels increased the shell length and weight 

gain (Figs. 11B & 11E). Dietary protein also increased shell length in spat (Fig. 

12A) but had no effect on spat weight gain (Fig. 11D) (Pearson correlation = 

0.006, p > 0.05). Carbohydrate level displayed a negative relationship with both 

spat shell length and weight gain (Figs. 11C & 11F).  

 

For juvenile pipi, dietary protein and lipid contents positively affected shell 

length and weight gain (Figs. 12A-12E). However, the relationship between 

protein level and shell growth was weak (R2 = 0.007) (Fig. 12A). Weight gain 

and protein content displayed a moderate positive relationship (R2 = 0.2778), 

while carbohydrates did not have effect on shell length or weight gain of juvenile 

pipi (Figs. 12C & 12F).  

 

Weight gain in adult pipi was significantly correlated with dietary protein and 

lipid contents. However, the correlations were weak, R2 = 0.0057 and R2 = 

0.0328 for protein and lipid, respectively (Figs. 13D & 13E).  Protein and lipids 

had no effects on the shell length of adult pipi. (Figs. 13A & 13B). Meanwhile, 

levels of carbohydrates in the diets had a significant effect on shell length of 

adult pipi (Pearson correlation = 0.624, R2 = 0.3894) (Fig. 13C).  

 
 
 
 
 

SPAT PIPI 



 

 

 

 

 

 
 
Fig. 11: Relationships between growth (shell increase and weight gain) and  
biochemical composition of the diets fed to the spat of P. australis. The linear 
regression equations are shown on the graphs
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JUVENILE PIPI 
 

 

 

 
 
Fig. 12: Relationships between shell increase (shell increase and weight gain) 
and  biochemical composition of the diets fed to the juveniles of P. australis. 
The linear regression equations are shown on the graphs.
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ADULT PIPI 
 

 

 

 
 
Fig. 13: Relationships between shell increase (shell increase and weight gain) 
and  biochemical composition of the diets fed to the adults of P. australis. The 
linear regression equations are shown on the graphs.
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3.6. DISCUSSION 

 

3.6.1. Effects of the different diets on growth and mortality  

 

Results of these experiments demonstrate that the processed diets (yeast, 

wheat flour, and corn flour) are potential substitutes for pipi feeds grown under 

hatchery conditions. The use of yeast for spat pipi, for example, showed similar 

shell growth as I. galbana (t-test, p > 0.05). Spat fed wheat and corn flours 

showed no differences in shell growth when compared to those fed the 

microalgal diets, except for I. galbana (t-test, p < 0.05). For juveniles, the corn 

flour fed animals had similar weight gain with I. galbana (p > 0.05). Microalga I. 

galbana was the main source of energy for weight gain in juvenile pipi (Fig. 9D). 

All fed clams, regardless of size class, grew relatively better than the no food 

control. It was apparent that P. lutheri microalga mostly supported weight gains 

for all size classes.    

 

In general, spat and juvenile pipi grew faster than adults. During the earlier life 

stages (larvae, spat, and juveniles), the body is actively metabolising, mainly to 

support growth. Therefore, nutrients derived from diets are catabolised to 

provide energy for growth. The same growth pattern has been observed in other 

bivalve species such as in the rock-boring clam Penitella penita (Evans, 1968), 

the fingernail clam Sphaerium striatinum (Hornbach et al., 1983), the Asiatic 

clam, Corbicula fluminea (Welch & Joy, 1984), the hard clam M. mercenaria 

(Lorio & Malone, 1995), the Antarctic clam Laternula elliptica (Ahn & Shim, 

1998), the black clam Villorita cyprinoides (Arun, 2009).  



 

 

Unfed spat and adult pipi showed highest mortalities, while for juveniles, the 

highest mortality was found in yeast-fed animals.  These results indicate the 

inability of pipi to survive a long period of starvation. Starvation may not have 

only caused reduction in wet weight mass of pipi, but also depletion of energy 

level needed to maintain vital functions.  

 

The use of yeast, wheat flour, and corn flour have been reported as potential 

substitutes for microalgae in other bivalve species. For example, Perez-

Camacho et al. (1998) suggested the use of corn-based diet to substitute 50% 

of the 2% phytoplankton daily ration in the little neck clam, R. decussatus. In an 

other study, Albentosa et al. (2002) found no significant difference between spat 

fed 100% I. galbana and a mixed diet consisting of 50% I. galbana and 50% 

wheat germ flour in the Manila clam (R. philippinarum).  In regard to substituting 

yeast for microalgal diets, many studies have shown positive results for growth 

in R. philippinarum (Coutteau et al., 1992), the hard clam M. mercenaria 

(Epifanio, 1979; Coutteau et al., 1994), the blue mussel Mytilus edulis (Epifanio, 

1979), the bay scallop Argopecten irradians (Epifanio, 1979), the Pacific oyster 

C. gigas (Coutteau et al., 1992), and the Sydney rock oyster Saccostrea 

commercialis (Brown et al., 1996). However, growth in the soft tissue of C. 

gigas oysters decreased with the increasing amount of yeast in the diet 

(Epifanio, 1979). 

