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Abstact

ABSTRACT

The research presented in this thesis was undertaken in order to develop an understanding of the

biology of Perna canaliculus sufficient to allow for commercial hatchery based production of
GreenshellrM mussel spat. Hatchery production is an alternative to unreliable and inconsistent

wild spat collection.

In a Perna canaliculus population followed for one year spawning occurred in early spring and

late summer. Three quantitative histological measures of gonad maturity utilising image analysis

technology and a qualitative classification system were compared. Measwing the relative surface

area comprised of gametes on histological sections was found to be the most reliable method. A
practical gonad visual index to determine the reproductive condition of adults for the selection of
broodstock was developed and found to be highly effective as a means of predicting induced

spawning success. Serotonin was not effective for inducing spawning of Perna canaliculus.

Temperature shock and the use of stripped gametes was however found to be a reliable spawning

induction method.

Relative gamete concentration, gamete age, temperafure, sperm half life and gamete contact times

were all found to have effects on fertilisation success for Perna canaliculus. Sperm concentration

and the conditions of sperm aging were particularly important. Fertilisation kinetics of Perna

canaliculus gametes modelled using the Vogel-Czihak-Chang-Wolf method suggested that 5o/o of
sperm-egg contacts lead to successful fertilisation.

Broodstock management protocols that could be used to condition the adult of Perna canaliculus

were investigated in order to enhance and prolong the natural reproductive season. Research

suggested that for successful broodstock conditioning animals should already have begun

gametogenesis at the time conditioning is commenced. Successful conditioning of Perna

canalicalus was achieved at temperatures between l0 and t6oC over a period of about 50 days. A
diet ration above 2-3o/o of the dry meat mass per day is suggested. A trial examining non-algal

diet supplements suggest a mixture of yeast and lipid emulsion may have some potential value.

Photoperiod manipulation did not effect the reproductive condition of Perna canaliculus.

The yield of veliger larvae was significantly enhanced if embryo culture water was treated with
1'0 mg/l EDTA. Veliger yield was not significantly affected at densities below 50 embryos/ml.
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Pema canaliculus lanae grew most rapidly and survived well at the salinity of 35 ppt. Larvae

grew most rapidly when cultured at low densities. Experiments suggest that early larvae can be

cultured at 5-10/ml, however late stage larvae grew most rapidly when cultured at l/ml. Perna

canaliculus larvae displayed best growth and good survival if fed a mixed flagellate-diatom diet

comprising Isochrysis galbana Q-Iso) and Chaetoceros calcitrans. The optimal diet ration, as a

function of larval size, increased from about 20 cells/pl Isochrysis galbana (T-Iso) to around 150

cells/pl through the larval development period.

Thyroxine between the concentrations of l0-5and l0-8 M did not have an observable effect on

larval developmental rate or eye spot development. Down welling settlement systems were found

to be generally successful for Perna canaliculus lanrae. L-DOPA was also demonstrated to

enhance the settlement and metamorphosis ofPerna canaliculus pediveligers.
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1. General introduction

1.1 The GreenshellrM mussel industrv

Up until the late 1960's the main wild mussel fishery was in the Firth of Thames. This fishery

produced near 2000 t annually until its final collapse due to over-fishing. This situation provided

the impetus for the development of mussel farming techniques, which were styled at first on the

Spanish raft system of farming . Perna canaliculus was the species of preference for culture over

the native blue mussel Mytilus edulis aoteanust because of the established markets and good

growth rates. It was not until the 1970's that farmed mussels were available on the market with
the first significant crop of 300 t in 1977. As the industry grow, valuable export markets were

established. Effective marketing coupled with the rapid growth rate of culture d perna

canaliculus, reaching a market size in 15 - 18 months, and the advent of the efficient long line

system facilitated the rapid growth of the industry fHickman 1991].

Currently the majority of mussel farming occurs in the Marlborough Sounds at the top of the

South Island although farming is also established in the Coromandel, Golden Bay and Stewart

Island. It is estimated that the New Zealand GreenshellrM mussel industry will make sales in the

order of $ 100 million by the year 2000 - z00z (p. Lupi -MrC pers. comm.).

The farming of GreenshellrM mussel depends upon the collection of wild spat that are later seeded

onto long lines for on-growing. Spat comes either from local catching [Hayden lgg3] or is from

the "Kaitaia spat" resource. "Christrnas tTee" rope, a fibrous polypropylene settlement material, is

used to catch spat by providing an attractive settlement site for late stage larvae available in the

water column. These ropes are hung in bundles in productive catching sites during the spring and

autumn. "Kaitaia spat" refers to the juvenile mussels attached to drift seaweed that periodically

washes ashore at Ninety Mile Beach (near Kaitaia). The spat and seaweed are collected,

transported to farm sites and seeded onto long-lines for on-growing [Hickman 1976].

A major weakness of the industry is its dependence on the sources of wild spat for on-growing,

neither of the which can be predictably managed. The local spat catching yields are highly
variable. It has been estimated that less than 5% of the original catch is retained on the spat ropes

(T. Osbonre - Sealord Shellfish pers. comm.). The massive spat loss is probably due to the

t Currently belived to be more closely related to Myrilus gatloprovincialis than to Mytilus edulis (Dr J Gardner pers comm1.
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combined effects of mortality, predation and spat migration [Buchanan lgg4]. There has been

some industry effort to develop technologies to improve the retention of the spat originally

caught (T Osborne pers. comm.).

Since the 1980's there have been several supply failures of both local spat catching and Kaitaia

spat. During the 1992-3 toxic algae crisis [MacKenzie et al. 19941 the Ministry of Fisheries

banned the transport of Kaitaia spat to the Marlborough Sounds industry, which at the time was

heavily dependent upon this source. At that time as much as 80% of farmed mussels were

originating from the Kaitaia spat resource [Smith and Rhodes 1994]. The industry became

convinced of the strategic risk of relying on wild spat and made the collective decision to find

altemative means of spat supply. The current Mussel Industry Council (MIC) research portfolio

IlvflC 1997) identified the need to "develop a sufficient understanding of the management of
mussels to be able to establish a mussel hatchery for the supply of spat." The aim of my study

was to achieve this eoal.

1.2 The biology and ecology of perna canaliculus

Perna canaliculus (Gmelin) is an endemic mytilid common to lower intertidal and sub+idal

locations throughout New Zealand. Known commercially as the GreenshellrM mussel, perna

canaliculus characteristically has a bright green interior shell margin and a green to dark brown

outer shell. Rays of brown coloration that run the length of the shell are common of many

individuals. Adult Perna canaliculus typically grow in dense beds or groups on the intertidal of
exposed rocky shorelines but are also found subtidaly to depths of 30 m or more [Hiclcman
leelJ.

Growth of Perna canaliculus is relatively fast and is most dependent upon temperature, nutrition
and tidal position. Mussels filter feed predominantly on phytoplankton although defitus and

inorganic material is likely to contribute to their nutrition [Newell et al. 19891. This species can

grow inter-tidally to a length of about 50 mm in its first year [Hickm an 1979).

Perna canaliculus has separate sexes and there is no evidence of hermaphroditism Qters. obsv.).

Reproductive development follows an annual cycle although inter-annual and geographical

variation in the timing of spawning is common [Hickman et al. 19971. At least one annual

spawning occurs usually in the spring or summer, and a secondary summer or aufumn spawning

may occnr if adequate nutrients are available. The reproductive strategy of Perna canaliculus is
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to produce numerous small ova of about 60 pm in diameter. Each egg calries little matemal

energetic investment and pelagic larvae must feed to acquire the energy and material necessary

for growth and development.

Fertilisation takes place extemally. The probability of fertilisation is fundamentally related to the

opportunity that sperm and eggs have of making contact. For the free spawning marine

invertebrates fertilisation rate depends upon physical factors that effect gamete dilution and

longevity such as temperature, curent speed and depth fl-evitan 1995].

The zygote develops by unequal holoblastic spiral cleavage (see Appendix A, Photo 14) to form

an embryo within a few hours (depending upon temperature). This is followed by a ciliated

trochophore stage and then the development of the shelled veliger stage. The veliger is D in
shape with a straight hinge and is often referred to as a D-stage larva (see Appendix A, photo l5).
From D stage the larvae then develop the hinged umbo and take on a typically clam tlpe
appearance (see Appendix A, photo 16 and l7). Late in the larval period, the pedal organ or foot
develop which the larvae use to test and attach to surfaces, at this stage the larvae are known as

pediveligers.

Mussel larvae are planktotrophic and feed predominantly on phytoplankton [pecheni ck et al.

19901 although bacteria [Moal et al. 1996, Douillet and Langdon 1993] and dissolved organic

material fJaeckle and Manahan 1989, Manahan and Crisp 1983] are also likely to contribute to

their nutrition. Larvae typically reach the settlement competent pediveliger stage within about

four to six weeks depending upon the nutrient, temperature and salinity conditions. Well
developed eye spots on both valves indicate the larva is competent to settle. Shell development of
Perna canaliculus larvae has been described by Redfearn et al. 119g6l.

During this planktonic period offspring may be dispersed widely from the parent population. The

scale of dispersal depends upon the prevailing currents, but maybe up to hundreds of kilometers

[Day and McEdwards 1984, Scheltema 1986]. During the planktonic period, mortality of larvae

is high and has been estimated at near 99o/o [Widdows l99l]. Pediveliger stage larvae that come

into contact with a suitable substratum will settle and metamorphose into juvenile mussels which

are then often called spat (see Appendix A, photo 19-22). Metamorphosis may be delayed for up

to several weeks if a suitable substratum is not found lSprung l9s4b].
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The size of Perna canaliculus larvae at the time of settlement is typically 220-250pm (S.

Buchanan pers. obsv.). The pediveliger larva uses its protruding foot to test potential attachment

materials. Although marine invertebrate larvae usually have little control over their geographical

location at the time of settlement they do make choices about where they will settle. Physical,

biological and chemical stimuli in the local environment lead to spatial patterns of settlement and

substratum specificity [Jackson 1986, Meadows and Campbell lg72]. Once a site has been found

the larae will attach with a byssus thread and metamorphosis will usually follow.

Metamorphosis may involves shedding of velum cells (the swimming and feeding organ) (see

Appendix A, photo 18) and the re-orientation of the internal viscera within the shell. Once

metamorphosis is complete the juvenile shell begins to grow [Bayne 1964].

The larva of Perna canaliculus, like those of many mytilids, display a settlement preference for
fine filamentous substrata, especially hydroids and seaweeds. Little settlement occurs directly

into the main adult bed [de-Blok and Geelen 1958, Bayne 1964,Ikng et al. l989,Buchanan and

Babcock 19971.

The juveniles of Perna canaliculzs undergo a secondary settlement phase in which they migrate

from the site of initial attachment and reattach elsewhere. Finally the juveniles, a few millimeters

in length, recruit into the adult bed [Buchanan 1994, Buchanan and Babcock lggT], Juveniles of
Perna canaliculus are able to passively migrate by releasing a long and viscous mucus thread to

which they remain attached and thus become suspended. This behaviour is often called mucus

drifting or bysso-pelagic migration lLane et aL 1985, Buchanan 1994, Buchanan and Babcock

ree7l.

The research context

There are only a few studies available that are specifically relevant to the hatchery production of
Perna canaliculus. Of significance are the studies of Dean and Hayden tl9S9] and Hay and

Hooker [1994]. Other unpublished studies have been conducted although no significant outcome

from these have been demonstrated (S. McFarlane pers. comm.).

The study of Dean and Hayden [989], funded predominantly by Sanfords Ltd., focused

primarily on developing methodology to manipulate the reproductive maturity of adults and

culture larvae, however without success. Broodstock experiments could not clearly demonstrate

1.3



Chapter l. General introduction

the relative value of the various methods trialed predominantly because they were run for a

duration of only 2 weeks.

Hay and Hooker [1994], funded by the Mussel lndustry Council, were considerably more

successful although the study was restricted to demonstrating the feasibility of rearing perna

canaliculus larvae to settlement. The study highlighted the importance of detennining

fertilisation protocols by, for the frst time, investigating the effect f gamete concentrations and

age on larval yield. The study demonstrated that the larval requirements of Perna canaliculus,

especially in terms of nutrition, needed to be further investigated and that this species was not

particularly malleable to protocols developed for other species. It is likely that the poor survival

of spat in this project was due, at least in patt to RNA virus that was blamed for a number of spat

deaths on farms in the Marlborough Sounds in 1994.

It was apparent that to fuIfil the objective of determining the methods and techniques to reliably
produce spat, any research would necessarily have to span the full scope of hatchery production,

from broodstock selection and management, spawning and fertilisation through to larual culfure

and spat settlement. Previous sfudies had demonstrated the risk of assuming the performance of
Perna canaliculus could be managed by an "off the shelf' technique developed for other species

without determining the reliability of each of the key steps in production.

In mid 1994 the Foundation of Science Research and Technology (FRST) funded both this

project based at Cawthron and a nearly identical project to be conducted by MWA (Matranga

Bay). The NTWA project was later restricted to determining techniques to manage perna

canaliculus broodstook. The Cawthron project has been supported by the Mussel Industry

Council, Sanfords S.I. Ltd and Sealord Shellfish Ltd.

1.4 Study aims.

The general aim of this study was to develop and demonstrate methodology to produce spat of
Perna canaliculus in the hatchery. The project investigated the means to identiSi and manage the

reproductive condition of broodstock, then to spawn adults, produce viable offspring and culture

larvae through to the settlement.
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1.4.1 Determiningreproductivecondition

The first topic of the project was to determine the seasonality and reproductive strategy of perna

canaliculus. This work forms Chapter I of this thesis. It is fundamentally important that the

gametogenic cycle of the species is understood before it can be reliably manipulated in the

laboratory. Relevant past research has mainly investigated seasonal condition in terms of
production yield [Hickman and Illingworth 1980 and Hickman et at. l99I]with only the study of
Flaws ll975l measuring gonad development.

The current study also aimed to determine reliable quantitative methods to measure reproductive

status from histological gonad samples. It was expected that quantitative methods, in contrast to

subjective qualitative measures, would provide a better diagnostic power with which to identiry

reproductive stafus and variation. Such a measure would have experimental value, such as for
determining reproductive variation of broodstock within conditioning experiments.

In terms of hatchery production it is important that reproductively mature broodstock are selected

for spawning. A simple yet reliable technique that can identifo reproductive status was developed

and its performance tested as part of this study.

1.4.2 Fertilisation biology

The efficient and effective fertilisation of ova to provide normal viable larvae is a crucial step in
the hatchery production of spat. The importance of controlling the fertilisation process is

sometimes underestimated and, in some cases, poor fertilisation management may be responsible

for poor larval yields. This study investigated features of the fertilisation kinetics of perna

canaliculus gametes and identified the conditions that allow for consistently reliable zygote

production. In general the complex interactions between gametes and the environment are not

well understood for bivalves. The fertilisation process was modelled in order to better understand

the dynamic interactions and events that may occur during fertilisation. The model, by predicting

optimal relative gamete concentrations allows for a controlled fertilisation process. This research

forms Chapter 2 of this thesis.

1.4.3 Broodstock management

Chapter 3 of this thesis investigates the management of Perna canaliculus broodstock. Spat

production is limited by the availability of reproductively mature broodstock. Hatchery
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production is therefore limited to those periods of the year when broodstock can be collected

from the field unless production can be extended by alternatively manipulating broodstock

condition. At the time this research commenced there was a considerable gap in information

regarding to broodstock conditio ning of p erna c anal iculus .

Several strategies for broodstock management were examined and a number of key variables that

effect conditioning success identified. This led to the development of a management strategy that

significantly increased the temporal 'window of opportunity" for producing GreenshellrM mussel

spat in the hatchery.

t.4.4 Larval husbandry

Many variables are important for the reliable culture of larvae. The physical environment in
which larvae are cultured, such as the salinity, oxygen tension, water movements, temperature

and chemical composition (pollutants/turbidity) of seawater are important fUtting and Helm

1985, Eyster and Pechenik 1987, His et al. 1989, Widdows 19911. The biological environment

effects survival and growth of larvae. Culture density and the microbiological diversity and

abundance within a culture need to be controlled to optimise production leld [Utting and

Spenser 1991, Nichols er al. 1996). Perna canaliculus larvae are planktotrophic and need to be

fed an appropriate diet. Both the quality [Web and Chu 1981, Brown et al. 1989] and ration

[Riisgard and Randlov 1981, Strathmann er a/. 1993, Pechenik et al. 1990] of the diet are

important.

Previous studies successfully cultured Perna canaliculus larvae through to the sefflement stage

although the final yield was usually poor [Dean and Hayden l994,Hay and Hooker lgg4]. There

were very few experimentally developed husbandry techniques specific to P. canaliculus. The
culture of bivalve larvae in general is reasonably well documented [Utting and Spencer l99l], as

is the fact that species specific requirements usually need to be determined before larvae can be

reliably cultured fl,oosanof and Davis 1963].

The aims of this section were to determine and verify the culture environment and nutritional
variables that optimise the survival and growth potential of Perna canaliculus larvae. The

environmental variables investigated were culture temperature, larval density and salinity.
Nutritionally, the optimal larval ration and diet type were examined. This research forms the

basis of Chapter 4.
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1.4.5 Chemical mediation of spat production

Several features of bivalve production can be enhanced or managed by the use of chemical

compounds. The aims of this section were to investigate the role of several compounds that

potentially may be useful for the production of perna canaliculus spat.

Serotonin has been widely used to induce spawning in many species of bivalves [Gibbon and

Castagna 1984, Van Citter 1984, Crawford et al. 1986, O'Connor and Heasman 1995]. The

practical advantage of reliable and predictable spawning makes serotonin a particularly attractive

compound. The value of serotonin injection to initiate spawnin g in Perna canaliculus was
investigated.

Production yield may suffer losses at the settlement stage due to variations in the timing of
metamorphosis among the animals within a population. Temporal delays in achieving

competence and variation in settlement/metamorphosis activity can be mediated by the use of
chemical compounds. Chemically enhancing late stage development or chemically initiating

settlement behaviour or metamorphosis may in some cases be of practical or experimental value.

In several marine invertebrate species thyroxine has been shown to be involved in and even

increase the pace of larval development [Chino 1994, Spandenberg lgS4,Johnson and Cartmight
1996]' This study investigated the effect of exogenous application of thyroxine on late stage

larval development and metamorphosis. A number of catecholamine compounds have been

shown to induce settlement/metamorphosis in a number of bivalve species including the blue

mussel Mytilus edulis [Cooper 1982, Coon and Bonar 1985, Beiras and Widdows 1995, Xue
1995, Nicolas et al. 19961. This study determined what effect exogenous application of r-DOpA
had on the behaviour, settlement and metamorphosis of late stage Perna canalicuh,c larvae.

1.5 Statisticalmethods.

For the majority of the experimental research single factor randomised block designs with
replication were used. In all relevant circumstances the nested effect of replication was tested,

however these results are only reported if a significant replicate effect was detected.

In general, means model ANOVA was used to test for the significance of differences observed

between treatments using Systato (Vs.7, SPSS Inc). ANOVA is regarded as a reliable and robust

test except when the assumptions of normality and homogeneity of variance are grossly violated



Chapter 1. General intoduction

[Zn 1996, Undenrood l98l]. The assumptions of ANOVA were routinely checked by graphical

assessment of the data and test residuals.

When it was suspected that the assumptions of ANOVA were strongly violated the nsn-

parametric Kruskal-Wallis test was used to test for significance by ra*. Zar [1996] suggests that

this analysis is particularly useful when samples do not come from a normally distributed

population or when the population variance is somewhat heterogeneous. In this way the Kruskal-

Wallis test was used to verify the conclusions of previous ANOVA tests. Statistical details of
ANovA and significant Kruskal-wallis tests are provided as an appendix.

The parametnc a-posteriori Tukey's multiple comparison was often performed to identi$ the

significant differences between treatments. If the Kruskal-Wallis test was necessarily used and

did confirm that the conclusions of ANOVA were accurate, the Tukey's test was regarded as

being generally reliable and was used.