 

3.6.2. Effect of dietary contents of the diets on growth performance 

  

High protein contents in dietary microalgae were reported to enhance growth 

performance in the short-neck clam Tapes japonica (Gallager & Mann, 1981), 



 

 

the Pacific oyster C. virginica (Webb & Chu, 1983), the European flat oyster 

Ostrea edulis (Enright et al., 1986), and the Mediterranean mussel Mytilus 

galloprovincialis (Langdon & Onal, 1999) juveniles. On the other hand, Uriarte 

and Farias (1999), working with the scallop Argopecten purpuratus, and Ceron-

Ortiz et al. (2006) with Lyropecten (Nodipecten) subnodosus, found that spat of 

both species grew better with higher lipid levels in the diets. Results of the 

present study are in agreement with Uriarte and Farias (1999) and Ceron-Ortiz 

et al. (2006). Smaller pipi (spat and juveniles) demonstrated positive 

relationships between length and weight increments and dietary lipid contents 

(Figs. 11B, 11E, 12B, & 12E). On the basis of biochemical composition of the 

experimental diets used in this study (Table 5), it is inferred that lipid playa a 

major role in determining weight gain in spat and juveniles. In support to this, 

growth of O. edulis spat also was influenced by the amount of lipids in larval 

tissues during metamorphosis and in the diets (Laing & Millican, 1986). 

Similarly, a significant correlation between growth and dietary lipid content was 

observed in C. virginica spat (Wikfors et al., 1984). However, Waldock and 

Nascimento (1979) and Langdon and Waldock (1981) found that level of lipids 

in diets was negatively correlated with growth rates of C. gigas larvae and spat.  

 

Conversely, adult pipi showed preference for diet with high carbohydrate level, 

particularly corn flour, which contained 76.79% ± 0.47 SD carbohydrates (Table 

7). The highest percentage of shell increase in the adults was obtained with 

corn flour, while the greatest weight gain was found in P. lutheri-fed animals. It 

is noteworthy that adults fed with 100% corn flour had low mortality over 21 

days (16.67%), and the value was same with I. galbana-fed adults (Fig. 13C). In 

addition, adult pipi showed a positive relationship between the total 



 

 

carbohydrate content and shell increase (Table 6). Hence, corn flour could be a 

potential diet to adult pipi. Carbohydrates are important to balance the utilisation 

of proteins and lipids in catabolic pathways for energy production (Whyte et al., 

1989) and are also regarded as the principal energy reserve for adult marine 

bivalves; both for gametogenesis and during food deficiency especially in winter 

time (Reid, 1969).  

 

Growth of bivalves is not merely elucidated by the biochemical composition in 

diets, but is also dependent on other factors, more likely to be cell attributes and 

interactive effects of nutrients in diets (Knaeur & Southgate, 1999). For 

example, P. lutheri and I. galbana cells are small in size and more round in 

shape, making them easier to be ingested and further digested in the guts, 

particularly during the earlier life stages. Additionally, I. galbana cells have a 

balanced proportion of proteins, lipids, and carbohydrates (Table 6). Diatom 

species (e.g., C. muelleri and T. pseudonana) are less digestible due to their 

silicaceous cell walls and presence of spines around the margin of the cells. 

Feeding a number of microalgal species is more beneficial for rapidly growing 

bivalves than a single species (Brown, 1991).  

 

3.6.3. Effect of the diets on body composition of adult pipi 

 

Proximate analyses of adult pipi revealed that proteins and lipids were 

accumulated in the tissues for all fed groups, while carbohydrate levels depleted 

in all treatments including the control group. The concomitant increase in the 

levels of proteins and lipids and carbohydrate depletions, were due to 

accumulation of mature oocytes. These results suggest that the gonadal 



 

 

development have initiated during the breeding season. This conforms with 

other studies where accumulation of proteins in bivalve tissues are 

simultaneously an indicator to maturation of gonads (Devi et al., 1985; Kreeger, 

1993; Rivonker & Parulekar, 1995), and as a reserve prior to spawning activity 

(Wafer et al., 1976; Nagabhushanam & Mane, 1978; Gabbott & Peek, 1991). 

Proteins and lipids were continuously metabolised to support energy demand 

whenever needed (food scarcity or insufficient carbohydrates).  

 

Meanwhile, carbohydrates in adult tissues were rapidly catabolised to meet the 

energy requirements for reproduction (Table 7). Similar observations were 

made by Rodriguez et al. (1993) who regarded carbohydrates as the main 

energy source for gametogenesis in clams T. decussatus and R. philippinarum. 

For adult oysters, cornstarch feeds have been used to complement natural 

microalgae to improve condition index of the animals (Haven, 1965; Ingle, 1967; 

Dunathan et al., 1969). These findings emphasised the importance of 

carbohydrates accumulation as energy reserves in the form of glucogen in 

gametogenesis (Gabbott, 1976). Starvation in adult pipi resulted to expenditures 

of lipid and carbohydrate resources. This is explained by the functions of lipids 

and carbohydrates during food scarcity (Gabbott & Bayne, 1973; Beninger & 

Lucas, 1984; Whyte et al., 1990). 

 

3.6.4. Microalgal and substitute diets 

 

In recent years, there have been numerous studies on microalgal replacements 

for bivalve cultures. Among these, partial substitutions with alternative diets 

have been studied in other clam species such as R. philippinarum (Albentosa et 



 

 

al., 1989; Coutteau et al., 1993; Caers et al., 1999; Albentosa et al., 2002), R. 

decussatus (Albentosa et al., 1997; Albentosa et al., 1999), C. fluminea (Foe & 

Knight, 1986), and M. mercenaria (Coutteau, 1991). The use of low-cost 

processed diets used in the present study would allow an increase in pipi 

production in hatcheries by reducing the operational costs. 

 

Microalgae are still the main nutrient sources for pipi, particularly for spat and 

juveniles. This is true for larval and juvenile cultures as observed in other 

bivalve species (Knauer & Southgate, 1999; Pales Espinosa & Allam, 2006; 

Martinez-Fernandez & Southgate, 2007). However, baker‟s yeast would be a 

good substitute for feeding spat and juvenile pipi. The experimental microalgae 

contained higher protein and lipid levels, while wheat and corn flours were rich 

in carbohydrates. Growth in smaller pipi was promoted by higher lipid contents, 

so, high carbohydrate diets (especially wheat and corn flours) were less suitable 

for their growth. In contrast, adult pipi required carbohydrates to support growth 

and reproduction. Thus, it is suggested that wheat and corn flours would be 

good substitutes for adult feeds. The outcomes of this study are useful in 

providing better understandings on nutrients required by pipi and proposing the 

use of processed diets in their feeding.  

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 
CHAPTER FOUR 

EFFECT OF DIETS ON MATURITY OF Paphies australis 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

4.1. INTRODUCTION 

 

The breeding period in pipi occurs from late winter to late summer with 

increased spawning activity in spring (Hooker, 1995). Other New Zealand 

mesodesmatids have also been reported to have similar breeding periods 

(Dickie, 1986; Grant, 1994). The maturity of bivalve gonads is affected by 

endogenous and exogenous factors. Exogenous factors, such as food 

availability and water temperature play a major role in controlling 

gametogenesis and spawning in bivalves (Bayne et al., 1978; Rodhouse et al., 

1984; Pipe, 1985). In spring, summer, and early autumn, phytoplankton are 

more abundant, when water temperatures are higher compared to the rest of 

the year (Rao, 1955). 

 

Reproduction requires large amounts of energy to sustain the energy required 

for developing gonads. Reproductive success depends on the energy from diets 

or where food is limited, energy reserves will be required to support gamete 

development and spawning activities. In general, the diet of bivalve broodstock 

diets plays a major role on their reproduction and the quality of eggs (Robinson, 

1992; Samain et al., 1992). During the conditioning period, nutrition and 

temperature are normally manipulated to promote gametogenesis and gonad 

development (Heasman et al., 1996).   

 

Hooker (1995) conditioned pipi broodstock for 23 days under hatchery 

conditions. The pipi were kept at 22°C and fed daily with two microalgal 

species, Isochrysis galbana and Thalassiosira pseudonana throughout the 

conditioning period. At day 23, pipi were induced to spawn using a combination 



 

 

of temperature shock (27°C) and a dilute sperm solution. These results show 

that pipi could be conditioned and spawned under hatchery conditions.  

 

4.1.1. Effect of diets on broodstock conditioning 

 

The quality of food offered to bivalve broodstock during the conditioning period 

has a major influence on their reproductive performance and on the quality of 

eggs and larvae produced (Robinson, 1992; Farias & Uriarte, 2001; Uriarte et 

al., 2001). In broodstock conditioning of the bay scallop Aequipecten irradians 

Lamarck, the broodstock failed to spawn in response to increasing seawater 

temperature (Sastry, 1966). However, it was apparent in the following trials that 

phytoplankton was necessary to bring the adults to spawning condition (Sastry, 

1968). These studies have indicated food items are important for bivalves to 

reach gonadal maturation and conditioning success.  

 

Fecundity and larval survival also have been found to be related to dietary 

content (Uriarte et al., 2004; Utting & Millican, 1998). In the Chilean scallop, 

Argopecten purpuratus broodstock, higher protein content in the microalgal diet 

has significantly reduced the time to reach maturity, increased the fecundity in 

the females, and improved the energy balance of the broodstock (Farias et al., 

1997). The fecundity of broodstock and larval survival of the Pacific oyster 

Ostrea edulis also improved when broodstock were fed a diet containing 

microalga I. galbana. Uriarte et al. (2004), in their study on the Chilean scallop 

(A. purpuratus) and the pacific oyster (Crassostrea gigas), found that a 

conditioning diet containing microalgae rich in protein (high protein I. galbana 



 

 

and Chaetoceros neogracile) improved the larval growth and survival of both 

species.  

 

With regard to conditioning diets, bivalve species respond differently to different 

types of diets. For example, Millican and Helm (1994) reported that the 

fecundity and larval survival of O. edulis oysters were higher when offered diet 

of I. galbana (clone T-ISO). Similarly, Soudant and co-workers (1996a; 1996b) 

found that the maturity of the scallop, Pecten maximus broodstock and the 

number of D-larvae were improved with T-ISO cells. In contrast, in the scallop 

Minachlamys asperrima, the highest fecundity was obtained by the broodstock 

fed on Chaetoceros gracilis. Therefore, it is necessary to identify the optimum 

dietary items that promote better performance of bivalve broodstock, particularly 

for hatchery production of the target species.  

 

4.1.2. Temperature  

 

Water temperature also plays a profound role in promoting maturity in the 

gonads of bivalves (Heasman et al., 1996; Uriarte et al., 2004; Liu et al., 2008). 