Regression analysis, unless otherwise stated, was performed using the graphic and statistics

progrim SigmaPloto for Windows (Vs.1.02, Jandel Corp.).
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2.The reproductive cycle of Perna canaliculus

2.1 Introduction

Reliable hatchery production of Perna canaliculus spat requires protocols for broodstock

management' It is important that broodstock selected for spawning are both fecund and their

gametes mature. It was recognised that an understrnding of the general reproductive strategy of
Perna canalicalus would be required before broodstock could be eflectively managed. One aim

of this study was to describe the annual reproductive cycle for a Perna canaliculus population

using detailed gonad histological analyses of gonads. A one year survey (using gonad indices)

was expected to be adequate to veriff the general reproductive strategy for this species evident

from the annual condition cycle (using mass indices) [Hickman and Illingworth 1980 and

Hickman et al. 1991]. In addition to traditional classification systems, the use of quantitative

methods for histological analysis not only proved valuable in this study but also in later

broodstock conditioning research (Chapter 3).

The main aim of this study was to develop a practical, simple and non-destructive system for

assessing reproductive maturity. This system could then be used to select reproductively mature

broodstock for spawning. This study tested the hypothesis that animals with morphologically

mature gonads would spawn more readily than animals that were reproductively immature. It was

reasonably assumed that morphologically mature gonads, when spawned, were most likely to
yield mature and viable gametes for fertilisation and larvar culture.

In many mussel species gametogenesis starts in winter fuelled by reserves of protein, lipid and

carbohydrate accumulated over the summer and autumn. Typically maturity reaches a peak in

late winter which is followed by a spawning in spring-sunmer. During the wanm water

conditions of summer, and given adequate nutrition, gonads may mafure again for a late summer-

autumn spawning. Spawning may be followed by a resting and storage period before winter
gametogenesis begins again. This pattern of reproduction has been reported for the mussels

Mytilus edulis [Wilson and Seed 1974, Sprung 1983, Rodhouse et al. 1984, King et al. l919f,
Mytilus galloprovincialis fvillalba 1995] and perna perna [Berry lg7sl.

The reproductive cycle of Perna canaliculus has been inferred from seasonal recruifuent of
larvae [Booth 1977, Meredyth-Young and Jenkins 1978, Buchanan 1994] and through variation
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in tissue mass condition indices [Hickman and Illingworth 1980, Hickman et al. l99l].
Microscopic assessment of gonads has been undertaken only once previously [Flaws lg75].

Drawing conclusions about the seasonal trends in reproductive condition from the gonad

classification data for collected by Flaws [975] was made difficult by his unusual presentation.

He suggested spawning occurred in December, March and MayiJune with gametogenesis

occurring in spring and winter. This study found considerable variation in the timing of
reproductive events between the study sites (Deep Bay and St. Omar). Hickman et al. ll99ll
provided good evidence for winter gametogenesis with spawning in spring followed by an

opportunistic summer development in some populations in some years.

Histological micro-examination is generally regarded as the most reliable method for determining

seasonal trends in reproduction [Seed and Suchanek 1992]. Generally, samples are classified into

several reproductive stages; e.g. resting, developingn mature, spawning and spent. While this

classification method is widely used to identiff broad hends of the sexual cycle it is somewhat

subjective. A quantitative method to describe changes in gonad morphology in which the

proportional occupancy or density of various cell types can be measured is a desirable alternative

fBayne et al. 1978, Newell et al. 1982, Rodhouse et at. 1984, Hawkins et at. 1985, Villalba
ree5l,

For productive larval culture it is particularly important that the ova spawned are mature as egg

quality has a considerable impact on larval survival and growth [Bayne et al. 1978l. Culturists

need simple and reliable methods that can be used to select sexually mature broodstock for

spawning' A diagnostic technique that can be applied non-destructively is advantageous,

especially when breeding from valuable or individually selected broodstock. Histology, while

very accurate, is obviously not a practical technique for broodstock selection being both lethal

and laborious. A simple solution for determination of general reproductive condition is a visual

index which for Perna canaliculus can be used non-lethally. A reliable and practical reproductive

index may also aid the farming industry in forecasting product condition and managing harvest

strategies.

This study provides the fundamental information necessary

reproductive cycle of Perna canaliculus in the hatchery and

reproductive condition in Perna canaliculus, both from an

viewpoint.

to exploit and manipulate the

useful techniques to determine

experimental and a practical

1l
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2.2 Methods and materials

2.2.1 Microscopic measurement of reproductive state

Perna canaliculus were collected from an exposed site with an extensive and persistent

population located at French Pass in the Marlborough Sounds. At the spring low tide of each

month for the year July 1994 - June 1995 approximately 60 animals were taken from the low

water mark (+0 2 to -0.2 chart datum). Adult animals (above about 60 mm in length) were

selected randomly. It was expected that size would not significantly affect periodical features of
maturity in adult Perna canaliculus [Flaws 1975, Seed 1975]. Surface seawater temperature was

recorded at each sampling.

Mussels were transported back to the laboratory and the lateral gonads of 50 randomly selected

animals removed. The gonad samples were first recorded (visually) on video at 7x magnification

using an Olympus microscope fitted with a video camera. For each gonad a I cm2 sample was

dissected forhistology, fixed in Bouins solution and stored n70% ethanol. Samples were later

embedded in paraffin, sectioned to a thickness of 6 pm and stained with haematoxylin and eosin.

Flaws U975J demonstrated uniformity of development throughout the gonad, thus a single

histological sample was assumed to be representative.

Histological slides were viewed at 40x magnification using a compound microscope fitted with a

video camera which allowed images to be captured by an image analysis system (Optimas 5.1,

Jandel). A single sample image of each gonad section was recorded as an image file for later

analysis. The location of image sampling was chosen at random over the gonad section but

avoided the damaged periphery.

At the time of image capture, sex was determined for each sample. Those animals in a resting or
mainly undifferentiated state all displayed some residual or early development to indicate the sex.

ln order to determine if there was a significant difference between the observed sex ratio and the

expected l:l sex ratio, the observed frequencies were compared with those expected from the

binomial distribution. The cumulative probability for an equal or greater deviation from the 1:1

ratio was then derived [Sokal and Rohll l98l],

Image analysis was used to determine the relative proportions of both follicles and gametes

within a I mm2 area of each gonad sample. The proportional area made up of follicles is termed
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the follicle cover (FC), and the area made up of gametes is termed the gamete cover (GC). The

image analysis system determined gamete cover by color differentiation of the stained gamete

area from the background material. Follicle walls were traced using a mouse before automatic

analysis of the area within follicles. The gamete cover within the available follicle area was also

calculated as GC/FC and was labeled GiF.

The I mmz image sample area was chosen after a pilot study verified that measurements varied

from the full-screen (maximal possible sample area) result by no more than l0%, although it was

usually by less than 5%. The full-screen measure was not practical due to the excessive time

involved in measurement and the large number of samples collected.

In addition to measuring FC and GC the gonad samples were also described using a classification

system' This system classified gonad morphological condition to one of ten reproductive stages.

The reproductive stages were based upon a classification system developed for Mytilus edulis

[Seed 1969, Wilson and Seed 1974]. The staging system classifies gonads in the resting condition

(stage l) through the gamete development period (stages 2-5) to maximum gonad maturity (stage

6) followed by the spawning period (stages 7-9) and finally the spent condition (stage l0).
Explanations of the changes in morphology are given in Table 2.1 and examples of the general

changes in gonad morphology shown in Fig 2.1.

Each stage was then allocated a corresponding score (S) with a range from l-3 as used by

Kennedy ll977l for Mytilus edulis aoteanus and Aulacomya maoriana in New Zealand. The

mean population score for each month produced a simple reproductive condition index. A score

(S) of I was used for spent or resting animals at the most immature stages of development. Score

2 was used for animals that were either classified as developing or spawning and a score of 3 was

reserved for animals in a mature reproductive condition (Table 2.1).

l3
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Table 2.1 Microscopic histological classification system ftor Perna cunaliculus gonads. Ten reproductive stages
are described and their corresponding scores given.

STAGE SCORE GENERAL DESCRIPTION

t4

REST Inactive. Animals which have completed spawning.
Gonad comprised mostly of storage cells, Residual

DEVELOPMENT-A
follicle mav be

Gametogenesis begins. follicles visible but no

DEVELOPMENT-B
mature gametes apparent.
Follicles larger. Ripe gametes first appear.

DEVELOPMENT-C
30% tutl

Follicle size increases. About l:1 ratio of mature to
develooins sametes.

DEVELOPMENT-D Gametogenesis still in progress follicles contain
many mature gametes. Spermatozoa form laminae

MATURE
About 70% full maturi

3 Fully mature. Ova compacted into polygon shaped
configurations and male gonad is distended with ripe

Active spawning commences. Evidence of reduced
density of sperrn, laminae appearance is lost. Ova

sperm:uranged in compact laminae
SPAWNING.A

SPAWNING-B
become more rounded as is reduced.
Gonad is about half empty. Some re-development

be occurri
9 SPAWNING-C 2 Gonad ubout TOoZo e*pty.

10 SPENT I Follicles collapsing. Only residual gametes remain
which mav be undergoing cytolvsis_
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Male Female
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The general trends of the annual reproductive cycle for Perna canaliculus were examined using

the classification stage data (Table 2.1) for the combined population (males and females). For

each month, the individual stage data were grouped into one of five general reproductive groups;

l) spent or resting, 2) developing<70o/o mature, 3) developing>70%o mature, a) fully mature and

5) spawning-redevelopment. The percentage of the population within each of these groups for

each of the 12 months of sampling was then plotted.

Changes in the reproductive condition of male and female mussels over the sampling period were

analysed using single factor ANOVA for each of the measurement parameters; GC, FC, G/F and

S. The proportional data was normalised by the arcsine squareroot transformation prior to

analysis. Tukey's multiple comparisons were performed after ANOVA to identify the significant

between-month changes. Graphical assessment of residuals from the analysis confirmed

normality and homozygosity of variance for all the variables except S. The conclusions of

ANOVA for the score pilameter were verified using the Kruskal-Wallis non-parametric test

before power analysis.

Power analysis provides the probability of committing a type II error, accepting a false null

hypothesis. The standardised effect size index ("f) can conveniently be used as index for Power

calculations and is calculated by the following equation where F is usual ratio of mean square to

enor mean square and k and n are treatment and replication number respectively [Searcy-Bemal

r9e4l

f: {{0<-t)/(kn)}x F

The I statistic was used an index of power by which to compare the measurement variables in

term of their respective "reliability" in detecting true differences when analysed by ANOVA.

Power was calculated using the / statistic and the tables provided by Cohar [988] for each of

the ANOVA's (GC, FC, G/F and S).

The degree of reproductive synchrony between the sexes was determined using Pearsons

correlation statistic. The monthly mean values for FC, GC and S were correlated between male

and female Perna canaliculus. The relationship between the morphological measurements FC,

GC and S were also compared using Pearson's pairwise correlation.

t7
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2.2.2 Visual assessment of reproductive condition

A visual indexing system that graded the sexual maturity of gonads was developed for male and

females using the naked eye or low (10x) magnification. The index (VG) was conceived during

the sample collection phase of the study and was based on observed changes in gonad

morphology. Female gonads acquire an orange to pink coloration as they mature which was a

very useful indication of their reproductive state (see Appendix-A for photographic examples).

As follicles appeared and matured the gonad takes on a grainy-texteured appearance. The density

of follicles and their size was also a good indication of condition. Spawning ducts appeared more

clearly as the gonad matures. Gonads were visually graded between 1 and 4 for males and 5 and 8

for females (Table 2.2\.

Table 2.2 Description of the visual grading system used for male and female Perno canalicalus. For examples
see Appendix A, photos l-13.

Male VG Female VG Descripti
Undifferentiated gonad, clear or smooth white appearance. No or minor visibleI 5 folicles. Females may have pale coloration beine of <30olo cover.
Light orange color for females. Follicles sparse and small, cover being of < 50olo.
Gonad may appear patchy with color and development. Gonad ducts small and
difficult to see.

Folliclescover50.75%ofthegonadwithcoloruecomiog@
Ducts becoming more visible.
Follicle cover at the gonad surface is >75%o. color a bright orange to pink for
females and a creamy white for males. Follicles large and denseiy paiked, gonad
appears 'granular' and textured. Ducts are clear and easy to see between follicle
covered areas. Gonad often distended with mature

Gonad samples from each of the ten classification stages were randomly chosen from the first 6

months of data collection. Visual grades were assigned to each sample after video footage

analysis of the corresponding dissected gonads (at least 5 samples per stage, except for female

stage I for which only 2 samples were available). The VG data were contrasted with the

morphological measurements (FC, GC, G/F and S) in order to test the performance of the visual
grading system. The goodness of fit (R'?) of the relationship between the VG and the

morphological measurements were determined by linear regression using Sigmaplot@ (with the

exception of the male G/F relationship, which was a second order curve).

Visual grading system and the morphological data were analysed by ANOVA. All proportional

data normalised by the arcsine squareroot transformation prior to analysis. The Kruskal-Wallis
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non-parametric test was used to verify the ANOVA conclusions were if there was evidence of
non-nonnality in the analysis residuals.

2.2.3 Testing the visual grading system

Mussels were collected from several marine farms and natural populations during the spring and

summer and transported back to the laboratory. Spawning induction was attempted using the

following standardised temperature shock procedure. Mussels previously held in 10-l2oc

flowing seawater were then placed in 20oC, 0.35 pm filtered and UV sterilised seawater which

was regularly replaced. Stripped male and female gonadal products were mixed in with the

seawater to promote spawning. After 3 hours of incubation at 20oC the animals were flushed with
seawater at 10oC. Incubation temperature was then cycled between 10-20'C on a half hourly

basis.

Only female mussels were used in this experiment, as female maturity is easier to visually assess

due to the greater range in color observed between immature and mature gonads (see appendix A
photos 1-13). Previous findings had already demonstrated reproductive synchrony between the

sexes and it was assumed that the trends observed in the females of a population would reflect

those of the whole population.

Once female mussels were observed to have started spawning they were immediately removed

and dissected for gonad visual grading. After a spawning induction period of 5 hours any

remaining animals were removed, dissected and the gonads visually graded. Visual grades

between 5 (immature) and 8 (mature) were assigned to the inside (visceral side) and outside (shell

side) of the lateral gonad and then an avsrage gonad VG calculated for each female.

For each female a I cm2 section of gonad was removed for histology, preserved in Bouins

solution and stored in70% ethanol. Histological samples were embedded in paraffin, sectioned to

a thickness of 6 pm and stained with haematoxylin and eosin. Gamete cover (GC) was

determined for each of the histological gonad samples using image analysis (Optimas). GC

values were the average of at least 3 x 5.3 mmz analyses per sample (average CV: g).

The proportion of the mussels that spawned within each of the visual grade groups was calculated

as were the average GC for the gonads within each of the groups. The relationship between

l9
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avcrage GC for each vieual grade and spawuing activity could then be investigated. The goodness

of fit @) of the$is relationsldps were them determined by regression using SigmaPloto,

U.sing observations recoded during other experimenb, a sssord data series was aomlrited in

otder to verifyof the relationship betwe€n VG and sparruing aolivity. The effort taken to induce

sPawning wrts no.t standardised for the mussels used in this secorrd eomparison. Mussels were

gradedbetween 1 (i,mmatrue) and 4 (mature) indepe,ndent of,sex.
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2.3 Results

2.3.1 Seasonal reproductive trends

For the combined population (males and females), reproductive condition was highly advanced in

mid winter (July) with about 80% of the population classified as >70oh developed (stage 5) or

mafure (stage 6) as shown in Fig 2.2. Seawater temperature at this time was the lowest recorded

for the year (10.5'C). Through the late winter and spring there was evidence for gradual

spawning in the population. During January more than 80% of the population was classified as

spawning or redeveloping. January was the month with the highest recorded water temperature

(17.5'C). Over the summer months (January -March) rapid redevelopment occurred with much of

the population becoming mature. Within the next two months about three quarters of the

population spawned. During the early winter there was a return towards development.

18
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-+ Seawater surhce
temperafure
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E Dev >70% (Stage 5)
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Figure 2.2 (A) The seawater surface temperatures recorded at the French Pass collection site each month and
(B) the seasonal occurrence of the major reproductive stages of Perza cunaliculus through the l2 month
sampling period See text and Table I for description of stages.
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2.3.2 Measuringreproductivestate

As gonads of both sexes matured the cover of follicles (FC) and gurmetes (GC) increased and

then, through the spawning stages, follicle and garnete cover declined. These changes in gonad

morphology can be seen in Fig2.l. The changes observed for each of the variables (FC, GC, G/F

and S) through the year were all significant (See Table 2.3). The significant ANOVA result for

the non-normally distributed S variable was confirmed by the Kruskal-Wallis non-parametric test

b < 0.0001).

Male FC gradually decreased from a proportional cover of 0.67 through the late winter and spring

to a low of 0.37 by mid sunmer (January). Gametogenesis then recommenced and rapidly

reached the annual high of 0.68 by March (Fig 2.3). Between the late summer months of March

and April there was a rapid and statistically significant reduction in FC which dropped to 0.37.

This fall is thought to represent a major spawning event.

The pattern of male GC closely resembled that of FC. A mid summer depression was followed by

a rapid redevelopment reaching a maturity maximum in March which was soon followed by a

spawning event. However, the GC range was greater (0.68 to 0.21) as gamete cover fell below

that of follicles during periods of major spawning or immaturity.

The relationship between follicles and gametes is best described by the G/F method which

measures the proportion of the follicle space that is filled with gametes. There was a significant

emptying of spermatozoa (to 0.39) from the follicles during or soon after the mid and late

summer falls in the FC and GC. This would suggest that after spawning the follicle walls do not

immediately contract around the remaining gametes. In fact, follicle cover increased slightly

before gametes again filled the available space during the mid swnmer redevelopment.

The male condition index also detected significant and rapid summer redevelopment and late

sunmer spawning, although the gradual fall in score during the late winter and spring was not as

pronounced as that detected by either the FC or GC measures.

The female FC fell significantly from about 0.69 cover to less than 0.28 between August and

September which infers a major spawning event. The GC measrue also fell significantly (0.20 to

0.11) as might be expected. There was however no major change observed in the G/F (0.41 to

0.39) suggesting follicle walls contracted around remaining gametes prior to the Septernber
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sampling. For the remaining winter and spring months, female gonads remained immature until a

rapid and statistically significant redevelopment between January and March. This period of

maturation saw follicle cover increase from 0.21 to 0.67 and GC increase to the annual high of

0.27 . The proportion of the follicle filled with gametes (GlF) increased significantly at this time

from0.27 to 0.47.

As in the males, a major late summer spawning occurred in the female mussels between March

and April with the FC and GC dropping towards the winter minima. After this spawning,

gametogenesis recommenced and the FC and GC began to gradually increase.

The female condition index perfonned comparably to the male condition index, detecting the

major redevelopment and spawning event in summer but not the winter (September) spawning

period evident from the changes in FC and GC.

The FC and GC quantitative measurements of gonad structure and the qualitative condition index

(S) were useful methods to distinguish the seasonal changes in gonad state. The G/F method is

not a good method for diagnosis of general reproductive condition as FC and GC co-vary to a

high degree as might be expected.

ANOVA's tested for significant variation :rmong the sample months using the various

measurement variables. Different levels of ANOVA resolution were found depending upon the

variable used. Power analysis confirmed that the probability of committing a Type II error was

<lo/o for all the ANOVA's. However, using / as the index of comparison, there were marked

differences in the Power of ANOVA depending upon the sex and the measurement variable used

(Table 2.3,Fig2.4).

The reliability of ANOVA was greatest when the GC measurement method is used. For both

male and female Perna canaliculus the Power index was highest U=0S02 and 0.660

respectively) when GC was used as the dependent variable. For females, FC was also a powerful

measure although for males FC was not as useful. The condition index measure (S) was the least

powerful means with which to detect variation in reproductive state for both the sexes. As has

been previously mentioned G/F was not a reliable method with which to measure reproductive

status.