Temperature has been shown to possibly induce maturity of bivalves outside of 

their natural reproductive cycle (Loosanoff & Davis, 1952; Heasman et al., 

1996; Chavez-Villalba et al., 2002; Ojea et al., 2008). Chavez-Villalba et al. 

(2002), in their study with C. gigas, concluded that the hatchery production of 

oyster could be improved by shortening the period of broodstock conditioning. 

This can be achieved by exposing them to a higher temperature of 22°C instead 

of 19°C. The maturity of the European clam, Ruditapes decussatus was 



 

 

improved when the broodstock were conditioned at 20 ± 1°C and 22 ± 1°C 

compared to those kept at 18±1°C (Matias et al., 2008).  

 

Considerable attention has been devoted to understanding the role of diets and 

physical parameters (e.g., temperature) on reproduction of bivalves (Sastry, 

1968; Loosanoff & Davis, 1952; Heasman et al., 1996; Chavez-Villalba et al., 

2002; Ojea et al., 2008). The outcomes of these studies have been applied in 

hatcheries by keeping bivalve broodstock at elevated temperatures with 

adequate nutrition supply to promote gamete maturation.  

 

4.1.3. Objective of the study 

 

The objective of this study was to evaluate the effect of different conditioning 

diets on reproductive maturity of pipi broodstock. The broodstock were 

conditioned for 28 days at the AUT Laboratory. Diets were chosen based on the 

results of the growth performances and biochemical composition of adult pipi in 

Chapter Three of this thesis. The tested conditioning diets were Pavlova lutheri 

and corn flour. Broodstock were subjected to spawning induction procedure at 

the end of the conditioning period.  

 

 

 

 

 

 

 



 

 

4.5. MATERIALS AND METHODS 

 

4.5.1. Broodstock collection and conditioning 

 

Pipi broodstock from the Onehunga Bay were collected in November 2009 with 

a shell length of 59.30 mm ± 2.39 SD and a wet weight of 27.80 g ± 4.07 SD. A 

group of 100 animals were collected during low tide and transported back to the 

AUT Aquaculture Laboratory. They were acclimatised in a 50 L tank at 14°C for 

3 days.  During the acclimatisation, they were not fed to purge the contents of 

their stomach.   

 

Pipi were divided randomly into four conditioning groups, consisting of fifteen 

animals each. Pipi were placed in 30 L tanks with 1 µm, UV-treated seawater 

recirculating system. The water temperature was gradually increased from 14°C 

to 18°C over two days. The pipi were conditioned with three different diets: diet 

A) 100% Pavlova lutheri, diet B) 100% corn flour, and diet C) a mixed diet of 

Pavlova/corn flour at 1:1 ration. They were fed with 6% of their body weight for 

all diets. Unfed animals were the control group. Microalgae were cultured in 15 

L carboys with the addition of f/2 medium (Guillard, 1975) under 24-h light 

conditions, at a temperature of 21 ± 1°C.  

 

Histological observations were performed at the start of the experiment. Thirty 

animals were subjected to the initial histological study to determine the state of 

gonad development.  

 

 



 

 

4.5.2. Histology 

 

Gonad samples were processed using the standard wax histological technique 

(Humason, 1967). Tissue samples were sealed in paraffin and 5 µm slices were 

taken (Leica RM2235, Germany). From each clam, 3 slices were obtained 

corresponding to different depths in the body. Sectioned tissue cuts were then 

placed on glass slides and stained with haematoxylin and eosin-Y. Slides were 

mounted in DPX adhesive and cover-slipped. Sex and gametogenic 

development were completed under a compound light microscope (Leica, 

Germany) at 100x and 400x magnifications. The identification of the phases 

was done using a scale from that proposed for this species by Hooker (1995) 

(Table 8).  

 

4.5.3. Spawning induction experiments 

 

At the beginning of the induction, the shells were gently rinsed with seawater to 

remove any attached debris and fouling organisms. This step is to eliminate any 

contaminants that may affect the larval quality (Spencer, 2002). The broodstock 

were placed in 50 L spawning tanks and subjected to two water bath 

temperatures, 10 ± 1°C and 26 ± 1°C, at 30-minute intervals. To initiate the 

pumping activity, P. lutheri and Tetraselmis suecica cells were added to the 

bath tanks. Generally, adults will respond after 3-4 hours during the early 

reproductive season and within an hour in the later stage of reproduction 

(Spencer, 2002; Michael & Neil, 2004). At day 21, the first spawning trial was 

carried out. However, the broodstock failed to spawn and were returned to the 

conditioning tanks. A week later, spawning trial was repeated. 



 

 

Table 8: Phases of gonadal development for female and male of P. australis (modified from Hooker, 1995).
Phase Characteristics 

Female Male 

Early active  A lot of ovogenic activity. 

 Abundant mature oocytes are present in the lumen and 
attached to the follicle walls by a stalk or broad cytoplasmic 
base. 

 The nucleus occupies most of the cell volume, gonad volume is 
small. 

 Spermatogonia, spermatocytes, spermatids and spermatozoa 
co-exist in follicles. 

  However, in less developed samples, there is no dominant 
cell type. 

 Proliferation of spermatocytes and spermatides; lumen central 
often with small numbers of spermatozoa. 

Late active  There are still many more mature oocytes. 