23
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Table 2.3 ANOVA, Power and Power index (/ statistic) results for both male gnd lemale Perna canaliculus
gonads sampled for the year July 1994 to June 1995. ANOVA among the semple months used the variables
FC, GC, G/T'and S.

Male

Source Sum-of-Squares df Mean-Square F-ratio P Power
FC 4.626 11 0.421 7.903 0.0000 0.381

Eror 14.741 277 0.053
GC 9.141 1l 0.831 13.728 0.0000 0.502

Error 16.766 277 0.061
G/F 21.505 I I 1.955 2r.r5 0.0000 0.623

Eror 25.606 277 0.092

s 23.772 I I 2.t61 7.731 0.0000 0.376
Error 77.432 277 0.28

Female

Source Sum-of-Squares df Mean-Square f'-ratio P Power
FC t1.523 I I 1.048 22.869 0.0000 0.648

Error 13.696 299 0.046
GC 4.04t 11 0.367 23.733 0.0000 0.660

Error 4.628 299 0.015
GiT' t.272 I I 0.116 6.239 0.0000 0.338

Error 5.54 299 0,019
s 24.2t l1 2.201 9.319 0.0000 0.413

Error 70.619 299 0.236
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Figure 2.3 Quantitative measures of reproductive state (FC, GC and G/F) and qualitative classification
system scores (S) for male and female Perna ctnaliculrs sampled for the year July 1994 to June 1995.
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Figure 2,4 The / statistic as an index of Power for male and female Perna canaliculu$ derived for the
gonad condition measurement variables FC, GC, G/F and S. The power of atl ANOVA's was in excess of
990 .

There is a high degree of synchrony in reproductive status between the sexes as is shown in Fig

2.3. Pearson's pairwise correlation demonstrates this when analysed using the quantitative

measures FC (0.712) and GC (0.905) and the qualitative classification measure S (0.882).

The quantitative measurements of gonad morphology GC and FC are closely correlated in both

males (0.857) and females (0.909) as might be expected. Neither GC or FC are correlated with S

as much as they are with each other, although there is a reasonably strong correlation between the

quantitative and qualitative variables (Table 2.4).

Tabfe 2.4 Pearsons pairwise correlation's between the variables FC, GC and S for male and female Perna
canaliculus.

Group FC vs. GC FC vs. S GC vs. S

Males

Females

0.857

0.909

0328

0.689

0.795

0.64r
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The male/female sex ratio for the population was 0.93 with 289 males and 3l l females identified.

No evidence of hermaphroditism was observed, The observed sex ratio was not significantly

different (p:0.391) from that expected from the binomial distribution for a l:l ratio.

2.3.3 Visual assessment of reproductive state

For male and female mussels, an increase in gonad visual grade corresponded with an increase in

all the quantitative morphological gonad measures (FC, GC and G/F) and also the qualitative

classification score (S) as is shown in Fig 2.5. The gonad measures were all minimal for the

immature gtades and maximal for the mature grades. The morphological variable changes

associated with increasing VG from immature to mature were all highly significant when

analysed by ANOVA (Table 2.5). The Knrskal-Wallis non-parametric test confirmed the

conclusions of ANOVA for the male G/F and S measures and the female S variable. The

variation observed in female Gff in relation to VG was not significant when analysed by the

Kruskal-Wallis test.

There was a strong positive linear relationship between VG and the measures FC, GC, Gff and S

except for the male GIF measure which had a second ordor relationship. The goodness of fit of
the relationships were strong with all R2 values being equal to or grater than 0.95.

27
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Table 2.5 Gonad visual grade Ai\fOVA results for males and female Pernu eaneliculus using the variebles FC,
GC, G/F and S. The Kruskal-Wallis non-parametric test was used to verify the conclusions of AIIOVA where
there was evidence of non-normality of analysis residuals.

Sex Source Sum-of-Squares df Mean-Square F-ratio p K-W p
Male FC 3.526 3 1.175 43.60 0.000 N/A
N=103 Enor 2.669 99 0.027

GC 3.737 3 1.246 40.68 0.000 N/A
Error 3.031 99 0.031
G/F 8.03 3 2.677 2t.08 0.000 0.000
Error 12.567 99 0.127
s 15.902 3 5.30t 24.52 0.000 0.000
Eror 21.399 99 0.216

Sex Source Sum-of-Squares df Mean-Square F-ratio p K-W p

28

Female FC 4.254 3 1.418 47.28 0.000 N/A
N=110 Enor 3.178 106 0.03

GC 0.726 3 0.242 40.99 0.000 N/A
Error 0.626 106 0.006
G/F 0.293 3 0.098 4.653 0.004 0.093
Error 2.228 106 0.021

s 8.238 3 2.746 14.05 0.000 0.000
Error 20.717 106 0.195
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The maximal frequency at which the mature visual $ade was assigned occured for gonads

microscopically classified as mature (Stage 6) in both males (62%) and females (50%) as is

shown in Fig 2.6. The developing grade for males (VG-3) and females (VG-7) occurred most

frequently with gonads classified as late developing to mature (Stages 5-6). Visual grade 7 also

occurred frequently in gonads classified as spawning (Stages 7-8). The immature male visual

grade (VG-2) frequently was assigned to gonads that were classified as in early development

(Stages 2-4). The immature female grade (VG-6) did not associate particularly strongly with any

major developmental stage and was represented nearly equally over all stages. The spent or

undeveloped grades for males (VG-l) and females (VG-5) were most frequently assigned to

gonads classified as either undeveloped to immature (Stages 1-2) or as spawning to spent (Stages

8-10)
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Figure 2.6 The frequency occurrence for each of the visual grades in comparison to the independently
assigned classification stages. Visual grades for males range between I and 4 and for females between 5 and 8.
Details of the microscopic classi{ication system are given in section 2.2.1. znd for the visual grading system see
section 2.2.2.
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2.3.4 Testing the visual grading system.

Spawning activity of female Perna canaliculus increased as the gonad visual grade increased

G'z:0.997) to a ma:<imum of 83% for grade 4.0 (Fig 2.7-A). Female mussels with grade 1 gonads

(undeveloped/spent) did not spawn. No spawning occured for VG 3.0 animals (n:2) and it was

omitted from the figures and statistical analyses. GC was also observed to increase with

increasing gonad visual grade in a predictable manner (R2:9.970)(Fig 2.7 B). Spawning activity

and the average GC for each of the gonad visual grades were also positively related 6ft' : O.9ZZ;

(Fig2.7-C, Table 2.6).

The verification trial using pooled data from several spawnings confirmed that a positive

quadratic relationship existed between VG and spawning activity (Rt: 0.847, n:78). In this

survey there was about 25o/o spawning in mussels with gonads graded at VG 1.0 and spawning

activity reached a maximum (88%) for mussels with gonad visual grades of 3.5 or 4.0.

Table 2.6 Regression equations and goodness of fit 6nt; for the relationships befween the variables; visual
grade (VG) gamete cover (GC) and spawning activity (Spawn o/o) for female Perna canaliculus . GC*
proportion is the average gamete cover for each of the visual grades. See Fig 2.7 for regression plots.

Variables Regression equation R2

Spawn(%) vs.VG

GC vs. VG

Spawn(%) vs. cc*

Spawn(%)-: -575.75 + 169.68[VG] - 10.92[VG]'z 0.997

GC: -2.2+ 0.66[VG] - 0.04[VG]2 0.970

Spawn(%) :8.19 + 260[cc*] 0.972
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2.4 Discussion

2.4.1 The reproductive cycle of Perna canaliculus.

In the Perna canaliculus population studied gametogenesis occurring in winter followed by an

early spring spawning which was the followed by a second late srilnmer spawning. Late winter-

spring gametogenesis and a summer spawning is generally typical of other species of mussels

including Mytilus edulis [Wilson and Seed 1974, Seed 1975, Sprung 1983, Hawkins et al. 1985,

Rodhouse et al. 7984, King et al. 1989f, Mytilus galloprovincialis [Villalba 1995], and Perna

perna [Berry 1978]. In New Zealand, Kemedy ll977l reported winter gametogenesis and spring-

summer spawning in Mytilus edulis aoteanus and Aulacomya maoriana. Flaws ll975l examined

the reproductive cycle of Perna canaliculus in the Marlborough Sounds. In his study

gametogenesis occurred predominantly in winter and spring with spawnings in summer and

aufumn.

In the present study gonad development occurred during the late autumn and winter prior to a late

winter spawning between August and September, evident from the dramatic falls in female FC

(0.69 to 0.28) and GC (0.29 to 0.l l). During the winter and spring (August to November) period

there was a gradual decrease in male FC (0.67 to 0.42) and GC (0.67 to 0.22) indicating partial

spawning activity or re-absorption of gametes in contrast to the rapid reduction observed in the

females. During the spring and summer months between September and January both sexes were

generally in an immature reproductive state.

A prominent and rapid gonad developmental period occurred in both the sexes in the late

sununer, which was followed by a spawning event between the months of March and April. The

low lrequency of developmental stage gonads observed during the summer period plus the

classification of the majority of mussels as spawning infers that redevelopment occurred without

a major resting phase. During much of the annual cycle there was evidently a high degree of

reproductive synchrony between the sexes, as demonstrated by the 0.905 correlation coefficient

found when comparing inter-sex reproductive condition using the GC measure.

Temperature and nutrition are regarded as the most important factors controlling the reproductive

cycle in mussels [Seed 1975, Sprung 1983, Hawkins et al. 1985, Rodhouse et al. 198{ Hichnan

et al. 1991, Seed and Suchanek 1992] and these factors are proposed to cause temporal variation

in reproductive events between some populations fNewell et al. 1982, Sprung 1983, Rodhouse el
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al. 19841. Hawkins et al. U985] summarised these observation succinctly by stating "the varying

interactions of temperature and food availability, set within a seasonal context, may condition

quite different adaptations concerning the timing of gametogenesis and its relation to both the

storage and utilisation of nutrient reserves".

Flaws ll975l demonstrated geographical variation in the timing of gonad maturity in Perna

canaliculus maturity. Hickman et al. |991] demonstrated inter-annual and site variation in

condition for populations in Pelorus and Kenepuru Sounds. He found peaks in condition (mass)

in winter (July-August) followed by a sharp decline in August-September in both years surveyed.

Condition then increased in the summer before again falling in the autumn in some of the

populations in some years. The mass condition cycle found by Hickman et aL [1991] closely

coincides with the reproductive cycle found in the present study, particularly the acute loss of

mass (spawning) found in late winter.

Bayne 11976l described reproductive strategies in terms of the relationship between storage and

reproductive cycles. Conservative species accumulate reserves during the late summer and

gametogenesis occurs over the winter fuelled by nutrient reserves accumulated in the gonad and

other tissues. In the gonad itself lysosomally mediated breakdown of adipogranular (ADG) and

vesicular connective tissue (VCT) cells provides nutrients and energy for gamete production

[Hawkins et al. 1985, Pipe 1987, Peek and Gabbott 1989, Mathieu and Lubet 1993]. Winter

gametogenesis leads to a single spring-summer spawning. Reproductive cycles in opportunistic

species reflect prevailing nutritional conditions, as they take advantage of favourable

environmental circumstances. For example Mytilus edulis appears to be flexible and both pattems

are evident [Rodhouse et al. 1984, Hawkins et al.1985).

Perna canaliculus also appears to undergo a conservative winter gametogenesis and late winter

spawning followed by an opportunistic spawning in late summer to autumn in some populations.

In this study, mussels were collected from the lower inter-tidal and as such were in a relatively

favourable environment in which to take advantage of available nutrition. However, at any one

time some proportion of animals sampled were classified as spawning, an observation also made

by Flaws [975]. This suggests possible trickle spawning during all seasons. This hypothesis is

supported by evidence of larval recruitment of Perna canaliculus throughout the year [Booth

1977,Buchanan 19941.
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The sex ratio of the Perna canaliculus population studied was not significantly different from I :l
with approximately equal numbers of female and male animals identified. These results are

consistent with equal sex ratios reported in Mytilus edulis [Sprung 1983, Seed and Suchanek

1992, Villalba 19951.

2.4.2 Histological measurement ofreproductive condition

The follicle cover (FC) and gamete cover (GC) measures of gonad morphological state provided

a good description of the annual reproductive cycle in both sexes of Perna canaliculus. Both the

methods produced very similar results and were highly correlated as might be expected. Power

analysis demonstrated that GC is the more robust means by which to analyse rryroductive

condition.

The proportion of the follicle filled with gametes, the GIF measure, was not a good indicator of

the annual reproductive cycle. During spawning and redevelopment the relative proportion of the

follicle filled with gametes does not vary greatly. Only at the extremes of spawning and maturity

does G/F fluctuate significantly.

The classification system was reasonably effective in its ability to describe the general

reproductive trends, but it did not provide the same level of precision or power in comparison to

the quantitative methods. The comparative performance of the quantitative and qualitative

methods was not as close as that observed by Rodhouse et al. [1984] for Mytilus edulis where

classification and stereological results were very similar. The classification method may have

been more accurate in its ability to diagnose variation in the reproductive cycle if a greater range

of scores had been used.

When a subjective classification system is used, the accuracy of measurement necessarily relies

on the skill and experience of the user to correctly identiff reproductive stages. In contrast,

quantitative techniques remove much of the subjective error frorn data collection and also

provide better opportunities for descriptive and comparative analysis.

The advantages of using quantitative techniques for detennining reproductive pattems over

qualitative classification schemes is well recognised [Seed and Suchanek 1992]. Quantitative

measurement has increasingly been used to assess reproductive stafus in many bivalve species,
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for example Mytilus edulis [Bayne et al. 1978, Newell et al. 1982, Hawkins et al. 19851, Ostrea

edulis [Wilson and Simons 1985] and Pecten maximus [Pazos et al. L996).

2.4.3 Visual assessment of reproductive condition

The gonad visual grading system developed for Perna canaliculus is robust in its ability to

identifu broad changes in reproductive development. Visual grading corelated with the

quantitative measures (FC, GC, G/F) as well as the qualitative score system (S) with a significant

degree of resolution.

The system is particularly good for identiffing the more mature proportion of the population. For

example, the mature visual grade for males and females (4 and 8) account for 9lo/o and 85%

respectively of animals independently classified between the late development to early spawning

stages (5-7).

Verification trials confirmed that, in practice, VG accurately identifies the relative maturity of

gonads when compared to the independently recorded GC measure. Increasing VG and GC were

strongly correlated with spawning activity (0.91 and 0.99 respectively). This study only used

female mussels as general reproductive synchrony between the sexes has been demonstrated and

females are easier to grade due to the pink gamete coloration.

2.4.4 Reproductive condition and hatchery production

Methods to accurately quantify reproductive condition without the threat of ambiguity have

experimental value. The histological assessment methods developed in this study, in particular

the GC measure, has been used to quantiff gonad reproductive status of Perna canaliculus in

conditioning trials (Table 3.17).

The visual grading system provides a practical method for choosing reproductively mature

animals for spawning. An in situ techniques for viewing the mesosomal gonad by separating and

wedging the valves open and then using the naked eye or low magnification (e.g.. an otoscope or

jewelers lens) is simple and practical. For selecting broodstock populations, gonad grading of a

sub-sample is an effective means to establish reproductive condition. The grading system

developed and proven in this chapter has subsequently been used for selecting broodstock and

has proven a valuable technique (for example see Fig 3.2).
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2.4.5 The reproductive cycle and farming Perna canaliculus

The reproductive cycle is obviously of major commercial relevance to Perna canaliculus culture,

primarily because of the relationship between reproduction and meat yield which has been a

major focus of previous study [Hickman and Illingworth 1980, Hickman et al. l99l]. Sexual

maturity is also important in terms of the gonad coloration which is important to some markets.

The ova of Perna canaliculus are a dark orange to pink and as the female gonads mature this

coloration intensifies. When immature, the female gonad is white. Male GreenshellrM mussel

gonads are white throughout the reproductive cycle (except if spent when they appear nearly

transparent). Obviously, given the l: I sex ratio, pink colored gonads in GreenshellrM product will

not exceed 50% but will fall to 0%o during periods of sexual immaturity. Some lucrative markets

prefer a product that with a high pinVwhite gonad color ratio (T. Osbome pers. comm.).

Marketable mussel may not be available for harvest after major spawning events during winter

and sometimes in suulmer (T. Osborne - Sealord Shellfish, D. Mitchell - Sanfords S.I. pers.

comm.). Farm management models to improve harvest strategies are sought by harvest managers

@. Pouli - Elaine Bay Aquaculture pers. comn.). Models should ideally incorporate key

environmental parameters such as temperature, salinity and chlorophyll-a as well as condition

indicators such as shell length, whole weight and meat weight. The visual grading system, by

positioning stocks within the reproductive cycle, may be a useful complementary condition

indicator to be incorporated into such models.
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3. Fertilisation dynamics of Perna canaliculus

3.1

3.1. r

Introduction

Hatchery production

Reliable techniques to successfully fertilise spawned ova and produce viable embryos are

essential to the hatchery production of bivalves. Surprisingly, given the interest in hatchery

production of Perna canaliculus, there has been no research that adequately examines this

process. Knowledge of techniques and factors that effect fertilisation success are important to

both research and commercialisation of GreenshellrM mussel spat production.

When ova availability is limited, efficient high yield methods are crucial. ln some production

routines which use many animals to avoid the loss of genetic diversity, gametes are abundant and

required embryo numbers can be generated even with low levels of fertilisation success. Such

haphazard methods however risk an increase of the deleterious effects associated with large

volumes of decomposing gametes in rearing tanks. For reliable and hygienic production,

fertilisation techniques need to ensure a high embryo yield by maximising fertilisation success.

For continuing Perna canaliculus spat production research, it is necessary that the fertilisation

dynamics of Perna canaliculus are well understood. Standardising conditions of gamete contact

allows garnete viability to be compared in terms of fertilisation success and veliger yield. For

example, gamete viability of broodstock conditioned under various treatments may be compared.

Optimising embryo yields through maximising fertilisation is particularly important when

valuable gametes may be limited during situations such as individual crossings for selective

breeding pu{poses.

The success of fertilisation is fundamentally dependent upon the gametes making contact within

the limited period of post spawning viability. In practical terms there are many variables that can

effect the probability that fertilisation of ova will be achieved. These variables include gamete

concentration and ratio, age of gametes when they are combined, the temperature and density at

which gametes are stored before mixing [Sprung and Bayne 1984, Levitan 1995].

It has been suggested for Perna canaliculus that "a very large proportion of the material

(gametes) is not viable or does not develop into healthy larvae" such that a larval yield as low as
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25Yo was regarded as acceptable [Tong and Redfearn 1985]. Larval yields as low as l-2o/o of

fertilised ova have been reported [Redfeam 1998]. The study of Dean and Hayden [1989]

demonstrated a high degree of variability in the veliger yield from numerous spawnings. Despite

the evident problems associated with zygote production and veliger yield no experimental

examination of the fertilisation process, and how it may best be managed, has been reported apart

from the study of Hay and Hooker l99al.

Hay and Hooker [1994] examined the time delay between spawning and fertilisation and

observed a25o/o reduction in larval yield when gametes were aged for 30 minutes (presumably at

temperatures around 20'C). This study also investigated the optimal sperm concentration for

fertilisation and concluded that approximately 10,000 sperm/ml gave the best yield (for eggs at

30/ml). The difficulties experienced in this study and in others [Buchanan 1994], and the evident

lack of a reliable technique provided the impetus to make a detailed study of the fertilisation

dynamics of Perna canaliculus.

The objective of this part of the study was to establish and verify a standardised and practical

protocol that maximised fertilisation success of Perna canaliculus ova.

3.1,2 Fertilisation kinetics modelling

To better understand the processes affecting fertilisation in marine invertebrates, manipulations

can be conducted in the laboratory or observations can be made during spawning events in the

field. Both lab and field based studies have their own limitations and difficulties. Collecting

useful data during natural spawning events for Perna canaliculus is unlikely to be easily achieved

due to the unpredictable nature of such events and the difficulties of working in exposed field

conditions. In this study features of the fertilisation dynamics of Perna canaliculus were

investigated in the laboratory.

Fertilisation success depends upon the probability of contact between gametes and the proportion

of these contacts that are successful. Fertilisation is sensitive to a number of factors, most

importantly gamete concentration, contact time and sperm age pevitan et al. 1991, Benzie and

Dixon 1994, O'Connor and Heasman 1995]. These features of gamete interaction and other

atfributes such as egg size and sperm swimming speed can be used to model fertilisation

processes.
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Fertilisation modelling of marine invertebrates has been restricted almost exclusively to the

Echinodermata and Cnidaria. Studies have focused on models based upon laboratory studies

[Vogel et al. 1982, Levitan et al. 1991, Benzie and Dixon 1994) and in-situ trials [Denny and

Shibata 1989, Babcock et al. 1994, Benzie et al. 199{ Levitan 1995, Levitan and Young 19951

The theoretical model of fertilisation developed by Vogel et al.ll982l, the Vogel-Czihak-Chang-

Wolf (VCCW) model utilises the combined effects of gamete concentration, sperm life span and

two rate constants, F and Bo to predict fertilisation. B is the fertilisation rate constant and po, the

sperm-egg contact constant. Fo may be estimated by multiplying sperm swimming speed by the

cross sectional area of the egg [Vogel et al. 1982, Levitan et al. l99l]. The ratio of B/po predicts

the proportion of sperm-egg contacts needed for fertilisation to occur.

This study, for the first time, collects the required data to use the VCCW kinetics model to better

understand the dynamics of fertilisation process for a bivalve mollusc. The rationale for this part

of the study was a) to use the model to predict optimal fertilisation conditions for application to

the hatchery and b) test the hypothesis that sperm egg contact in Perna canaliculus is a random

process and every egg that makes contact with at least one spermatozoa will be fertilised. These

results form an empirical basis with which field measurements can be combined to model

features of the fertilisation ecology of sessile marine bivalves. The modeling and empirical

verification of fertilisation dynamics of free spawning marine invertebrates gives us an insight

into their evolutionary and population structuring processes [Levitan 1995,1996]. For example

fertilisation success can have consequences on larval supply and ultimately recruitment. The

dynamics of fertilisation, if ultimately effecting recruitment, effects a species relative fitness. An

understanding of the consequences of harvesting on fertilisation success may also be important in

terms of how we manage exploited species [Levitan 1995]
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3.2 Materials and methods

3.2.1 General

Animals for all experiments were collected from marine farms located in the Marlborough

Sounds and held in the laboratory prior to spawning. Animals were held individually in I L
plastic aerated containers. Sand filtered fresh seawater at 9-12 oC containing microalgal food was

added to the containers to provide at least I00% replacement every hour (see section 4.2.6-8).

Temperature shock and the introduction of stripped gametes of both sexes were used to induce

spawning. ln general, animals previously held in cool water (9-12 'C) were washed and held

individually in warm water (20 'C) containing stripped gametes for 2-3 hours with regular water

changes. Animals were then placed in individual ll glass containers of cool water which, in most

animals, led to rapid spawning. Temperatures were then cycled at 30 minute intervals to induce

spawning in remaining animals. All water used was first 0.35pm filtered and UV sterilised.

Sperm and eggs were collected in glass containers and unless otherwise stated stored aI9-12 "C.

Motile sperm density was determined by replicate counts using a Neubauer haemocytometer

prior to making up experimental stock suspensions. Egg density was determined by at least six

counts (blank corrected) using a model ZF Coulter Counter fitted with a 140prm aperture tube.

Unless otherwise specified, eggs and sperm used in experiments were each pooled from at least

three actively spawning animals. In all experiments a control sample of non-fertilised eggs was

included. If fertilisation was evident within the control sample, indicating spetm contamination

prior to experimental fertilisation, the experiment was discarded.

Evidence of cleavage was used to indicate fertilisation success (see Appendix A, photo l4). At

least 100 eggs were examined for evidence of fertilisation after 3-4 hours for each replicate

within an experiment. Eggs were viewed at 100 - 200x magnification using either an Olympus

model CK2 or IMT-2 inverted microscope.

3.2.2 Gamete concentration.

Gamete concentration treatments were 500, 1,000, 5,000, 10,000, 20,000, 50,000 and 10,0000

sperm/ml and 100, 500 and 1,000 eggs/ml. Treatments were conducted using gametes from five
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different replicate male-female pairs. Gametes were mixed in 100 ml plastic containers at LZ"C

and fertilisation success was estimated for each replicate. Proportional fertilisation data was

normalised by the arcsine square root transformation prior to analysis by ANOVA.

3.2.3 Contact time

The aim of this experiment was to determine what effect dwation of contact between gametes

had on fertilisation success. Gamete concentrations trialed were 100 eggs/ml, and 1,000, 5,000,

20,000 and 50,000 spenn/ml. Experiments were conducted in 100 ml plastic containers at I2oC.

Gametes were combined and incubated for a contact duration of 5, 30, 60 and 120 minutes.

Solutions were regularly mixed by gently swirling the containers. After these contact periods the

eggs were collected on a 20 pm nylon mesh, washed with filtered seawater to remove excess

sperm and then re-suspended in new 0.35 pm filtered, UV sterilised seawater. Fertilisation rate

was estimated after 3 hours. The experiment was conducted twice using a separate male-female

pair each time and the results of the two trials averaged.

3.2.4 Sperm half life

For the initial experiment sperm was incubated at a concentration of 50,000 sperm/ml in I I glass

bottles at I2oC. At times 0, 10, 20,30, 45, 60 and 90 minutes from sperrn dilution eggs were

added to give a final concentration of l0 eggs/ml. Fertilisation success was estimated at 3 hours

post-fertilisation.

The effect of aging and the initial stocking concentration on the motility of sperm was examined,

Sperm stock suspensions were made to initial concentrations of 1 million and 2.4 million

sperm/ml at 12"C. At 100, 200, 350 minutes after sperm dilution the number of motile sperm for

each stock was estimated. Motile sperm concentration was estimated as the difference between

fixed (5% v/v formalin) sperm numbers and non-motile sperm numbers using a Neubauer

haemocytometer.

The aim of the main experiment was to determine the half life of sperm (t) when aged at different

concentrations. Duplicate sperm suspensions, originating from different animals, were made to

the concentrations of 1000, 5000, 20,000 and 50,000 sperm/ml and stored at 12"C. Stock

suspensions were distributed to 100 ml plastic containers. At times 0, 30, 60, 120 and 180

minutes after spenn dilution a small aliquot of egg suspension (1 ml) was added to the containers
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to give a final egg concentration of 100 eggs/ml. At the end of the experimental period a sample

of the remaining eggs were fertilised with 100,000 sperm/ml to determine the effects of egg aglng

on fertilisation potential. After 3 hours from gamete mixing fertilisation success of at least 100

eggs was estimated for each replicate. Fertilisation data was transformed by the arcsine

squareroot transformation and the effects of sperm concentration and sperm age analysed by

ANCOVA.

Fertilisation success for each sperm concentration experiment was transformed to a percentage of

the maximum achieved at time 0. The inverse relationship, percent non-fertilised, was then

calculated in order that the slope of a regression was positive for both axes.

For the estimate of sperm half life at each sperm concentration, the data for each curve was fitted

by a regression (SigmaPlot@). The regression was fitted befween the value at age 0 (minimum

number non-fertilised) and the age at which the proportion non-fertilised eggs exceeds 97%. As

sperm incompetence or mortality is assumed to be the reason for the observed reduction in

fertilisation success, and mortality can be regarded as permanent, data points beyond the 97o/o

threshold are of little biological relevance to the estimation of r. This selection restricts the

regression to the time period in which 97% of the change in fertilisation occurred and excludes

repeated measures of fertilisation failure (i.e. sperm mortality). The resultant regression equations

were then used to calculate r for each of the sperm concentrations trialed. The t values were then

fitted to a first order regression such that t could be extrapolated for any sperm concentration.

3.2.5 Sperm swimming speed

Sperm from an actively spawning male mussel was collected and stored at a concentration of

approximately 1x106 sperm/ml at I2"C. A 5 ml aliquot was then diluted with 0.35pm filtered

seawater in a glass counting chamber and viewed at 100x magnification using an IMT-2 inverted

microscope. The microscope was fitted with a video camera linked to a spatially calibrated

monitor. Spermatozoan swimming speed (u) was calculated by measuring the time (seconds t
0.01) that an individual spermatozoan took to cover a known distance on the monitor (cm + 0.1).

Only spermatozoa that swam in approximately straight lines were chosen for speed estimation as

it was difficult to accurately track the distance traveled by sperm that changed direction. Thirteen

replicate speed estimates were taken.
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3.2.6 Polyspermy

The aim of this experiment was to detemrine the effect of sperm concentrations on normal veliger

yield. Gametes were mixed in duplicate I L flasks at l2"C to give final concentrations of about

85 eggs/ml and 25,000, 50,000, 100,000, 200,000 and 500,000 spenn/ml. After a 72 hours

developmental period, veliger yield was estimated by l0 replicate counts using a model ZF

coulter counter. Approximately 100 veligers were examined at 100x magnification for evidence

of non-normal development such as shell or tissue deformation attributed to polyspermy. Empty

shells, indicating abnormal or disrupted development, were included as evidence for polyspermy.

3.2.7 Gamete ageing and temperature

This experiment examined the effect of the temperature at which gametes were aged on their later

fertilisation success. The two treatment temperatures tested were 12oC and 21oC. For each

treatment a sperm stock was made to a concentration 1x106/ml and eggs to a concentration of

10,000 eggs/ml and stored in a water bath at the appropriate temperature. At times 0, 10, 60, 90,

120, 150, 180 and 210 minutes after sperm stocks were prepared, a single I L gamete mixture

was made for each temperature treatment. Gamete concentrations were 50,000 sperm/ml and 100

eggs/ml. The gamete mixture was made up by combining exact volumes of the aged sperm and

egg stock suspensions. The specific volume of sperm stock added was based upon the initial

motile sperm concentration and was not varied through the course of the experiment. At times 60,

120 and 210 minutes, aged eggs from both temperature treatments were mixed with newly

acquired sperm at a concentration of 50,000 sperm/ml to test the effect of egg aging alone.

3.2.8 Veriffing the fertilisation protocol

A standard fertilisation protocol was designed, based upon the findings of the previous

experiments. Two trials were conducted to test the performance of this method. In the first trail

the ova of 13 females were fertilised and in the second trial the ova of 8 females were fertilised.

Stock animals were individually spawned using temperature shock, gametes collected and stored

at lOoC while densify was estimated and stock suspensions prepared.

Sperm were initially stored at high concentrations, in excess of about 10x106 sperm/ml for no

more than 2 hours. Sperm stock suspensions of 1xl06 sperm/ml were made up within 30 minutes

of gamete mixing. Egg density was estimated using a model ZF coulter counter.
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For each female, duplicate 500 ml egg suspensions containing a nominal 100 eggs/ml were made

up with 0.35 pm filtered and UV sterilised seawater at l0 oC within I hour of the female

spawning. The actual egg density was determined by 6 replicate, blank corrected counts using the

coulter counter. Each suspension was then fertilised with 50,000 sperm/ml.

Four hours after the addition of sperm the fertilisation success of 100 ova from each suspension

was determined. Average fertilisation success rate was then estimated for each spawning female.

After 48 hours of incubation the density of D larvae was determined using the coulter counter as

described above. Average larval yield was then estimated for each spawning female.

3.2.9 Modeling fertilisation

The Vogel-Czihak-Chang-Wolf (VCCW) fertilisation kinetics model, equation 3-l IYogel et al.

1982, pp 203] predicts fertilisation success given particular gamete concentrations, sperm life

span (t) and the two rate constants; po the spenn-egg contact constant and p the fertilisation

constant, reflecting the "receptiveness of the egg to fertilisation" [Levitan et al. 1995]:

O-: 1- exp (-9S/FoEo(r-e-FoEot); (3-l)

Concenhations of spem (So) and eggs (Eo) are expressed as numbers per micro-litre. Observed or

predicted fertilisation success (@) is expressed as a proportion. The sperm-egg contact constant

0o cm be independently estimated by multiplying the sperm swimming speed (mm/s ) by the

cross sectional area of the egg (mmr) [Vogel et al. L982, Levitan et al. 1991, Levitan 1995].

Levitan et al. 11991] found no significant difference between this method of estimating po and

non-linear iteration of the VCCW model.

To estimate the rate constants Fo md B the fertilisation data set from the gamete concentration

experiment was used (section 2.3.2). The data set included mean fertilisation proportions for the

various sperm-egg encounters in which egg density did not exceed sperm density (i.e. the 1000

eggs/ml + 500 sperm/ml were excluded) such that all eggs had at least one sperm available for

fertilisation.

The model was fitted by non-linear regression using the Marquardt-Levenberg method of

iteration to find the rate constants po and B using the observed fertilisation data and incorporating

a sperm half life function.
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Incorporating either the iterafively derived estimates of Bo or the independently calculated

estimates of Fo, non-linear regression was again used to estimate the fertilisation rate constant p.

In this case iteration was by least squares estimation using the Gauss-Newton method of Systat@.

The fit of the VCCW model regression incorporating the different rate constants could then be

compared using the Ff output available only in Systat@. Rate constant estimates from the two

statistical progrirms were the same; the programs differ only in the type of auxiliary information

available in the output data.

The estimates of F and Bo were used to predict fertilisation using the VCCW model and

contrasted with the observed fertilisation results.

3.2.10 Predicting optimal gamete concenffations.

The VCCW model was used to predict the fertilisation success of gametes mixed together over a

range of concentrations. Between 5 and 500 sperm/pl and 0.5 and l0 eggs/pl were modelled. The

model incorporated the sperm half life function, B 
: 1.5xl0a and Fo 

: 3.1x10 3.
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3.3 Results

3.3.1 Gamete concentration.

Fertilisation rates increased rapidly from 7Vo to 77Yo between the sperm concentrations of 500

and 20,000 sperm/ml. For all egg densities fertilisation was maximal at the 100,000 sperm/ml

concentration. Sperm concentration had a significant effect on fertilisation success (ANOVA p <

0.001). An increase in egg concentration consistently resulted in a minor yet significant reduction

in fertilisation success at all sperm concentrations (ANOVA p : 0.001), Fig 3.1.

There was a strong linear relationship between fertilisation rate and log sperm/egg ratio (R2:

0.986, 0.986, 0.984 for the 100, 500 and 1,000 eggs/ml respectively). The slopes of the

regressions were very similar for each of the egg concentrations used (about 38 x log sperm/egg

ratio). For any given ratio the higher egg concentrations consistently displayed a higher

fertilisation rate (Table 3.1 and Fig 3.2). At any given ratio, the higher egg concentrations

necessarily had a proportionally higher sperm concentration. This demonstrated that gamete

concentration had a more important influence on fertilisation success than gamete ratio.

Table 3.1 Gamete concentration and ratio. Mean fertilisation rates of three concentrations of ova incubated
with sperm at two equivalent spermlegg ratios. Mean fertilisation rate and 957o confidence intervals are
giveno N=5 (individual male-female pairs).

Egg Concentration 100 /ml 500 /ml 1000 /ml

Sperm lEgeRatio mean(%) CI mean(%) CI mean(%) CI

10

100

20.0 8.1

63.7 22.9

34.4 9.9

80.1 r4.7

55.3 16.8

87.1 8.2
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100

Eggs = 100/ml

Eggs = 500/ml

Eggs = 1000/ml

0 10 20 30 40 50 60 70 80 90 100

Sperm concentration ( x1000/ml)

Figure 3.1 Gamete concentration and fertilisation. Mean fertilisation success of eggs held at three
concentretions mixed with sperm over the range 500 to 100,000 sperrn/ml. For each gamete combination' flve
different replicate male-female pairs were used.
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O Eggs = 100/ml

I Eggs = 500/ml
  Eggs = looo/ml
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10 100

Sperm / Egg ratio

Figure 3.2 Fertitisation and the sperm/egg ratio for each of the egg concentration treatments. Each of the egg
concentrations was trialed at the sperm/egg ratios of l0 and 100.
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3.3.2 Contact time

For the higher sperm concentrations (20,000 and 50,000 sperm/ml) a high level of fertilisation

(>90%) was achieved within the fust contact time tested (5 minutes). In contrast, the lower

concentrations took longer to reach a maximal levels of fertilisation, the lowest concentration

(1,000 sperm /ml) requiring about 60 minutes (Fig 3,3).
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Figure 33 Contact time end fertilisation success. (A) tr'ertilisation success of ova (100/tnl) mixed with sperm
at concentrations between 11000 and 50,000 sperm/ml for contact durations between 5 and 120 minutes. @)
Mean fertilisation succ€ss after a contact duration of 5 min as a percentage of the maximum achieved (at 120

min).
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3.3.3 Sperm half life

During the first experiment, with inoreasing speiln age fertilisation rate decreased from an initial

value of 97% to 650/o within 90 minutes (Fig 3,a). Sperm motility in the second experiment

decreased with increasing age at a rate dependent upon the initial sperm concenfration. At the

higher concentration spenn motility had reduced to 50% in about 150 minutes. In contrast, the

lower concentration sperm suspension had reduced to 50% of the initial value in about 50

minutes (Fig 3.5).
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Figure 3.4 Sperm half life (1). Fertilisation success of ova (10 eggs/ml) fertilised with aged sperm inltially at a
coneentration of 50,000 sperrn/ml.
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In the main study fertilisation capacity of sperm persisted longer when aged at higher

concentrations (Fig 3.6). The capacity of sperm to fertilise ova decreased significantly with

increasing age (ANCOVA p < 0.001) and the speed with which sperm lost the capacity to

fertilise eggs varied in relation to the initial sperm concentration (ANCOVA p : 0.003) (Table

3.2). At a sperm concentrations of 1000 and 5000 sperm/ml fertilisation success after 30 minutes

was close to nil (2.5% and 1.5% respectively). For sperm held at 20,000 sperm/ml viability was

longer with about 2o/o fertilisation after 60 minutes. At the highest sperm concentration (50,000

sperm/ml), 1% fertilisation was still achieved after 180 minutes. Egg viability remained high over

the full experimental period; after 180 minutes of storage 92% fertllisation was achieved for eggs

fertilised with fresh sperm. This result confirmed that the observed reduction in fertilisation

success of eggs fertilised with aged sperm was due solely to sperm deterioration.

For the lower two sperm concentrations, fertilisation competence was <3olo at the first sampling

time (30 min). The regression for these sperm concentrations is therefore between only two data

points (Fig 3.7). For the higher sperm concentrations second order regressions were ussd to best

fit the data. From the regression output, the sperm age at which fenilisation success reached 50%

of the maximum (r) could be derived and is summarised in Table 3.2 and, Fig 3.8. The derived t
values increase with increasing sperm concenhation expressed by the linear regression of

Equation 3-2 where r is in seconds and [S] is the sperm concentration in numbers/pl. This

regression explains 94% of the observed variation in sperm half life as a function of sperm

concentration.

Levitan et al. fl99l] log transformed both sperm concentration and sperm half life values,

however the log x log transformed data do not produce as strong a fit (R2 : 0.635) as when using

the non-transformed data. For this reason the r data was not log transformed.

r:[S]x40.6+690

5l

(3-2)
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Table 3.2 Sperm half life regression functions. Results of fitted regression data representing 977o of the
change in fertillsation successes for each of the sperm concentrations tested. b[2] is the exponential coefficient.