 Follicle walls are thin and the gonad occupied larger surface in 
the lumen with a polygonal configuration. 

 Approximately one third to one half of the lumina are occupied 
by spermatocytes and spermatids. 

 The centre of the lumina is filled with dense radiating bands of 
spermatozoa. 

Mature  The lumen is filled with mature ova. 

 Follicle walls are thin and there is still little ovogenic activity. 

 Gonad volume is large. 

 A thin layer of spermatogonia attaches to the follicle walls. 

 Spermatocytes and spermatid layers are less thick than in the 
late active phase. 

 Spermatozoa formed concentric bands and filled the majority 
of the lumina and often pointing to the centre of the lumen. 

Spawned/partially spawned  Disappearance of follicle walls. 

 The walls of follicles have not contracted; therefore, there are 
large spaces in the lumen and few ova or oocytes. 

 Presence of overlapping stages (with mature or early active 
phase) occurs as gametogenesis is a cyclic process. 

 Spermatozoa occupy the lumina with numerous gaps. 

 Few spermatocytes or spermatids. 
 Spermatogonia as in mature phase. 



 

 

4.6. RESULTS 

 

Following the three weeks conditioning, pipi were induced to spawn by means 

of temperature shock (10°C and 26°C). However, after 12 hours of induction, 

the broodstock did not show any sign of spawning. They were returned to the 

conditioning tanks for a further week. The second spawning induction trial was 

repeated on day 28. The second trial also failed to bring the broodstock to 

spawn. Therefore, histological analyses were carried out for all individuals to 

determine the gonadal maturity. The evaluation of the dietary impact on the 

reproductive maturity of pipi was based on the histological observations.  

 

The experiment began with early active phase pipi. Broodstock conditioned with 

P. lutheri displayed 40% maturity while the remaining pipi were in the late active 

stage. When fed with corn flour, 42.86% reached maturity and 57.14% were in 

the late active stage. Most of the pipi fed the mixed diet (P. lutheri and corn 

flour) were sexually matured (76.92%) and only 23.08% were in the late active 

stage. Inadequate food led to very low maturity. In the unfed group, only 6.67% 

of the individuals reached maturity, 73.33% were in the late active stage, and 

20.0% were in the early active stage (Figs. 14 & 15).  

 

 
 
 
 
 



 

 

 
Fig. 14: Percentage of pipi broodstock at different phases of gonadal 
development. Pipi were conditioned for 28 days with different diets. A) 100% 
Pavlova lutheri, B) 100% corn flour, C) P. lutheri:corn flour (1:1), and unfed pipi.  
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Fig. 15: Developmental stages of pipi maturity. Females: A) Early active, B) 
Late active, C) Mature. Males: D) Early active, E) Late active, F) Mature.  
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4.7. DISCUSSION 

 

In general, the chances in spawning success vary with biological factors (e.g., 

insufficiently ripe gonads due to stress) (Morse, 1984; Hooker, 1995) and 

human error (incorrect techniques or lack of practical skills) (Hahn, 1989). 

During the period of conditioning, broodstock bivalves are held at elevated 

temperatures and provided with adequate food quality and quantity (Utting & 

Spencer, 1991; Utting & Millican, 1997). However, in the present study, the 

application of the same standard technique failed to bring broodstock pipi to 

spawn. Hooker (1995) succeeded in the conditioning and spawning induction of 

broodstock pipi within the 23-day experiment. The broodstock were fed a mixed 

diet consisted of I. galbana and T. pseudonana during the conditioning period. 

Hooker‟s study showed that pipi can be conditioned and spawned in hatcheries.  

 

Because previously Hooker (1995) succeeded to induce spawning in 

broodstock pipi after only 23 days of conditioning, spawning failures  in this 

study are unlikely to be the result of poor conditioning period or insufficient 

nutrition. All the fed groups (P. lutheri, corn flour, and the mixed diet) had at 

least reached 40% of maturity, with the highest maturity observed in clams fed 

diet C (76.92% maturity). The feeds, particularly diet B, were sufficient to fuel 

development of gonads from the early active phase (Figs. 15A & 15D) to mature 

phase (Figs. 15C & 15F). The findings, therefore, demonstrated that the 

experimental diets were nutritionally adequate for pipi broodstock during the 

conditioning period.  

 



 

 

Observations during the spawning experiments indicated that the broodstock 

had completely closed their valves when they were exposed to the water bath 

temperatures. This behavior may indicate that the pipi were stressed due to the 

temperature shock method. In the first spawning trial, pipi broodstock were 

exposed to the temperature stimulant for 8 hours before they were 

reconditioned for another week. The 8 hour exposure may have exacerbated or 

caused stress in the pipi, especially with the repeated cycles of cold and hot 

water temperatures. Similarly, the same behavior was observed in the second 

spawning induction trial.  

 

4.7.1. Environmental factors during broodstock conditioning 

 

In aquaculture practices, the main aim is to maximise the yield of production. To 

this end, environmental cues (e.g., temperature, photoperiod) can be 

manipulated so that the biological processes of the organisms can be controlled 

(e.g., reproduction, metabolism) (Saout et al., 1999; Chavez-Villalba et al., 

2002; Martinez & Perez, 2003; Fabioux et al., 2005). In the present study, food 

supply had been the only factor considered during the pipi conditioning period. 

Although the pipi maturity was obtained with the food supply, it may have been 

succeeded to induce spawning if other environmental factors are taken into 

consideration (e.g., temperature and/or photoperiod) during the conditioning 

period. 

 

Previous studies on bivalves have shown that environmental factors do not act 

alone on the gonad growth. Instead, combinations of several factors often are 

involved in the development and maturity of the gonads (Janzel & Villalaz, 



 

 

1994; Sastry, 1968). Sastry (1968) proved that temperature alone had no 

impact on the scallop (Aequipecten irradians) spawning maturity. Alternatively, 

both temperature and food supply/phytoplankton factors have an influent on the 

oocytes sizes. Similarly, Janzel and Villalaz (1994), in their study on Argopecten 

ventricosus, showed that the interaction between temperature, food ration, and 

conditioning period promoted changes in the A. ventricosus gonads.  

 

The interaction between water temperature and photoperiod may exert the 

regulatory role of sexual cycles in marine bivalves which has been shown by 

Saout et al. (1999) with P. maximus scallop. They found that changes in 

temperature and day-length affected the partitioning between previtellogenic 

(before yolk formation) and vitellogenic (yolk formation) oocytes. In their study, 

they manipulated the light regimes and temperature to approximate 'spring' and 

'winter' conditions. Animals maintained within the „spring‟ condition had a 

significantly higher gonadal index than those conditioned under the „winter‟ 

environment. In addition, these factors also had favoured changes in the 

accumulation of total proteins, carbohydrates as well as lipids content in the 

female part of the gonad.  In another study, Fabioux et al. (2005) analysed the 

role of temperature and photoperiod in the reproduction of the oyster, 

Crassostrea gigas by manipulating both temperature and photoperiod 

conditions to natural, accelerating and winter conditions. In the natural 

conditions, the temperature and photoperiod were manipulated according to the 

mean natural cycles recorded in Marennes-Oleron Bay, France. The 

temperature and photoperiod were accelerated twice to that of the natural cycle 

and was referred as the „accelerating cycle‟, while for the third condition, the 

animals were maintained under winter conditions, 8°C and 8-hour light 



 

 

exposure. The results obtained were consistent with Saout et al. (1999), where, 

the oysters cultured under accelerated conditions were found to have the 

highest percentage of the gonad occupation rate in contrast to „natural‟ and 

„wintering‟ conditions. They also demonstrated that under an optimal food level, 

temperature together with and/or photoperiod drove the reproductive internal 

clock of C. gigas, particularly for the regulation of gonial proliferation and germ 

cell maturation.  

 

To summarise, it appears that a combination of suitable conditioning diet, water 

temperature, and photoperiod are expected to enhance the chances of 

successful spawning induction in pipi broodstock. However, a combination 

effect of these factors needs further examination to test the hypothesis. 

Nevertheless, a combination of skills and practical experience also is vital for 

spawning induction success.    

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 
CHAPTER FIVE 

GENERAL DISCUSSION 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

5.1. INTRODUCTION 

 

This thesis discusses the feeding and broodstock conditioning aspects of the 

New Zealand pipi, Paphies australis cultured under hatchery conditions. 

Chapter two of this thesis investigated the cell clearance rates of pipi fed 

different microalgal species (Isochrysis galbana, Pavlova lutheri, Tetraselmis 

suecica, Chaetoceros muelleri, and Thalassiosira pseudonana). The clearance 

mechanism is used to remove particles from water column and dilute the 

suspension (Dame, 1996). Pipi (31.0-44.0 shell length) filtered T. pseudonana 

cells at the fastest rate (0.81 ± 0.05 L hour-1), while the slowest rate was 

showed in pipi filtered P. lutheri (0.19 ± 0.04 L hour-1). While food selectivity 

was observed, the relative pattern of food ingestion for all microalgae was the 

same throughout the experiment. The clearance rates in descending order were 

T. pseudonana > I. galbana > C. muelleri > T. suecica > P. lutheri. This study 

has shown that pipi are capable of filtering a variety of different microalgae 

while at the same time being a selective filter feeder. The shape of microalgal 

cells may have affected selectivity of the experimental microalgae. In addition, it 

also may have been affected by the chemo-selection based on the signalling 

mechanism from microalgal exudates (Shumway et al., 1985; Baldwin, 1995). 

However, the hypothesis warrants further investigations to elucidate feeding 

selectivity on the chemo-selection basis.  

 

Generally, in bivalve cultures the larval and spat rearings are fully dependent on 

live microalgae as the main food source, either fed mono-specifically or offered 

as a mixed diet. A more balanced composition in mixed diets generally 

produces better growth and survival rates (Lora-Vilchis et al., 2004; Martinez-



 

 

Fernandez et al., 2006; Martinez-Fernandez & Southgate, 2007). Once they 

reach the juvenile stage, they are shifted to the open sea to feed on 

phytoplankton naturally contained in seawater. In bivalve hatcheries, microalgae 

are usually cultured under fully controlled conditions in indoor laboratories. The 

maintenance costs are relatively high and therefore, the spat production of 

bivalves would likely be restricted by the costs.  