The sperm halflife (t)derived from the regressions are given at right.
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Figure 3.6 Sperm half life (3). Fertilisation competence of sperm aged at various concentrations. Mean
fertilisation success of eggs (100/ml) mixed with either of four sperm stocks initially at concentrations of 1'000,
5,000, 20,000 end 50,000 sperm/ml at ages from 0 minutes to 180 minutes at 12"C.
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3.3.4 Polyspermy

At sperm concentrations of 50,000 sperm/ml veliger yield was maximal (78%\. At higher sperm

concentrations, 100, 200, and 500 thousand sperm/ml a distinct reduction in veliger yield and the

number of normal veligers is evident (Fig 3.9). In the 25,000 and 50,000 sperm/ml treatrnents

more than 95Yo of the larvae appeared normal, this reduced to 83% for the 100,000 spernr/ml

treaffnent and then fell again in the 500,000 sperm/ml treatment only 65Yo.
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Figure 3.9 Sperm concentration and polyspermy. Effect of sperm concentrations between 25,000 snd 500'000
sperm/ml during fertilisation on veliger yield and normal yield development. Mean veliger larval yield after
72 hours developmental period was determined for each duplicate batch, The percentage normality was

estimated from observations of at least 100 larvae, Veligers that had abnormal tissue or shell development or
empty shells were all classified as aberrant.
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3.3.5 Sperm swimming speed

The average swimming speed of sperm was 179.3 pm/sec (95% confidence interval :9.9, CV :
9.15, N:13). This mean swimming speed was based upon estimates for sperm that swam in

generally straight lines. Sperm appeared to swim either straight or in a spiral.

3.3.6 Gamete aging and temperature

Gametes aged at 12oC maintained a fertilisation rate (>97%) for 120 minutes and then dropped

slightly to 88% after 210 minutes (Fig 3.10). Fertilisation of l2oC aged eggs mixed with new

sperm (83% after 210 minutes) did not differ greatly from aged eggs fertilised with aged sperm.

ln contrast, the effect of gametes aging at2l"C on fertilisation success was dramatic. Fertilisation

reduced at a near constant rate from the start of the experiment to only 2.6% fertilisation at 210

minutes. After I and2 hours respectively, eggs aged at 2loC and fertilised with new sperm had a

higher fertilisation rate (87o/o and 90%) than that of aged eggs fertilised with aged sperm (56%

amd,46%). Some time after two hours the effect of age on eggs incubated at2loC began to affect

fertilisation success (42o/o after 3 hours). At this time eggs were observed to lose uniformity of

shape and the egg surface appeared crumpled. This deformation was not observed in eggs aged at

12"c.
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3.3.7 Verifying the fertilisation protocol

The fertilisation protocol was consistently reliable in producing a high fertilisation rate (98%)

and vetger yteld (92%) (Fig 3.11).
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51015
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Fertilisation

Veliger yield

Figure 3.11 Percent fertilisation and veliger yield for ova spawned from 21 individual females using a

standardised fertilisation protocol.
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3.3.8 Modeling fertilisation.

The VCCW fertilisation kinetics model (equation 3-1) assumes that contact time between

gametes (t) is greater than sperm half life (t), which was true for this data set where t (nominally

3 hours) is near 50x the longest spelm half life.

The iterated estimates of the rate constants using the Marquardt-Levenberg method (SigmaPlot@)

give values for p of 1.5 x 10{mmt/s and for po of 3.1 x 10-3 mm'/s. The VCCW model fitted with

the iterated rate constants explained 90% of the variation in the observed fertilisation (the mean

corrected R2 was 0.67). The B/Bo ratio derived was 0.049 (Table 3.3).

po was independently estimated by multiplying sperm swimming speed (u) by the cross sectional

area of the egg (o) [Vogel et al. 1982, Levitan et al. I99l]. The sperm swimming speed estimate

was 0.179 mm/s. The cross sectional area of an egg was 0.002463 mmz based upon an egg

diameter average of 56pm +2.95 stdev, n:15 female x 15 individual eggs. po calculated by this

method is therefore 4.414 mmt/s.

Table 3.3 Estimates of the sperm-egg contact rate constant (po) and the fertilisation rate constant (p).
Estimates of po were made either by SigmaPlot@ iteration of the VCCW model or independently by
multiplying the mean sperm swimming speed estimate by egg cross sectional area. Estimates of p were all
iteratively estimated. The p/po ratio is the proportion ofsperm egg contacts that lead to successful

fertilisation. The theoretical sperm speed is calculated by dividing po by the physical egg cross sectional area
(o: 0.0025 mm'1. tne theoretical egg size is calculated by dividing poby the sperm swimming speed (u :0.179
mmis).

Fo
Estimation

Method

Fo

(mmr /s)

B

(mm3 /s)

9/Fo
ratio

R2

raw
R,

mean
conected

Theoretical
Sperm speed

(mm /sec)

Theoretical
Egg size
(@u,m)-

Iteratively 3.1-', 1.5* 0.05 0.91 0.67 1.25 148

Independent 4.4* 8.5-5 0.17 0.90 0.63 0.179 60

Using the independently calculated Bo estimate (4.414 mm' /s), the iteratively derived fertilisation

rate constant (B) was 8.5 x 10r. The resulting p/po ratio was 0.19 (Table 3.3). The model

explained about 90%o of the variation in the observed fertilisation (the mean corected Rz was

0.63).
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Fertilisation success predictions using iterated values of po appear to better explain the observed

fertilisation data than when predictions are based upon the independently oalculated Fo Gig 3.12).

The independently calculated po based prediction were not sensitive to changes in egg

concentration (Eo).

For the iteratively sstimated po value (1.54 mm3/s) sperm swimming speed and egg cross

sectional area were determined using the po: u x o method. Sperm swimming speed (when o is

that for a 56 pn diameter ova) is 1.25 mm/s. Egg diarrreter (when u is the observed 0.t79 mm/s)

is 148pm (Table 3.3).
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Figure 3.12 Observed fertilisation rates and predicted fertilisation rates using the VCCW model for eggs held
at three concentratiorur (Eo = eggs/ p,l). (A) is when Eo=0.1, @) is when Eo:0.5 and (C) is when Eo=1.0.
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3.3.9 Predicting optimal gamete concenfrations.

The prediction of optimal spenn concentration for fertilising ova at concentations between 0.5

and 12 ova/pl are stown in Fig 3.13. For ova suspensions of less than about 2 lpl a sperrl

concentration of around 100 sperrn/pl is suitable to achieve a high fertilisation rate. At ovum

concentrations between 2-6 l1tl, spenn concenhations between about 100-300 sperrn/pl would

yield at least 90% fertilisation success. At ovum concentrations between about 6-10 /pl more than

4-500 sperrn/pl are theoretically required to achieve high fertilisation rates
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to right. (B). Displays the three dimensional trends in the predicted data.
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3.4 Discussion

3.4.I Gamete concentration and contact time

Fertilisation rate was sensitive to changes in gamete concentration. Both sperm and egg density

had a significant impact on fertilisation rates, however sperm concentration had the greater

influence, especially at concentrations below 20,000 sperm/ml. These results were similar to the

findings of Sprung and Bayne [1984] studying Mytilus edulis, Benzie and Dixon [199a] and

Levitan et al. ll99ll studying fertilisation kinetics of starfish and sea urchins, where gamete

concentrations, particularly that of sperm, influence fertilisation rates.

For egg concentrations of less than 1,000/ml concentration of 50 - 100,000 sperm/ml maximised

fertilisation success (Fig 3.1), Hay and Hooker [994] found the best yield of veliger larvae

(97%) for eggs (about 30/ml) fertilised with sperm at a concentration of around 10,000/ml. At the

higher sperm concentrations trialed, 100,000, sperm/ml yield was 67Yo. The optimal gamete

concentrations found for Perna canaliculus were not greatly different from those reported for

Mytilus edulis. Sprung and Bayne [1984] found an optimal gamete concentration of l0 - 50,000

sperm/ml for 5 to 100 eggs/ml.

At higher gamete concentrations, ma;<imal fertilisation success occurred more rapidly than when

gametes are more diluted and widely separated. At a sperrn concentration of 50,000 sperm/ml

fertilisation of 95o/a of ova occurs within 5 minutes (Fig 3.3).

Gamete ratio is a very good predictor of fertilisation success, when eggs are maintained at a

consistent density (Fig 3.2). At any given sperm to egg ratio, the higher ova concentrations

consistently had a higher fertilisation rate. This is probably due to the fact that as gamete

concentrations rise, under constant relative ratios, the distance between gametes becomes less and

thus the probability of contact and fertilisation rises. Relative concentrations are therefor

suggested to be the more appropriate expression to describe conditions for gametes mixing.

3.4.2 Polyspermy

The polyspermy experiment examined the effect on veliger yield when eggs were fertilised in

suspensions of increasing sperm concentration. The data show that both larval yield and larval

normality are reduced at higher sperm concentrations (Fig 3.9). These are the expected effects of

polyspermy. Polyspermic eggs and abnormal development have been demonstrated to be highly
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correlated [Stephano and Gould 1988]. The aberrant larvae were conspicuous in that shell

development was abnormal and larvae were often smaller than normal. Howevero polyspermy can

only be the speculated cause behind abnormal larval development and reduced yield. Anoxic

conditions (due to sperm metabolic consumption) or possibly the effects of decomposing spent

sperm were not controlled for and may have affected the result. For a better understanding of the

effect of gamete concentration on polyspermy it is necessary to quantiff sperm entry into the egg.

The use of nuclear staining allows incorporated sperm nuclei to be visualised [Togo et al. 1995,

Desrosiers et al. 19961.

Togo et al. ll995l found a sperm/egg ratio above 8000 was sufficient to give a high rate of

polyspermy in Mytilus edulis. In the current experiment this ratio is equivalent to a sperm

concentration of 6.8 x 105 sperm/ml, a concentration not greatly higher than the 5.0 x 105 used.

Togo et al. |9951also demonstrated that polyspermy increased with increasing age of the ova at

18-20oC, especially when sperm concentrations were high (sperm/egg : 2.0 x 103). The authors

demonstrated that ova of Mytilus edulis have both a fast block to polyspermy, that is dependent

upon plasma membrane depolarisation, and a late polyspermy block. They suggested that the

latter strategy involves both suppression of the acrosomal reaction and a contact block at the

plasma membrane.

For practical purposes the data highlights the necessity to control the concentrations of gametes,

particularly sperm, during fertilisation. Providing too high a concentration of sperm can reduce

veliger yield and produce aberrant larvae through polyspermy. In practice the required

concentration of sperm does not necessarily need to be supplied to ova instantaneously, but may

be delivered step-wise over a time by dosing several sperm aliquots, thus gradually increasing

ambient sperm concentration. As ova of Perna canaliculus are expected to have a fast block

mechanism and probably also a slow block strategy similar to Mytilus edulis, the risk of

polyspermy is most acute at instantaneously high sperm concentrations. Another practical

consideration is that eggs may be more resistant to polyspermy if incubated for a period after

spawning before being fertilisation. Crassostrea gigas ova incubated for 1-1.5hr were

significantly more resistant to polyspermy than ova fertilised immediately after release fStephano

and Gould 19881.
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3.4.3 Sperm life

The sperm of Perna canaliculus remained viable for a longer time when they were held at higher

concentrations (Fig 3.6). This phenomenon is known as the respiratory dilution effect [Chia and

Bickell 1983]. Marine invertebrate spermatozoan are suggested to be obligate aerobes fChia and

Bickell 1983]. As sperm are diluted, oxygen is more readily available and metabolism increases.

The total metabolic reserve of a spermatozoan is fixed, and as metabolic rate increases life span is

shortened. Lifespan can thus be extended by aging sperm at higher concentrations, or

specifically, under conditions of oxygen limitations. Anaerobic conditions within the testis are a

major factor inhibiting sperm motility there. Chia and Bickell [1983] give evidence that pH,

oxygen and carbon dioxide tension affect sperm activity in vitro.

The data from this current study would suggest that fertilisation success of above 80o/o can be

achieved for sperm held at 50,000 /ml if they are aged for no longer than 30 minutes at 12oC. For

practical purposes it is simple to collect spenn and hold them at very high concentrations (many

million sperm/ml) for storage prior to dilution and estimation of motile sperm concentration.

Successful fertilisation has been regularly achieved with sperm aged for several hours. As an

extreme example, Miller [19S5] maintained "dry" (undiluted) sperm of the starfish Orthasterias

for 30 days.

The temperature - gamete age experiment provided useful information for the fertilisation

management of Perna canaliculus. The rate at which fertilisation capacity of gametes fell

appeared strongly related to the temperature at which they are aged (Fig 3.10). When gametes

were aged in seawater at 21"C, fertilisation success fell rapidly in comparison to gametes aged at

l2oC in which fertilisation success remained high for over 3 hours. The reduction in fertilisation

rate of gametes aged at 21"C was probably initially due to the effect of sperm aging and then at

some time after 2 hours the effects of egg deterioration came into play. Reducing the incubation

temperature during ageing was found to prolong longevity and fertilisation capacity for sperm in

the doughboy scallop Chlamys (Mimachlamys) asperrima [O'Connor and Heasman 1995].

Veliger yield was enhanced by lowering the incubation temperature from 26 to 14oC and

reducing the storage period (from 6 to thr) for the scallop Pectenfumafas [Heasman et al. 1996]

As has been discussed, the likelihood of polyspermy increases with egg age. Fertilisation failure

in Mytilus galloprovincialis, due to gamete aging, occurred most rapidly at higher temperatures

(warmest treatments:18"C) [Sedano et al. 1995]. This study also investigated the effect which
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aging duration and temperature had on the biochemical composition of the eggs. The results

clearly demonstrated the loss of constituents was most pronounced at higher temperatures. The

constituent loss after 5 hours in the 18"C treatment for proteins was 45To,lipids was 460/o and

carbohydrates wils 48%. The leaching of biochemical constituents during egg deterioration is a

likely factor influencing fertilisation failure of ova, it is also of major relevance to the survival

and growth potential of embryos and larvae. Certainly severe losses of energy and growth

reserves prior to fertilisation will likely have a significant impact on later larval development.

Spawning and storage of gametes in cool conditions is recommended. Delays of less than a few

hours in mixing gametes appear to have a negligible effect on fertilisation success when garnetes

are incubated at a temperature of 10-t2oC. The effect of delayed fertilisation on later larval

development has not been specifically investigated, therefore it is recommended that aging of

gametes should be minimised as much as practicable. The effect of fertilisation temperature on

final larval yield has not been tested, but larval production has been very successful with gametes

fertilised at 10-12'C (Fig 3.11).

Fertilisation at such low temperatures however is not the common practice in bivalve larval

culture. Typically, fertilisation is conducted at temperatures at which larvae are cultured, usually

between l8-21oc. In these warrn conditions the effect of gamete aging is pronounced and

gametes must be mixed soon after spawning to avoid yield loss [Utting and Spencer l99l]. For

example, Hay and Hooker U9941found a 25 fold reduction in larval yield when gametes were

aged for 30 minutes at near 20"C. Fertilisation conducted in warm (20"C) conditions does not

always allow the culturist time to collect gametes and determine concentrations for a controlled

fertilisation protocol which is especially important when conducting experimental trials. For

culture and research purposes, fertilisation in cool water releases the operator from impractical

time constraints allowing for consistent and controlled conditions in which to fertilise ova.

3.4.4 Optimising fertilisation

The fertilisation protocol was consistently successful in fertilising ova (98%) and the majorify

(92%) of ova developed to the veliger stage (Fig 3.1l). For the successful fertilisation of Perna

canaliculus ova it is recommended that gametes be stored in filtered cool seawater (10-12'C).

Spermatozoa should be stored at high concentrations (>1x 106 spermlml gives a life span of at

least 3 hours). Storage should be for as short as practicable as leaching of biochemical

constituents may affect later development and survival. Fertilisation should be controlled to give
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50-100,000 sperrn/ml with egg concentrations below 1000/ml. For higher egg densities optimal

sperm concentrations to give a high fertilisation rate can be estimated from VCCW model

predictions summarised in Fig 3.13. At higher sperm concentrations (over 100,000 sperm/ml)

there is a risk of polyspermy and a reduced larval yield and quality. When concentrations grcater

than this are required, a stepwise addition of sperm is suggested. Fertilisation will, in most cases,

occur within a few minutes (nominal 15 min) after which embryo suspensions can be diluted as

desired for embryo culture.

It is speculated here that the poor larval yield reported in previous works [Dean and Hayden

1989, Redfearn 1998] may be due, in part, to inappropriate fertilisation parameters. The

observation of many aberrant larvae fRedfearn 1998] would suggest polyspermy may well have

occurred. Certainly fertilisation conditions must be standardised if experimental conclusions are

to be drawn from data such as fertilisation rate and veliger yield.

The value of conclusions drawn from uncontrolled experiment must be treated with caution. The

speculation concerning the feasibility of hatchery production with a forecast 2o/o veliger yield is

of little value [Redfearn 1998]. Certainly the suggestion of Tong and Redfeam [1985] that a25Yo

veliger yield is "significant" and a yield of less than 25Yo infers a poor batch is dubious. The

current study would suggest a larval yields less than about 90 % indicate poor fitress. The results

demonstrate that fertilisation success and larval yield can be predictably high when the stock

selection and the fertilisation process iue managed (see Chapter l). The post-fertilisation yield of

larvae is not an obstacle for the commercialisation of GreenshellrM mussel spat production given

adequate broodstock availability (see Chapter 3).

3.4.5 Modeline fertilisation

3.4.5,1 The flporatio

Predicting fertilisation using the VCCW model, incorporating the iteratively estimated constants

for Fo and p, provided a good reflection of the observed pattern of fertilisation. The fertilisability

of gametes (B/po ratio) is estimated at 4.9o/o (Table 3.3).

The B/Bo ratio infers that either 4.9Yo of the sperm of Perna canaliculu.s are capable of fertilising

the ova once contact had been made or that 4.9 % of the ova surface is receptive to spermatazoa

and allow fertilisation to occur. The ratio is similar to the 3.4o/o reported by Levitan et al. ll99ll
for the urchin Strongtlacentrotus franciscanus. Vogel et al. 11982] found that only lVo of sperm
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egg contacts led to successful fertilisation in the urchin Paracentrous lividus.In the sea biscuit

Clypeaster rosaceus Levitan and Young [995] estimated that l0% of sperm-egg contacts led to

fertilisation. Recently a F/00 ratio of about 1.1 o/ohas been estimated for abalone (Dr. R. Babcock

pers. comm.).

3.4.5.2 The independent ps estimate

When Bo is independently calculated by multiplying sperm swimming speed by egg cross

sectional area, the B/Bo ratio is 19.3% (Table 3.3). The model based upon this po estimate was not

sensitive to changes in egg concentration (Fig 3.12).

Levitan et al. ll99ll found no significant difference between the independently estimated Bo

value and the iteratively estimated Bo value. In the current study the independent po based

fertilisation predictions did not compare well to observed fertilisation success. This would

suggest that at least one of the variables used to calculate po (either sperm swimming speed or

egg cross sectional area) was not accurate.

The iteratively estimated Bovalue 3.lx10-r, when resolved using the independent method, suggest

a spenn swimming speed of 1.25 mm/s (when the egg diameter is 56pm) or alternatively, when

the measured sperm swimming speed (0.179 mmls) is used, the egg diameter is 148pm (Fig 3.14,

Table 3.3).

The estimation of cross sectional area based upon a egg diameter of 56 pm can be accurately

determined, however the estimation of the sperm swimming speed is probably less precise (i.e.

more variable).

Swimming speed of Perna canaliculus sperm was estimated at 0.179 mm/s. This velocity is

similar to the 0.149 mm/s reported for the urchin Strongylocentrotus franciscanus lLevitan et al.

1991]. Swimming velocities of between 0.12 and 0.19 mm/s have been reported in urchin species

and between 0.088 and 0.145 in three starfish species [Levitan 1995].