 

The application of alternative diets in pipi feeds was considered a success and 

showed promising results (Chapter 3). The same microalgal species used in 

Chapter 2, along with the three processed diets (baker‟s yeast, wheat flour, and 

corn flour) were fed to pipi of different size classes for 21 days. Spat, juvenile, 

and adult pipi showed varying preferences to the experimental diets. The 

greatest shell length increase for spat and juvenile pipi were obtained with I. 

galbana, while the weight gains were greatly supported by P. lutheri. However, 

spat fed yeast displayed a similar shell growth as I. galbana. For the juveniles, 

animals fed yeast showed a similar weight gain with those that fed P. lutheri and 

corn flour.  For adult pipi, the corn flour diet promoted the highest shell increase 

whereas the weight gain was mostly supported by P. lutheri. Lipids were found 

to affect growth in smaller pipi (spat and juveniles). Conversely, carbohydrates 

have been found to affect growth of the adults. The role of carbohydrates in 

adult pipi was explained by the needs of glucogen reserves to fuel development 

of gonads during reproduction. At the end of the feeding experiment, adult pipi 

were subjected to proximate analyses of the soft tissues. The accumulations of 

lipids and proteins, and depletion of carbohydrates indicated that the adults may 

have initiated their gonadal activities. The great expenditures of carbohydrates 

by the adults were due to energy requirements needed during the development 



 

 

of gonads. Results from Chapter 3 suggested the use of baker‟s yeast as a 

potential in feeding spat and juvenile pipi, while wheat and corn flours would be 

promising substitutes for adult pipi feeds. However, the use of processed diets 

for pipi cultures needs further investigation on a commercial scale.  

 

The use of alternative processed diets for growing bivalves in hatcheries would 

greatly reduce the cost of production (Coutteau & Sorgeloos, 1992). Bivalves 

generally depend on microalgae as their main nutrition throughout their life 

cycle. The production of microalgae in hatcheries is expensive and the quality 

depends on the main molecular components such as proteins, carbohydrates 

and lipids (especially fatty acids), qualifying them as good or bad quality food 

(Napolitano et al. 1990). At the same time, the biochemical content of the 

microalgae depends on several factors, such as the strain, type and amount of 

nutrients used in the culture medium, temperature and light conditions, stage of 

the growth curve at harvest and water quality (Abalde et al., 1994; Duerr et al., 

1998). Studies with other bivalve species on the use of alternative diets also 

show positive results. Development of formulated diet for pipi clams in the future 

would increase potential of pipi clams to become an important aquaculture 

species in New Zealand. 

 

Hooker (1995) and results from histological studies in this thesis (Chapter 4) 

also suggest that broodstock pipi can be conditioned, induced to spawn, and 

produced larvae within hatcheries. This indicates the great potential of pipi to be 

cultured in hatcheries and further released into the wild. Other clam species 

have been successfully produced and cultured in hatcheries, such as the hard 

clam Mercenaria mercenaria (Castagna & Kraeuter, 1981; Malouf, 1989; Lorio 



 

 

& Malone, 1995; Cepeda-Perez, 2004), the grooved carpet-shell clam 

Ruditapes decussatus (Albentosa et al., 1996; 1999), the Manila clam 

Ruditapes philippinarum (Albentosa et al., 2002; Zhang & Yan, 2006), the soft-

shell clam Mya arenaria (Hidu & Newell, 1989), and the surf clam Spisula 

solidissima (Goldberg, 1989).  

 

Based on the results in the adult feeding trial, diets that provided the best 

growth and the highest survival were chosen for the conditioning experiment in 

Chapter Four. The broodstock were conditioned to bring them to spawn in the 

hatchery.  At the end of the conditioning period, they were induced to spawn by 

means of the temperature shock method. Spawning induction trials were carried 

out at days 21 and 28 following the conditioning period. Unfortunately, the 

spawning trials failed to induce the broodstock. This could be due to stress 

factor arisen from the temperature shock stimulant. The mixed diet consisted of 

microalga P. lutheri and corn flour greatly fuelled the energy requirements 

needed for gonadal development. In the group of broodstock fed the mixed diet, 

76.92% reached mature stage. The remaining broodstock were in the late 

active phase. The results suggested the use of the mixed diet during the 

conditioning period of broodstock pipi prior to spawning induction. The potential 

of the mixed diet to induce spawning of pipi can be re-examined, incorporating a 

combination of other environmental factors (e.g., temperature and/or 

photoperiod). 

 

Since food is a large portion of the total expenditure of bivalve hatcheries, 

studies associated with feeding are very important to optimise the costs. In 

addition, high quality diets are required for commercial aquaculture to be 



 

 

successful (Howerton, 2001). Therefore, the findings within this thesis will 

provide valuable information on the feeding requirements during the growing 

and conditioning periods of pipi. This information is necessary for a successful 

aquaculture of pipi in the future.  
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APPENDIX I 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 
Microalgal cell concentrations fed to pipi within 360 minutes (x106 cells/mL).  