Levitan et al. U991] found significant differences in the mean swimming speed of sperm

spawned from different individual urchins (mean of 0.149 mm/s ranging from 0.05 to 0.25

mm/s). In the current study of Perna canaliculus, mean speed was estimated using sperm from

only one male. Given this evidence one can reasonably accept that sperm swimming speed might

vary by t 2-3 times, say between 0.05 and 0.5 mm/s for Perna canaliculus. The fastest sperm

68



Chapter 3. Fertilisation dynamics in Perna canaliculus

speed (0.5 mm/s) is however less than half the speed resolved by the u x o method (1.25 mm/s) if
an egg diameter of 56pm is used. If the assumption of sperm swimming speeds of between 0.05

and 0.5 mm/s is accepted, the u x o method infers an effective egg diameter between 281pm and

88pm (Fig 3.la).
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Figure 3.14 Effective egg size derived by the independent method of estimating the po constant. Given po of
3.1-3 mmr/s, and the actual egg diameter of 56 Fm, sperm swimming speed is resolved as 1.25 mrn/s (O1).
When a sp€rm swimming velocity is between 0.05 and 0.5 mnr/s (based on measured velocities and likely
variability) the effective egg size is between 281 and 88 pm in diameter (O2).

3.4. 5.3 Sperm behaviour

It is suggested that the large effective egg size resolved by the independent Bo estimation method

is due to variation in sperm behaviour due to some chemical effect of the ova or the seawater in

which the ova have been incubated.

Sperm may be attracted to the egg within some distance and therefore increase the effective egg

size. Miller 11977 and 1985] has demonstrated chemo-taxis in sperm of echinoderms and

molluscs. In these studies, once sperm come within 100-200ptm of ova or ovary extract a ta:cic

response occurred.

Sperm swimming activity may increase when in seawater containing ova and increase the

probability of contact. Sperm activating substances (SAS) present in egg supernatant increase

sperm motility of several echinoderm species. It is suggested that SAS counteracts the inhibitory

effects of the lower pH associated with spawned ova fChia and Bickell 1983]. In the current
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study non-motile sperm within the suspension (previously assumed to be non-viable and

accounted for in the model) may be activated within the egg supematant and increase

effective sperm concentration.

Neither attracting nor activating substances or associated activity have been demonstrated for

sperm of Perna canaliculus. It has however been obsenred for sperm to change their behaviour

when they come in contact with seawater in which ova have been incubated. Sperm have been

seen to clump together in agglutinations [Miller 1985] and hyperactivate when exposed to egg

supematant. This observation would suggest that a compound(s) released by the eggs or spawned

with them do indeed affect sperm.

Fertilisation success is dependent upon gamete concentrations, spenn swimming speed and

longevity, egg size and egg fertilisability [Levitan 1995]. Under conditions of sperm limitation,

typical of free spawning animals, variation in egg traits can have a marked effect on fertilisation

success and are a likely evolved response to sperm limitation fl-evitan 1996]. Jelly coats and

follicle cells have been demonstrated to increase the effective egg area which directly increases

fertilisation success fl-evitan 1995 and 1996].

The expected effect of the small comparative size of bivalve ova is that sperm - egg collisions

would be relatively lower than in species with larger eggs (given all other conditions are similar).

It is speculated that marine invertebrates with small ova may have evolved mechanisms, such as

sperm chemotaxis, to promote successful fertilisation that are not found or not found to the same

extent in species with larger ova.
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3.4.6 Summary

This study has investigated features of the fertilisation dynamics of Perna canaliculus ova in

order to develop a reliable and practical fertilisation protocol. The study, for the first time,

examined the kinetics of fertilisation for a bivalve mollusc using the VCCW model.

The fertilisation protocol is based upon several key findings of the research;

a) relative gamete concentration (particularly sperm) effects fertilisation success,

b) sperm/egg ratio is a good predictor of fertilisation rate when egg density remains constant,

c) sperm longevity (fertilisation capacity) decreases with dilution and age

d) fertilisation capacity of gametes is prolonged if aged at lower temperatures (10-12'C)

e) high sperm concentrations used for fertilisation can reduce the viable veliger yield

The VCCW model is effective in explaining 90% of the variation in fertilisation observed for

Perna canaltculus gametes. Modeling the fertilisation kinetics of Perna canaliculus suggested

that about 5%o of sperm-egg contacts lead to fertilisation. The independent method of estimating

po suggests a sperm activation or taxis substances is released by the ova of Perna canaliculus that

increases the probability of sperm-egg contact.
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4. Broodstock management of Perna canaliculus

4.1 Introduction

Hatchery production of spat is fundamentally controlled by the availability of sexually mature

broodstock that produce high quality gametes for larval culture. Mature broodstock can be

obtained directly from wild or farm cultured populations. Collecting from the field is, however,

only possible for a small period of the year while hatcheries generally aim to operate for a

substantially greater period.

Perna canaliculus undergoes a aufumn-winter accumulation of reserves and gametogenesis with

spawning in spring to early summer. If nutrition is adequate Perna canaliculus may undergo an

opportunistic late summer-autumn spawning as has been described in Chapter 2. Both promoting

and prolonging seasonal periods of maturity may extend Broodstock availability.

The initial aim of the study was to condition reproductively immature stocks. As conditioning

research was the sole focus of a concurrent NIWA (Mahanga Bay) project the experimental focus

of my study was directed towards developing broodstock holding protocols. The NIWA study

unfortunately was not able to demonstrate a productive conditioning protocol although spawning

did occur in some experiments, however the larvae produced were not viable [Redfearn 1998].

The constant demand for mature animals needed for the research presented in this thesis called

for a productive broodstock supply system to be rapidly developed. The observation that mature

animals, when brought in from field, could be held for several days before being spawned

provided the basis for the broodstock maintenance technique tested in this study.

The general research strategy of this chapter was to first achieve the primary aim of developing

protocols for conditioning and/or maintaining broodstock in the laboratory. In addition to these

primary objectives, pilot scale experiments were conducted to gauge the potential value of

photoperiod manipulation and non-algae products as an altemative source of nutrition.

There is no published literature describing successful conditioning techniques for Perna

canaliculus, although several studies have been conducted. The study of Dean and Hayden

U989] attempted to condition Perna canaliculus in trials that ran for only 14 days; a short time

frame in which to investigate the effect of feeding ration on gonad maturation. Spawning success
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was found to be best in animals that were regularly pulse fed. For this particular feeding protocol,

animals were submerged directly into algae feed tanks (presumably of concentrated algae). The

pulse feeding may have improved sexual maturation leading to improved spawning or possibly

spawning could be related to the general degree of stress in the animal, which after repeated

exposure to high concentrations of algae may have been relatively high. The effect of temperature

was not examined in these trials with all experiments conducted between l8-20 oC.

The major exogenous parameters affecting broodstock condition are temperature, diet ration and

diet quality. In general, bivalve broodstock are conditioned by raising the temperature of seawater

above the minimum at which reproductive development is initiated and supplying supplementary

microalgal nutrition to fuel maturation [Loosanoff and Davis 1963, Utting and Millican 1997].

The optimal temperature protocol for conditioning Perna canaliculus needs to be experimentally

examined as it can not be reliably generalised from the findings of other species. For example the

optimal temperature for the conditioning of Pecten fumatus is l5oC [Heasman et al. L996f,

Dreissena polymorpha is lzoc [Borcherding 1995], Crassostrea gigas is near 20-25"C

[Maranaka and Lennan 1984, Utting and Spencer 1991], Ostrea chilensis at l7"C [Wilson er a/.

1996]. The mean temperature range in the Marlborough Sounds where GreenshellrM mussels are

commonly cultivated rarely exceeds 9 - 20"C (S. Buchanan pers. obsv.).

Feed ration and qualify is particularly important for successful conditioning. When raw water has

a high phytoplankton content supplementary microalgal nutrition may not be necessary for

conditioning [Robinson 1992) although generally a ration of 3-60/o of initial dry meat mass is

recommended for bivalves depending upon the species and the conditioning temperature fUtting

and Spencer 1991, Utting and Millican 19971. A microalgal diet comprising of several species

(particularly a flagellate and diatom mixture) is regarded as superior to a single species diet. The

experiments presented in this chapter, while not specifically examining feed dose per se would

suggest a2-3Yo ration is minimal.

Photoperiod manipulation is not generally used in the conditioning of bivalves apart from

scallops [Utting and Millican 1997], but anecdotal information (P. Redfearn pers. comm.)

stressing the difficulties in conditioning Perna canaliculus provided the impetus to explore new

methods. The simple photoperiod manipulation trialed in this study did not produce any

signifi cant gonad maturation.
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A significant cost factor for bivalve conditioning is producing the high volumes of microalgae

needed for feed. The cost savings of effective supplementary or partial replacement diets would

be of great value to the hatchery operator. The value of feeding a non-microalgal diet must take

into account the effect on the biochemical content of developing gametes as larval viability is

strongly associated with ova composition [Bayne et al. L975, Bayne et al. 1978, Gallager et al.

1986, Gallager and Mann 1986, Webb and Chu 1981, George et al. 19901. Some diet

formulations may enhance the broodstock quality by providing important biochemical

components such as essential fatty acids fCouttea.u et al. 1996]

Supplementary non-microalgal nutrition has been offered through particulate feed such as

microcapsules [Chu et al. 1982, Kreeger and Langdon 1994, Knauer and Southgate 1997] yeasts

and yeast based products [Urban and Langdon 1984, Coutteau et al. 1990, Nell et al. 1996] and

protein products [Nell 1985]. Lipid emulsions have value as a carrier of essential fatty acids as

demonstrated with the spat of scallop Placopecten magellanicns [Coutteav et a/. 1996]. The

effect on tissue mass and reproductive condition of Perna canaliculus when provided an artificial

supplementary diet was explored as part of this study. The experiment provided the experimental

evidence to support further study not presented in this thesis (see SectionT.6).

74



Chapter 4. Broodstock managementof Perna canaliculus 7S

4.2 Methods and materials

4.2.1 Algae culture and supply

Microalgae for all conditioning experiments were grown at 19oC with 18 hours light per day.

Flagellates were first cultured in 20 and 40 I bags and diatoms were cultured in 20 I

polycarbonate carboys. All microalgal species were also cultured semi-continuously in 1000 I

polyethylene tanks [O'Meley and Daintith 1993]. All cultures were constantly aerated with 0.2

pm filtered air containing a COz supplement of IYo v/v. Bag and carboy cultures were provided

with broad band fluorescent lighting and the 1000 I tank cultures were top lit with 250W metal

halide bulbs. All species were cultured with Guillards F, media using 0.35pm, UV sterilised

seawater of salinity between 33-36 ppt. The diatom species were provided with m Fr

concentration of silica. Microalgae were harvested during log phase growth. AII cultures were

originally supplied by CSIRO Fisheries division, Hobart, Tasmania. The Tahitain strain of

Isochrysis galbana was used throughout and is usually referred to as Isochrysis galbana (T-Iso).

In all experiments microalgae were delivered to mussels with the replacement water supply at a

constant concentration throughout the day, as Winter [978] had previously demonstrated the

growth benefits of feeding by this method. The offered feed ration is usually described as a

percentage of the initial dry meat (tissue) weight in dry weight of microalgae fWinter 1978,

Utting and Millican t9971, Dry weight data for the microalgal species used in these trials were

taken from Brown et al. [1991]. All seawater was sand filtered to reduce the potential

confounding effect of supplementary nutrition that may have been available in unfiltered

seawater.

4.2.2 Condition improvement I

Sexually immature adult mussels (gonad visual grade of about 1.0, see Chapter 2 for details of

grading system) were collected from a marine farm (Lic. 138) located in Beatrix Bay in the

Marlborough Sounds. Ambient surface seawater temperature was 13.2 oC. Animals were

transported back to the laboratory within 2 hours, cleaned and placed in a 250 I tank with a 20 I

flow-through of fresh sand filtered seawater. Initially, the water was held at 14 + 0.2 oC for 24

hours and then raised by 1'C per day acclimatising animals to specific treatment temperatures.

Three replicate 45 L tanks at each of the temperatures 15oC, l8oC and 21'C initially held 42
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animals each. Each tank received, a20%o water replacement per hour with constant aeration. The

experiment was maintained on a12:12 D:L cycle.

Each tank received a mixed algal diet comprising equal dry weight equivalents of Isochrysis

galbana (T-Iso), Chaetoceros muelleri and Pavlova lutheri at a daily ration for each mussel of

0.085 g dry weight. The ration was equivalent to about 5% of the initial average dry meat weight

of the mussels sampled at the beginning of the experiment. The microalgae were supplied to each

treatment tank through intravenous-type controlled flow units. Every 2-3 days, faeces and detritus

were siphoned from the bottom of the tanks and any individuals that had climbed the tank sides

to the surface were re-submerged.

Before the experiment started, 30 animals were sampled for condition measurements. At 4, 8 and

16 weeks, l0 animals were sampled from each replicate tank for condition measurements.

Between weeks 4 and 8 one replicate tank from the 15'C treatment accidentally received a

prolonged free flow of algae that caused a mass spawning, resulting in the loss of this replicate.

Measurements collected were: length from umbo to opposite ventral margin, width at the widest

point between valve margins, whole weight once the animals were drained of water held within

the mantle cavity, wet meat weight, dry meat weight once dried at 60oC for 48-72 hours. Shell

weight being the whole weight less the wet meat weight. A gonad visual grade was assigned to

each sample, grading the gonad between I (spent/undeveloped) to 4 (fully ripe) for both sexes

(See Chapter 2). Meat yield index (wet meat weight/whole weight %) and meat solids index (dry

meat weight/wet meat weight %) were calculated for each sample. For the experimental sampling

times (weeks 4, 8 and 16) an additional measurement of individual percentage shell growth was

taken, made possible by a change in the colour of new shell growth when in the laboratory.

Differences amongst the temperature treatment measures after 16 weeks of conditioning were

analysed by ANOVA. All proportional data were first normalised by the arcsine square root

transformation.

4.2.3 Condition improvement2

Mid maturity mussels (gonad visual grade average was about 1.8) were collected from a marine

farm (Lic 150) located in Hallum Cove in the Marlborough Sounds in late surlmer. Animals were

transported back to the laboratory within 2 hours, cleaned of encrusting organisms and placed in
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individual aerated 1 I plastic containers receiving about 600 ml seawater replacement/hr via

commercially available irrigation dripper units. Ninety animals were placed in each of the two

identical treatment systems. The initial water temperature in the systems (12"C) was raised by

loClday until the respective treatment temperatures of 16 oC and 22 oC were reached. Animals

were fed a mixed diet of .Isochrysis galbana (T-Iso), Chaetoceros muelleri and Tetraselmis chuiii

atal:2:5 equivalent dry weight ratio. Animals were offered a daily average of 0.11g dry weight

of microalgae. The experimental duration was 46 days. The experiment was maintained on a

12:12 D:L cycle.

An initial sample of 20 animals was taken at the beginning of the experiment and a sample of 70

animals taken at the end. Individual animal measurements collected were: length, whole weight,

wet and dry meat weight, gonad visual grade, meat yield and meat solids index as have been

described previously. The differences in the various meastues between the start and end values

for the two temperature treatments were analysed by t-Test. All proportional data was first

normalised by the arcsine square root transformation.

The remaining 20 animals in each treatment were induced to spawn in separate 1 I glass

containers of 0.35 pm filtered, UV sterilised seawater using thermal shock. Gametes were

collected and counted. Sperm density was estimated using a Neubauer haemocytometer and egg

density estimated over 6 counts (blank corrected) using a model ZF Coulter counter. Spawned

gametes were fertilised in 50 mls of seawater at 100,000 sperm/ml and 40 eggs/ml at 22 oC with

four replicates for each spawning female. Three hours after the addition of sperm at least 100

eggs from each replicate were examined for evidence of fertilisation success at 400x

magnification using an Olympus IMT-2 inverted microscope. Fertilisation success for the eggs of

each female was calculated as the average of the four replicate fertilisations (CV * 4).

Fertilisation data was nonnalised by the arcsine square root transformation prior to t-Test

analysis (separate variance). Diameters of at least 10 eggs from each spawning female were

measured under 400x magnification with an eyepiece micrometer and mean diameter established

(CV 
^v 4). Significance of differences in egg size between the temperature treatments was

determined using t-Test (separate variance).
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4.2.4 Condition improvement and photoperiod

In spring, sexually immature animals (gonad visual grade average was about 1.0) were collected

from Hallum Cove and transported back to the laboratory. Animals were acclimatised for two

days in constant darkness before photoperiod treatments were established. Light:Dark (LD)

treafments were 6: 18, 12:12 and l8:6. Each treatment had 3 replicate 40 I bins each containing 30

animals. Treatment bins were lit by twin "nafural daylight" fluorescent tubes and were enclosed

within black plastic sheeting to prevent exterior light penetration. Photoperiod was maintained

using plug mounted timing controllers. Water temperature was maintained at 17+0.5 oC.

Microalgal feed was supplied within a constant I I per minute water replacement supply. Animals

were offered a daily average of 0.052 g dry weight of microalgae (Table 4.1).

Table 4.1 Microalgal feed for the photoperiod experiment. Average daily individual feed (by cell number and
dry mass) of the microalgal species Tec Tetrsselmis chuiii,Iso .lsacftrysrb galbana (T-Iso),Pav Pavlova lutheri'
Cm Chaetoceros muelleri, Tes Tetraselmis suecica and Dun Dunaliella turtiolectu

Feed Species Iec Iso Pav Cm fes Dun
Feed Ratio
Cell number
Mass (drv weieht e)

%
5

32

%
24
18

%
8

2l

%
t2
23

%
I
6

%
50
l1

Total
1.3x10e
0.052

At the start of the experiment 20 animals were sampled and after 90 days treatment exposure 10

animals from each replicate were randomly selected, pooled and the following individual animal

measurements collected: length, whole weight, wet and dry meat weight, visual gonad index,

meat yield and meat solids index as have been described previously. Differences between

treatments at the end of the experiment were tested by ANOVA and Tukey's multiple

comparison.

4.2.5 Alternativefeedsupplements

A supplementary artificial diet, expected to enhance the nutrient ration fed to broodstock, was

trialed in contrast to a microalgal only diet. Several supplements were explored before a mixture

of yeast and lipid emulsion was finally chosen. These products given together are rich in protein,

carbohydrate and lipid. Other test diets ingested by Perna canaliculus adults included dried and

powdered Gracilaria chilensis, cysts and early nauplii of artemia and clay/silt sediments.
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Immature animals were collected from Sealord Shellfish Ltd. Fifty animals each were distributed

on submerged trays within two identical 500 I aerated cylindro-conical fiberglass tanks. Each

tank received identical water replacement and algal feed. Water was supplied at about 2 | per

minute at the ambient temperafure 12-15 oC. Animals were offered an average daily ration of

0.159 dry weight of microalgae (Table 4.2). The experiment was maintained on a 12:12 D:L

cycle.

Table 4.2 Microalgal base diet for the alternative feed type experiment. Average daily individual feed @y cell
number and dry mass) of the microalgat species Tec Tetraselmis chuiii,Iso lsocArysis galbana (T-Iso)'Pav
Pavlova lutheri, Tes Tetraselmis suecica and Thal Thalassiosira pseudonana.

Feed Species Tec Iso Pav Tes Ihal
Feed Ratio
Cell number
Mass (drv weieht e)

%
26
69

%
48
I4

%
6
6

%
)
8

%
l5
4

Total
l.6xl0e

0.15

One of the 500 I tanks was given a supplementary feed mixture in addition to the microalgae.

Pilot trials had already shown that adult mussels ingested yeast and a lipid emulsion. Each day, I

g of inactivated Saccharomyces cerevisiae (Nutri-yeast) and 1 ml of a lipid enrichment emulsion

(Aqualife - Nutri packt) was suspended in l0 I of filtered seawater and continuously added to the

conditioning tank over a 10 hour duration. The Nutri Yeast product contains 40Yo protein, 42o/o

carbohydrate and various minerals and vitamins. Aqualife Nutripack is a lipid emulsion product

used for crustacean and fish enrichment. Nutripack contains 52% marine oil.