 
 
 
 
 
 
 
 
  

 

 

 

 

 

    
 
 
 
 
 
 
 

 

 

Microalgal species Time (minutes) 

 0 30 60 180 360 

Isochrysis galbana Rep. 1 3.21 1.30 0.91 0.53 0.44 

Rep. 2 3.36 1.59 0.79 0.57 0.37 

Rep. 3 3.17 1.28 0.81 0.46 0.33 

Pavlova lutheri Rep. 1 4.01 3.09 2.13 1.55 1.17 

Rep. 2 3.84 3.20 2.20 1.53 1.11 

Rep. 3 3.90 2.99 2.17 1.41 1.21 

Tetraselmis suecica Rep. 1 2.70 1.39 0.90 0.61 0.44 

Rep. 2 2.56 1.26 1.06 0.57 0.46 

Rep. 3 2.61 1.25 0.91 0.69 0.49 

Chaetoceros muelleri Rep. 1 3.51 1.67 1.10 0.72 0.61 

Rep. 2 3.39 1.71 1.34 0.75 0.56 

Rep. 3 3.42 1.65 1.28 0.87 0.54 

Thalassiosira pseudonana Rep. 1 3.21 1.08 0.65 0.35 0.25 

Rep. 2 2.89 1.10 0.61 0.49 0.33 

Rep. 3 2.76 1.04 0.67 0.27 0.11 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX II 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

  Shell length (mm), wet weight (mg), and mortality data for spat pipi. 

 

  Shell length (mm), wet weight (mg), and mortality data for juvenile pipi. 

 

   Shell length (mm), wet weight (mg), and mortality data for adult pipi. 

 

 

 

 

 

Diet mm ind.
-1

 mg ind.
-1

 mortality % 

Isochrysis galbana 1.2124 84.5252 16.67 

Pavlova lutheri 0.9083 125.1358 12.22 

Tetraselmis suecica 0.6616 70.6945 17.78 

Chaetoceros muelleri 0.9941 73.6429 13.33 

Thalassiosira pseudonana 0.8295 65.3019 15.56 

Yeast 1.0081 92.3304 18.89 

Wheat flour 0.7945 74.9383 12.22 

Corn flour 0.7189 68.1282 14.44 

Control 0.0640 -24.0404 22.22 

Diet mm ind.-1  mg ind.-1  mortality % 

Isochrysis galbana 1.7213 163.2726 25.00 

Pavlova lutheri 1.3391 177.9412 18.33 

Tetraselmis suecica 1.3106 96.7190 21.67 

Chaetoceros muelleri 0.6528 154.6250 21.67 

Thalassiosira pseudonana 1.1203 120.2222 21.67 

Yeast 0.8916 84.8663 33.33 

Wheat flour 1.0807 77.4683 25.00 

Corn flour 1.1023 104.2266 20.00 

Control 0.0328 -37.0147 20.00 

Diets mm ind.
-1 

 mg ind.
-1

  mortality % 

Isochrysis galbana 0.3296 93.0556 16.67 

Pavlova lutheri 0.5321 167.7381 23.33 

Tetraselmis suecica 0.3167 118.6310 26.67 

Chaetoceros muelleri 0.2893 150.7143 23.33 

Thalassiosira pseudonana 0.2571 89.1071 23.33 

Yeast 0.5135 131.7460 23.33 

Wheat flour 0.5885 80.6944 30.00 

Corn flour 0.7940 145.8796 16.67 

Control 0.0145 -87.8373 30.00 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX III 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Phase 1: Early active  

Phase 2: Late active  

Phase 3: Mature  

 
 
Number of pipi individuals at different maturity phases.  

 

 

 

 

 

 

100% Pavlova lutheri   100% corn flour 

No. Sex L W Phase No. Sex L W Phase 

1 M 65.4 34.97 2 16 M 58.6 26.46 2 

2 M 63.5 35.02 2 17 F 58.4 27.77 3 

3 M 58.3 24.65 3 18 M 59.5 24.49 2 

4 M 62.4 31.73 2 19 F 56.6 26.36 2 

5 M 59.3 25.68 2 20 F 59.2 26.80 3 

6 F 63.7 33.50 3 21 M 60.4 35.92 2 

7 M 58.3 27.51 2 22 F 58.8 30.24 2 

8 F 59.4 25.68 3 23 F 62.3 33.03 3 

9 F 58.1 27.64 3 25 M 60.3 33.00 3 

10 M 58.9 30.27 2 26 M 61.2 28.26 3 

11 F 56.9 20.37 3 27 M 59.5 26.98 3 

12 M 58.0 24.73 2 28 F 62.4 26.42 2 

13 F 61.4 36.21 2 29 F 55.9 21.21 2 

14 F 57.9 27.17 3 30 F 56.9 28.03 2 

15 F 59.8 29.58 2      

             

Pavlova-corn flour   Deprived    

No. Sex L W Phase No. Sex L W Phase 

31 M 57.9 21.87 3 46 F 62.8 38.58 2 

32 F 58.7 25.77 3 47 M 59.8 27.91 2 

33 F 59.3 27.09 2 48 M 59.4 26.90 2 

34 F 58.4 27.78 3 49 M 64.7 35.41 2 

35 M 59.5 27.52 3 50 F 54.8 21.99 2 

36 F 56.5 24.76 3 51 F 60.4 25.79 2 

37 F 61.0 29.29 3 52 M 58.2 27.80 2 

38 F 57.5 25.08 3 53 F 54.8 19.97 1 

39 M 55.8 23.58 2 54 F 58.8 26.03 2 

40 M 58.8 29.57 3 55 F 58.7 26.02 1 

41 M 57.8 25.56 3 56 M 58.0 23.61 2 

42 F 62.2 31.58 2 57 F 56.5 23.74 3 

43 F 62.3 30.05 3 58 M 60.9 28.06 1 

     59 M 54.8 25.24 2 

     60 M 60.4 28.51 2 