Mussels were s:rmpled at the beginning of the experiment (n : 15) and after 8 weeks (n =

32ltreatment) and the following measures taken: length, whole weight, wet and dry meat weight,

gonad visual grade, meat yield and meat solids index as have been described previously.

Proportional data was norrnalised by the arcsine square root transformation and all data was

analysed by ANOVA and Tukey's multiple comparison. Data that displayed strong non-

normality was analysed by the non-parametric Kruskal-Wallis test in order to veri$r the

conclusions of ANOVA.

z Nutri Yeast and Aqualife Nutripack are available from Gulf Pacific industries Ltd, PO Box 40027, Glenfield, Auckland 1330,

Tel 09 4156888.
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4.2.6 Condition maintenance I

Mature animals (gonad visual grade average was about 3.8), were collected from Sealord

Shellfish Ltd. and transported to the laboratory and maintained in aerated I I plastic containers

with 100% water replacement every hour. Animals were offered an average daily ration of 0.12 g

dry weight of microalgae (Table 4.3). The experiment was maintained on a12:12 D:L cycle.

Table 4.3 Microalgal feed for maintenance experiment 1. Average daily individual feed (by cell number and

dry mass) of the microalgal species Tec Tetruselmis chuiii, and Iso Isochrysis golbana (T-Iso).

Feed Species Tec Iso
Feed Ratio
Cell number
Mass (dry weieht e)

%
97

99.5

%
J

0.5

Total
4.6x108

0.r2

Two temperature treatments, l0 oC and 16 oC, were maintained to within 1.5 oC using

temperature controlled water supplies. At weeks 2, 5 and L2, ten animals from each treatment

were removed and spawning induction attempted using temperature shock. Spawned eggs were

fertilised in triplicate 50 ml containers of 0.35 pm filtered UV sterilised seawater for each female

on the first two occasions. At week 12 triplicate I I glass bottles were used. Gamete

concentrations of 100 eggs/ml and 50,000 sperm/ml were used throughout. Fertilisation success

was established for each replicate at 3 hours after the addition of sperm with at least 100 eggs

examined. Mean percent fertilisation was established for each female (CV t 5) and data

normalised by the arcsine square root transformation. Differences among times and treatment

temperatures were analysed by ANOVA.

At the beginning of the experiment individual shell lengths and whole weight were recorded for

all animals. At the end of the experiment, at 12 weeks, remaining animals were again measured

such that average individual growth could be calculated over the duration of the experiment.

Changes in lenglh and whole weight were compared between the two temperature treatments by

repeated measures ANOVA. Gonad visual grades were assessed for 20 animals at the start and l0

animals for each treatment at the end of the experiment.

4.2.7 Condition maintenance 2

Ninety mature mussels (gonad visual grade average was about 3.9) collected from a marine farm

(Lic 180) in the Marlborough Sounds and transported to the laboratory. Animals were maintained
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in aerated I I plastic containers with 100% water replacement every hour. Water temperafure was

maintained between l0 and 12 "C throughout. Animals were offered a daily average of 0.07 g dry

weight of microalgae (Table 4.4). The experiment was maintained on a l2:L2 D:L cycle.

Table 4,4 Microalgal feed for maintenance experiment 2. Average daily individual feed (by cell number and
dry mass) of the microalgal species Tec Tetraselmis chuiii,Iso.Isocftrysis galbant (T-Iso),Tes Tetraselmis
suecica and Thal Thtlassiosira pseudonana.

Feed Species Tec Iso Tes Ihal
Feed Ratio
Cell number
Mass (drv weieht s)

%
t9
63

%
38
l4

%
5

10

%
38

t4

Total
9.1x108

0.07

At the beginning of the experiment and after a 58 day maintenance duration, 13 animals were

sampled for the following individual animal measurements: length, whole weight, wet and dry

meat weight, gonad visual grade, meat yield and meat solids index as have been described

previously. A small sample of the lateral gonad was dissected and preserved in Bouins solution

and later stored in 70o/o ethanol. Gonad samples were embedded in paraffin, sectioned to a

thickness of 6 trrm and stained with haematoxylin and eosin and mounted on glass slides. Average

gamete cover (GC) was determined using image analysis (Optimas) with at least 3 image samples

analysed per slide (CV e 5) (see Chapter 2 for detailed explanation of GC measurement). The GC

variable describes the proportional area of the gonad section that is comprised of gametes.

Significance of differences observed in the various measures between the start and end of the

experiment were determined using t-Test (separate variance). All proportional data was

normalised by the arcsine square root transformation prior to analysis.

In addition to the above morphological data, at the start and at the end of the experiment 14 and

15 mussels respectively were given temperature shock in an attempt to induce spawning. For

each spawning female, 15 eggs were measured at 200x magnification using a CK-2 inverted

microscope fitted with an eyepiece micrometer and average egg diameter established (CV = 5). A

sample of eggs spawned from each female were fertilised in duplicate 50 ml plastic containers of

0.35 pm filter, UV sterilised seawater at the gamete concentrations of 100 eggs/ml and 50,000

sperm/ml. Fertilisation success was determined for at least 100 eggs per replicate at three hours

after the addition of sperm. The average fertilisation success for the eggs of each female was

established (CV = 3). The significance of differences in mean egg size and fertilisation rate

between the start and end of the experimental maintenance period were determined by t-Test.

8l



Chapter 4. Broodstock managementof Perna canaliculus 82

4.2.8 Condition maintenance 3

Mid maturity mussels (gonad visual grade average was about 2.6) were collected from Sealord

Shellfish Ltd. and transported to the laboratory. Animals were maintained in aerated I I plastic

containers with 100% water replacement every hour. Seawater temperature was maintained

between 10 and 12 "C throughout. Animals were offered a daily average ration of 0.12 g dry

weight of microalgae (Table 3.5). The experiment was maintained on a12:12 D:L cycle.

Table 4.5 Microalgal feed for maintenance experiment 3. Average daily individual feed (by cell number and
dry mass) of the microalgal species Tec Tetaselmis chuiii,Iso /soc&rysis galbana (T-Iso),Ptv Pavlova lutheri,
Tes Tetraselmis suecica and Thal Thalassiosira pseudonan*

Feed Species Tec Iso Pav Tes Thal
Feed Ratio
Cell number
Mass (drvweisht e)

%
24
69

%
44
l3

%
1

8

%
.,
L

3

%
23

7

Total
1.3xl0e

0.r2

At the beginning of the experiment and after a maintenance of 48 days duratiorq 15 animals were

sampled for the following individual animals measurements: length, whole weight, wet and dry

meat weight, visual gonad index, meat yield and meat solids index as have been described

previously. A small sample of the lateral gonad was dissected and preserved in Bouins solution

and later stored in 70o/o ethanol. Gonad samples were embedded in paraffin, sectioned to a

thickness of 6 pm and stained with haematoxylin and eosin and mounted on glass slides. Average

gamete cover was detsrmined using image analysis (Optimas) using at least 3 image samples per

slide (average CV ^, 5). Significance of differences observed in the various measures between the

start and end of the experiment were determined using t-Test (separate variance). All proportional

data was normalised by the arcsine square root transformation prior to analysis.
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4.3 Results

4.3.1 Condition improvement 1

Over the course of the experiment, mussels from all the treatment populations gained in whole

weight. The 21 oC treatment, however, gained less weight (+I7%) than either of the other two

treatments (+26-30%). The increase in whole weight is due to an overall increase in shell weight,

associated with increases in shell length and width (Table 4.6 and Fig a.1). Shell growth was

lowest for the 2l "C treatment. Wet meat weight changed little over the course of the experiment,

although dry meat weight dropped substantially. The 2l oC treatment incurred near double the

loss in dry meat weight compared to the 15 oC and 18 oC treatments.

Gonad visual grade changed little through the experiment, but there was a slight reduction in the

15 oC treatment, no appreciable change in the 18 oC treatment and a slight increase in the 2I "C

heatment. Significant replicate (tank) effects for gonad visual grade were detected by ANOVA

(see Appendix B) so the significance of treatment differences could not be reliably concluded.

Overall however the gonad sexual condition remained poor and an appreciable reduction in

gonad volume and vigour was observed as the experiment progressed.

The experimental design was found to be less than satisfactory. The system was prone to

accidental losses of whole tank populations (replicates) through mass spawnings stimulated by

the spontaneous spawning activity of one individual. It was concluded that future experiments

should treat animals individually to reduce the chances of mass spawning and remove

confounding tank (replicate) effects. In the later conditioning experiments feed was delivered

within the replacement water supply rather than through a separate delivery.
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4.3.2 Condition improvement2

Over the 46 day duration of the experiment there was no significant difference in either shell

length or whole weight between the start and the end of the experiment for either of the

temperature treatments (Table 4.7). Significant reductions were observed for wet and dry meat

weights and the meat yield and meat solids indices for both the treatments in comparison to the

initial values. There were no major differences in performance found between the two treatrnents

for the these measurements (Fig a.4. ln contrast to the mass data gonad grade increased

significantly for both the treatments over the course of the experiment. The 16 oC treatment

recorded a significantly higher gonad grade (3.4) than the22 oC treafinent (2.6).

There was no significant difference in egg size found between the five females that spawned from

each of the temperature treatments. Eggs spawned from females conditioned at 16 'C had

approximately l0% greater fertilisation success than eggs spawned from animals cultured at 22

oC, but this difference was not statistically significant (Table 4.8). There was a greater variation

in fertilisation success observed in eggs from females conditioned at 22 oC than those

conditioned at 16 oC (see 95% CI values, Table 4.8).

Table 4.7 Condition performance of improvement experiment 2. Start and end values for the morphological
measures for the two temperature treatments 16oC and 22oC t-Test results (separate variance) are given. x
mean values z CI 95o/" confidence interval. Diff difference between start and end values for each treatment.

freatment start
(n=20)

16
(n=70)

22
(n=69)

Measure

Length (mm)
Whole wt (g)
Wet meatwt (g)
dry meat wt (g)
Meat Yield (Yo)

Meat Solids (Y"')

Gonad (Grade)

clx

87.5 2.5
34.2 2.6
14.5 1.3
3.4 0.3
42.2 1.6
23.8 0.5
1.8 0.4

x Cl Diff t-Test

89.1 1.2 1.7 0.225
35.3 1.6 1.1 0.446
12.4 0.6 -2.1 0.007
2.8 0.1 -0.6 0.002
35.1 0.7 -7.2 0.000
22.6 0.4 -1.2 0.001

3.4 0.2 1.7 0.000

x Cl Diff t-Test

89.5 1.1 2.0 0.163
34.5 1.0 0.3 0.815
12.1 0.5 -2.4 0.002
2.7 0.1 -0.7 0.000
34.9 0.9 -7.4 0.000
22.1 0.4 -1.7 0.000
2.6 0,3 0.8 0.001

I 6o vs 22o
t-Test
0.803
0.405
0.424
0.211
0.603
0.265
0.000

Table 4.8 Spawning success, fertilisation and egg diameters data for improvement experiment 2. Male and
female spawning, mean egg size and fertilisation success of ova spawned from females conditioned at either
16oC or 22oC. Results of t-Test (separate variance) are given. x mean; Cl95o/" confidence interval.

Temp Spawning
Number

Fertilisation
lo/ol

Egg diameter
(mm)

Female Male x Cl t-Test p= x Cl t-Test P=
16'C
22"C

57
55

93.1 2.7 0.064
84.8 7.6

59.9 0.2 0.450
60.3 0.7
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4.3.3 Condifi on improvement and photoperiod

There was no apparent effect of photoperiod on the growth or sexual development of Perna

canaliculus (Table 4,9 and Fig a.3). Over the duration of the experiment there was a slight loss in

wet and dry meat weight although whole weight remained stable, probably associated with a3o/o

increase in average shell length. There was, however, a significantly lower meat yield in the LD

12:12 treatment in comparison to the other light regimes. This result is due to the combined

effects of a higher whole weight relative to the slightly lower wet meat weight recorded for

mussels in this treatment. There was no evident maturation of gonads with animals remaining in

a low state of sexual development in all treatments.

Table 4.9 Condition performance of the photoperiod experiment. Start and end values for the morphological
measures at each of the three photoperiod treatments 6, 12 and 18 hours light per day. Results of AIIOVA
contrasting end data amongst the three groups are given at right. Tukey's multiple comparison significant
results are given as characters. x mean valuesl Cl95% confidence interval, Tuk Tukey's multiple comparison

Start Treatments (lig ht hours/day)
Measure Start

(n=201
6

(n=20)
12

(n=20)
18

(n=20)
ANOVA

x cr x Cl Tuk x Cl Tuk x Cl Tuk p=
Length (mm)
Whole Wet (g)
ShellGrowth (mm)
Wet meat (g)
Dry meat (g)
Meat Yield (Yo)

Meat Solids (%)
Gonad (grade)

84.0
32.4

1 1.5 1.1

2.8 0.3

35.6 '1.7

24.4 0.7
1.1 0.1

2.9
2.8

89.0 1.7
31.5 1.7

2.3 0.6
10.7 0.5
2.4 0.1

34.8 2.7 A
23.2 1.7
1.2 0.1

89.2 2.4
33.7 2.5
2.7 0.5
10.2 0.8
2.3 0.2
30.2 0.9 B
22.9 0.7
1.3 0.2

89.8 1.8
32.4 1.9

2.6 0.4
11 ,0 0.7
2.5 0.2

34j 1.5 A
22.3 0.7
1.3 0.2

0.346
0.859
0.232
0.232
0.472
0.003
0.629
0.653
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4.3.4 Alternative feedsupplements

The difference in length and whole weight befween the start and end of the experiment were not

significantly different, but for both measures the animals fed the supplementary feeds grew more

than the mussels fed microalgae alone (Table 4.10). There was a small but significant loss in wet

meat weight for both treatments during the experiment although dry meat weight increased.

These changes in meat weights resulted in a sigrrificant decrease in the meat yield and a

significant increase in the meat solids indices. For all the meat mass measures and indices the

mussels fed the supplementary feeds had a superior condition at the end of the experiment. There

was a significant but very minor increase in gonad grade from I to L2 over the course of the

experiment but there was no effect of treatment diet observed.

Table 4.10 Condition performance of alternative feed experiment. Start and end values for the morphological
measures for both the supplement fed and non-supplement fed treatments. Results for ANOVA for the three
groups given at righto " 'r " indicates the Kruskal-Wallis result has been given instead of ANOVA as strong
non-normality in the data was observed. Tukey's multiple comparison significant results are given as

characters. The difference column displays the percent greater values recorded for the mussels fed the
supplementary diet relative to the fed mussels only microalgae. x mean values; CI95Vo confidence interval.

Start Supplement
(s)

Microalgae only
(M)

ANOVA Difference
(s-Ml

Measure x Cl Tuk x Cl Tuk x Cl Tuk p= %
Length (mm)
Whole (g)
Wet Meat (g)
Dry Meat (g)
Meat Yield (/,)
Meat Solids (%)
Gonad (grade)

90.2 3.6
36.8 4.2
14.8 1.5 A
2.9 0.3 A
40.4 1.7 A
19.4 0.8 A
1.0 0.0 A

93.4 2.3
39.2 2.8
12.7 0.8 B

3.4 0.2 B

32.8 1.2 B

26.8 0.5 B

1.2 0.1 B

92.4 3.2

36.3 3.1

1't.7 1.0 B

3.0 0.2 AB
32.5 1.0 B

26.3 1.7 B

'1.2 0.1 AB

0.438
0.377
0.002
0.014
0.000
0.000*
0.030*

1

8
8.5
13
1

2

0
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4.3.5 Condition maintenance I

Fertilisation success remained high (85-95%) over the course of the first condition maintenance

experiment with no significant differences between the treatment temperature or the duration of

maintenance found over the 12 week experimental duration; ANOVA, Time*Temp; p :0.361,

Time; p:0.750, Temp; p:0.484 (Fig a.a). The reduced variation in fertilisation success at week

12 is suggested to be a result of the modified methods rather than a change in the consistency of

spawned gamete viability.

o
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tr'igure 4.4 Fertilisation success for maintenance experiment 1. Average percent fertillsation of ova spawned
from animals maintained at l0 oC and l6oC for periods o12,5 and 12 weeks.

There was no significant difference in the gains of whole weight or length between

temperature treatnents. Whole weight increased by about I4Yo and length increased

approximately 4o/o for all mussels used in the experiment as is shown in Table 4.1 l.
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Table 4.ll Performance of mussels in maintenance experiment l. Percentage change in length and whole
weight of mussels held for 12 weeks at the conditioning temperatures 10 oC and 16 oC. Repeated measures
AFTOVA results comparing the treatment are given. x mean, CI95o/o confidence interval

Measure Length (nun)
Yo chanse

Whole weight (g)
04 chanee

Temperature x CI CIx
10"c
l6"c

AIiOVA
D:

103.5 1.3

104.0 0.s

0.154

I 15.5 3.4
112.5 1.7

0.205

Spawning percentage decreased with increasing duration of maintenance, reducing from about

95Vo after 2 weeks to about 40-50% success after 12 weeks (Table 4.12).

Table 4.12 Percent spawning in maintenance experiment 1 for the conditioning temperature treatments 10 oC

and 16 oC at each of the spawning times.

Snawnine (%)

Temo Week 2 Week 5 Week 12

100c
16"C

90
100

80
80

50
40

The gonad visual grade of mussels conditioned at either 10 or 16 "C did not vary appreciably

over the course of the experiment with the majority remaining close to a (fully mature) (Table

4.13). [n the l0 "C treatment, the gonad visual $ade average of 3 was due to two of the six

animals sampled having exceptionally low gonad condition with either fully spawned or

reabsorbed gametes (i.e. grade: l).

The second and third condition maintenance experiments were designed to confirm and validate

these observations, using unambiguous gonad histological measures of reproductive status.

Table 4.13 Gonad grades for maintenance experiment 1. Average gonad visual grades for males and females
before and after 12 weeks maintenance at the conditioning temperatures l0oC and 16oC. x mean, CI95yo
conlidence interval.

Temp Start 10'c 16'C

Sex
Vlale

Female

xGlN
3.75 0.3 I
3.96 0.1 12

xClN
4.0-4
3.0 1.2 6

x
4.0
4.0

ct N

-4
-4

92
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4.3.6 Condition maintenance 2

Over the 58 day duration of the second condition maintenance experiment mussels displayed no

significant change in whole weight or wet meat weight but lost significant dry meat mass. Both

the meat yield and meat solids indices fell significantly (Table 4.14).

Table 4.14 Condition performance of maintenance experiment 2. Start and end values for the morphological
and ova measurements for the 58 day experimental. t-Test results (separate variance) of analysis between the
times are given at right. CI 957o confidence interval.

N:I3 Mean- CI
Start

Mean- CI
End

t-Test
p:

Length (mm)
Whole (g)
Wet Meat (g)
Dry Meat (g)
Meat Yield (%)
Meat Solids (%)
Gonad (erade)
Egg diam. (pm)
Fertilisation (%\

I10.9 5.2
57.5 6.6
23.2 2.6
5.6 0.7
40.4 1.5

23.9 0.7
3.9 0.1

55.75 0.6
98.02 0.7

104.3 3.8
62.3 5.4
23.6 2.4
4.5 0.4
37.9 1.8

l9.l 0.8
3.9 0.1

57.00 0.81

96.89 0.96

0.055
0.277
0.813
0.011
0.047
0.000
0.635
0.018
0.111

At the start of the experiment 13 out of 14 animals spawned and at the end ll of 15 animals

spawned, four different females spawned at both times. There was a significant 2 o/o increase in

mean egg size between the start and end of the experiment. Fertilisation success remained high

(*97%) and did not change significantly over the duration of the experiment ( Table 4.14).

Gamete cover increased for both the males and females during the experiment as is shown in

Table 4.15. Males increased on average by about 8% and females by 20% from initial values ,

these changes were however not significant.

Table 4.15 Gonad development during maintenance experiment 2. Gamete cover for males and female
gonads sampled at the start and end of the 58 day experiment. t-Test results (separate variance) are given at
right. CI 957o confidence interval.

Gamete Cover Mean- CI N
(start)

Mean- CI N
(end)

t-Test
D:

Male
Female

0.77
0.35

0.09 8

0.07 5

0.83 0.05 7

0.42 0.0s 6

0.284
0.146
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4.3.7 Condition maintenance 3

There was no significant change in shell length or wet and dry meat weights over the 46 day

experiment (Table 4.16). There was a significant reduction in meat yield due to the combined

effects of a l.5olo increase in whole weight and an 8.5% reduction in wet meat weight. In contrast

to the results of the previous experiment (3.3.6), there was a signifrcant increase in the meat

solids index. Of prime importance is the significant increase in the gonad visual grade from a mid

maturity value of 2.6 to a highly mature 3.6. The increase in gamete cover observed between the

start and end of the experiment is shown in Table 4.17. There was a significant 175% increase in

female gamete cover from about l2%o to 33o/o.Male GC increased on average by about IlYu One

of the l0 samples taken at the end of the experiment had evidently fully spawned or reabsorbed

gametes and displayed a very low gamete cover. If this animal is excluded from the t-Test the

increase is statistically significant.

Table 4.16 Condition performance of maintenance experiment 3. Start and end values for the morphological
and ova measurements for the 48 day experimental. t-Test results (separate variance) of analysis between the
times are given at right. CI 957o confidence interval.

N:I5 Mean- CI
(start)

Mean- CI
(end)

t-Test
D_

Lenglh (mm)
Whole (g)
Wet Meat (g)
Dry Meat (g)
Meat Yield (%)
Meat Solids (%)
Gonad (prade)

113.5 2.8
64.8 3.9
28.3 2.3
6.5 0.6
43.6 2.r
22S 1.0
2.6 0.5

110.2 3.6
65.7 3.8
25.9 1.6

6.5 0.5
39.4 r.7
25.1 0.5
3.6 0.3

0.096
0.926
0.060
0.930
0.006
0.000
0.006

Table 4.17 Gonad development during maintenance experiment 3. Gamete cover for males and female
gonads sampled at the start and end ofthe 48 day experiment. t-Test results (separate variance) are given at
right. " * " indicates data where the I animal of the l0 sampled at the end of the experiment that had
evidently spawned was excluded from the analysis. CI 95oA confidence interval.

Gamete Cover Mean CI N
(Start)

Mean CI N
(End)

t-Test
I':

Male
Male *
Female

0.68 0.16 l0
0.68 0.16 9

0.r2 0.11 5

0.81 0.30 10

0.89 0.06 9
0.33 0.08 5

0.251
0.012
0.023
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4.4 Discussion

Details of each of the conditioning experiments are summarised in Table 4.18 which follows the

discussion section.

4.4.I Condition improvement

The first condition improvement experiment was designed to identiff a temperature window in

which reproductive condition could be improved. Gonad sexual condition, assayed by the gonad

visual index, did not however increase greatly in any of the treatments and gonads were noted to

have lost volume over the duration of the experiment. In temrs of somatic growth it was seen that

individual percentage shell growth was inversely related to conditioning temperature. The

increase in shell growth accounted for the majority of the increase in whole weight as wet meat

weight remained stable over the experiment. Dry meat weight, however, reduced by about 30 to

40Yo and the loss was highest in the higher temperature treatment. These results suggest that the

metabolic demands on animals conditioned at higher temperatures caused the greater loss of
reserves.

In the second condition improvement experiment the temperafure treatments were restricted to

16oC and 22"C with dramatic differences in gonad matwation found. Mussels conditioned at

16oC were found to have gonad condition approaching full maturity, an increase of near 90o/o of
the initial grade, In contrast, the 22"C treatment improved by significantly less (45%).

Fertilisation success was about l}Yo greater for ova from mussels conditioned at l6oc, although

this difference was not significant (p : 0.064). Both the experimental treatments lost meat mass

oondition indicating mobilisation of reserves for gametogenesis andl/or a less than favourable diet

ration.

It is suggested that gonad improvement conditioning would likely be best at a temperature near

16"C with a mixed diet ration of at least 3-4Yo of the initial dry meat mass per day. Typically a

high relative temperature is used to promote sexual maturation [Loosanoff and Davis 1963 and

Utting and Millican 1997]. It has been suggested that development is more a feature of the

intensity of the temperature difference and duration rather than simply the accumulated thermal

exposure [Muranaka and Lannan 1984]. Often the conditioning duration and temperature factors

are combined and expressed as Dayo. Given observed winter gametogenesis at a mean
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temperature of about 10'C (Marlborough Sounds), the minimum conditioning required for Perna

canaliculus is suggested to be at least 300 D'.

The productive conditioning temperature window (10-16'C) reported here is not greatly different

from those reported for several other temperate bivalve species. Conditioning factors were

highest in Pecten fumatus at 15oC, least at 2l'C and intermediate at 12 and l8'C lHeasman et al.

19961. Ostrea chilensis was conditioned at 17"C by Wilson et al. [1996]. The optimal

temperature for the conditioning Dreissena polymorpha was found to be l2'C [Borcherding

1995]. In contrast, higher temperatures in the range 20"C to 24"C arc typically used for the

conditioning of bivalves such as the oysters Crassostra gigas and Ostrea edulis and the clams

Tapes Philippinarum and, Mercenaria mercenar,ra fUtting and Spencer l99l and Robinson 1992

Utting 19931.

Given an appropriate temperature range, the feed ration and feed type is critically important. The

3o/o feed ration suggested is regarded as minimal, even for the lower conditioning temperatures.

Thisrationisgreaterthanthe 1.5%usedbyWilson etal. 11996l fortheconditioningof Ostrea

chilensis and probably higher than the non-supplemented seawater used by Robinson [1992] for

the conditioning of Crassostrea gigas latmamoto. Utting and Millican ll997l suggest a 6Yo ration

for conditioning at near 20"C and the use of a mixed diet. In all experiments, at least two or more

microalgal species have been fed in order to provide suitable nutrition. Given available

microalgae, conditioning may be successful at higher temperatures than the 16oC reported here.

The failure of animals in the first experiment to display any maturation effect when

gametogenesis was so apparent in the second experiment, despite a higher ration, is worth

examining. It is expected that the success of conditioning depends upon the original condition of

the animals when they enter the laboratory. This is primarily due to the volume of stored reserves

that can be mobilised for gamete development [Lannan et al. 1980, Muranaka and Lannan 1984].

It is not uncommon for a general reduction in dry meat weight through conditioning to be

observed as reserves are consumed and mobilised. Villalaz U9941suggests that the sharp decline

in mass of the digestive gland during the conditioning of Argopecten ventricosr.ls given either

high or low feed rations is a reflection of its role in the supply of energy for reproductive growth.

In the first experiment of my study the animals were both smaller in length and had a far lower

initial meat yield than the animals used in the second experiment. ln fact, a stock population with

immature gonads was specifically sought for this first experiment as it was hoped that
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conditioning from a immature stage would best indicate optimal conditioning temperatures.

These observations would suggest that the failure of gonad maturation in the first experiment

could be due, at least in part, to the relatively poor condition of the animals when the experiment

started. Reproducible results for condition improvment protocols using animals of different initial

reproductive condition was not demonstrated in this study but will be examined as part of a future

project (see Section T .6).

4.4.2 Photoperiod and conditioning

Variation in photoperiod had no detectable effect on gametogenesis over the 90 day experiment.

The feed ration was however low (1.8%) for the temperature used (17"C) and this would have

contributed to the poor sexual development given the condition at the beginning of the

experiment (photoperiod experiment meat yield was 35% and the gonad grade was 1.1 versus the

improvement experiment 2 meat yield of 42%o and gonad grade of 1.8). There were no real

differences for gonad indices or meat mass measures between the light heatments except for the

meat yield indices.

Meat yield was significantly lower in the LD 12:12 treatment than either of the other treatments.

This light regime is more similar to summer months than winter in which gametogenesis after a

spring spawning would be the expected reproductive activity (see Chapter 2). It is possible that

the long daylight hours are related to the reduction in meat yield because of energy mobilisation

coupled with gametogenesis, but this is not supported by a conclusive increase in gonad

condition. It is suggested that the meat yield result is not of any biological relevance and is an

artefact of the experiment related to slightly greater shell growth (contributing to whole wetght)

and a slightly lower wet meat weight observed in this treatment than in the others.

Borcherding [1995] found no effect of photoperiod on the sexual development of the freshwater

mussel Dreissena polymorphc, conditioned at times of both low and high initial reproductive

condition. It would appear that among bivalves, only scallops have been demonstrated to respond

to photoperiod cues. Fecundity in Pecten maximus was found to be higher at an LD l5:9 regime

than at lower light levels [Utting and Millican 1997]. The photoperiod experiment presented here

simply tested the effect of particular light regimes and did not attempt to imitate seasonal trends

in daylight or manipulate circadian processes. More complex photoperiod manipulation may be

effective in initiating gametogenesis in Perna canaliculus provided temperature and nutrient

conditions are appropriate.
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4.4.3 Alternative feedsupplements

The alternative feed supplements (inactivated yeasts and lipid emulsion) had no affect on the

gonadal development of mussels in this experiment, although all growth measures were higher

for the mussels fed the supplement diet. Close examination of the faeces of mussels fed the

supplement showed large numbers of yeast cells passed through the gut visibly unchanged. The

digestibility of this yeast product is unknown. Yeasts have a notoriously robust cell wall that

makes them diflicult to rupture, although yeasts and yeast products have been demonstrated to

provide nutrition to bivalves. Saccostrea commerclalls and Crassostrea virginica spat have been

successfully fed with live yeasts and several non-microalgal products fUrban and Langdon 1984,

Nell 1985, Nell el al. L9961. The biochemical composition of yeast's suggests that they would

provide valuable supplementary nutrition to bivalves [Brown et al. 1996]. The yeast diet

supplement in the alternative feed trial had high protein (40%) and carbohydrate (40%) content.

The insignificant differences in performance observed between the treafments in this experiment

may well have been due to the low supplement ration fed. Yeasts were fed at a relatively minor

ration of O.O02glanimal/day representing only a l.3Yo supplement to the microalgal diet.

The digestibility of the lipid product is unknown, although close observation of the gut contents

has shown lipid droplets are ingested. Lipid emulsions are commonly used to enrich aquaculture

feed or production species such as rotifers, artemia" shrimp and prawns. The improvement in

nutritional or reproductive status promoted by supplementary dietary lipid is well documented

[Watanabe 1982, Chu et al. 1982, Southgate and Lou 1995, Rodiglez et al. 1996]. Coutteau

[1996] has clearly demonstrated with Placopecten magellaniczs spat that lipid emulsion

supplementation enhanced tissue lipid content. Fatty acid composition of the essential fatty acids

20:5013 and 22:6a3 in the spat were dependent on the levels and proportions present in the

emulsion. The emulsion used in the alternative feed experiment had a high lipid content (53%)

including 10% and l60lo respectively of the essential fatty acids 20:5co3 and,22:6a3. Biochemical

composition analysis of the various mussel tissues may have indicated differences between the

feed treatments, and would be an interesting avenue for future research.

The microalgal feed ration used in this experiment was 5% which resulted in an increase in the

meat solids index. This result was due to an increase in the dry meat weight measure, a

conditioning result not previously observed in a condition improvement trial. This would suggest

that at a ration in the order of 5o/o or more is appropriate. Why these animals did not show any
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major change in reproductive state is presumably due to the initial state of the animals when they

entered the laboratory. Animals in this experiment did, however, have an equivalent meat yield to

that of the animals used in the second conditioning improvement experiment in which maturation

was observed. More informative, however, is the fact that the gonad condition of mussels was

less advanced in the altemative feed experiment (consistently immature, grade : l) in

comparison to the second improvement experiment in which the gonad maturation was underway

(low development, grade :1.8). The gain in meat weight would suggest that the animals were

continuing to put acquired nutrition into storage and not mobilising reserves for gametogenesis.

Possibly, animals require a number of exogenous and/or endogenous cues other than simply

adequate nutrition and appropriate temperature to switch from storage to gametogenic processes.

Alternatively a critical level of storage must first be achieved before gametogenesis will begin.

The most significant cost for large scale broodstock management is supplying the huge quantities

of microalgae necessary for feed. Means to improve the digestion efficiency of microalgae and

examining the effectiveness of various alternative feeds may produce valuable techniques.

Several authors have demonstrated that silt or kaolin in addition to microalgae will improve

nutrition through both supplementary carbon associated with the sediment and aiding the

physical maceration of algae in the gut [Hawkins et al. 1996 and Navarro et al. 1996]. Field

observations of mussel feeding demonstrate that non-phytoplankton material (e.g. detritus,

sediment) can make up a large (and nutritious) portion of the diet [Newell et al. 1989, Newell and

Shumway 1993, MacDonald and Ward 1994, Hawkins e/ al. 1996, Uchida and Numaguchi 1996,

Legall et al. 19971. In Perna canaliculus sediment and other non-algal material has been

observed in the faeces and gut content (S.Buchanan pers. obsv., J. Gardner pers. comm.)

4.4.4 Conditionmaintenance

During the condition improvement experiments, it soon became apparent that the inter-related

features of temperature, feed type and ration compounded with the importance of the initial

condition of animals would need to be well understood before they could be predictably

manipulated. Mature broodstock were required year round but were available only during

selected periods of the year, and then only after laborious and expensive broodstock surveys

identified the mature populations. It was necessary that a technique to maintain mature stocks for

extended periods be developed.
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The condition maintenance experiments demonstrated that mature animals could be maintained

in a high reproductive condition for at least several months. The first condition maintenance

experiment compared a nominal winter seawater temperature of 10"C with the 16oC that was

effective in conditioning early maturity stocks in the second condition improvement experiment

(3.3.2). No temperature dependent effects were found for growth (length or whole weight) or for

of fertilisation success over a 12 week experimental duration. Gonad grade remained high for

mussels at both the condition temperatures although in the 10oC sample several females had

either spawned or fully reabsorbed gametes. Induced spawning activity decreased with increasing

holding time. This is thought to be an acclimatisation response of the mussels held in captivity. It

has been observed that mussels are more likely to spawn after translocation and after gross

changes in the holding environment. It is expected that as time in confinement continues animals

become less stressed and more effort is required to induce spawning. A few remaining animals

left over from this experiment were maintained for a total of 250 days after which time gonads

were found to still be in a mature condition although gonad mass appeared to have decreased

somewhat. These results suggested that maintenance at temperatures of between 10-16'C could

be an effective broodstock management technique providing animals far beyond the time in

which parent field populations would have spawned.

The second experiment used mature animals which were seen to maintain condition. A slight

increase in the gamete cover was found for animals maintained for 58 days. Fertilisation success

remained unaffected by maintenance, but egg size increased significantly (by about 2o/o).Increase

in average egg size is expected to be a reflection of the final maturation of gametes over the

maintenance period. Borcherding [995] found proportionally more larger oocytes in the gonads

of mussel conditioned under optimal conditions. Meat mass indices fell with time presumably as

reserves were consumed during gametogenesis.

In the third conditioning maintenance experiment mid maturity animals were used and fed a 50Vo

greater ration. In this experiment gamete cover increased significantly and gonad reproductive

condition was high after the 48 days of conditioning. In contrast to the previous experiment, the

l.8olo ration was sufficient to maintain dry meat weight and increase the meat solids index.

4.4.5 Summary

The results of the experiments conducted suggest that to maintain or advance the condition of

GreenshellrM mussel a temperature range between lOoC and 16oC is appropriate. A feed ration of
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about 3o/o may be effective but should be regarded as minimal. A ration of about 5% is suggested

[Utting and Millican 1997]. At this feed ration gonad reproductive condition may increase

provided gametogenesis has started before the animals come into the laboratory.

The general reproductive strategy in Perna canaliculus is for storage in late summer-autumn

followed by winter garnetogenesis and a spring spawning. A secondary opporfunistic spawning

during sunmer may occur if nutrition is adequate. Evidence indicates that redevelopment from a

spawning status in the summer, without a prominent resting period, may occur (presumably only

if nutrition is adequate) (see Section 2.3.1).

Strategic conditioning for improvement is probably possible from the early stages of

gametogenesis in winter and in summer given an adequate initial condition. This will potentially

provide mature broodstock before they would otherwise be available in the field. Alternatively

when abundant mature mussels are available in the early spring and in the late summer, they can

be maintained for later spawning.

It is speculated that the conditioning period required for mid maturity mussels is in the order of

50 days at 16oC or about 300Do although this estimate needs to be verified. Condition

maintenance should be possible for several months although the effect of maintenance on larval

vigour needs to be examined. It is suggested that given the temporal variation of reproductive

maturity observed between geographically separated populations the opportunity to effectively

manage broodstock should be possible for much of the year (Fig 4.5).
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r I Maintenance

lmprovement

xxoo\-rzo

tr'igure 4.5 Broodstock management opportunities for Perna canaliculrrs. The seasonal opportunities to a)
irnprove condition of ctocks that have already begun gqmetogenesis and b) maintain mature stocks are
indicated. The actual timing and duretion for conditioning wlll depend upon the chosen stock population and
the performance of the techniques. The reproductive condition plot is generated from actual data for a wild
Perna canaliculus population (see Fig 23).
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5. Larval husbandry of Perna canaliculus

5.1 Introduction

Larval culture and husbandry is probably the most significant aspect of bivalve hatchery spat

production. There is a major labor requirement for the larval culture phase of production when

including the time spent culturing algae. The equipment and operating costs required to culture

the larvae on a large scale are as significant or greater than that needed for broodstock

management, the other major cost center. Gamete numbers do not usually limit production when

large numbers of parents are spawned as is the usual practice to ensure a reasonable genetic

diversity (one female may spawn up to 10 million ova, S. Buchanan unpublished data) but rather

the volume of culture vessels controls production. It is essential that larval development is both

as fast as possible and that larval survival is high. It is preferable that larval density is reduced not

by mortality but by selecting the fastest growing individuals. The goal of larval culture is for

rapid growth, low mortality, high settlement success and good post -larval survival. The scope of

this chapter was limited to larval growth and survival up to pediveliger (eyed) stage. Although

not reported in this thesis larval settlement techniques were developed and proven.

The experiments reported in this chapter address some of the fundamental aspects of larval

husbandry and nutrition that face the culturists; aspects that can be managed to enhance larval

survival and growth.

The general experimental strategy was to simply determine productive culturing conditions for

Perna canaliculus larvae. Typically the first objective was to identiff a reasonable range of

conditions in which larval survival and growth was best. As this process was iterative and as not

all things could be optimal from the onset many experiments were repeated to verify or build

upon the results and general conclusions previously found. For example, the first experiment

aimed at determining the suitable diet ration was conducted prior to determining productive

microalgal mixtures, thus it needed to be repeated in order to determine suitable ration when

using a suitable diet. The opportunity or value of repeating experiments under exactly the same

treatment conditions, in order to demonstrate repeatable experimental results was generally not a

priority or an available option under the conditions of the project (i.e, project duration, funding

level and contract obligations). The need to rapidly develop key larval culture guidelines for

larger scale validation was paramount.
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During the later part of the research for this thesis, once a successful lanral rearing method had

been demonstrated, a joint project between the Cawthron Institute and Sealord Shellfish Ltd was

conducted. The project aimed to verify the larger scale viability of producing and setting Perna

canaliculus larvae. The project confirmed the practical value of the larval rearing protocol by

repeatedly producing several million pediveliger larvae in 5000 I batches. Many of these larvae

were settled in down-wellers. On several occasions spat were reared through to several

millimeters in length and seeded onto long-line mussel farms in the Marlborough Sounds (see

Appendix A, example photo 19-22). This project, for the first time, demonstrated the technical

viability of commercial scale hatchery production of GreenshellrM mussel spat.

The project, as well as demonstrating technical feasibility of spat production, highligfi1ed the

need for further researcfu particularly focused on developing effective spat grow out and handling

procedures (see Section 7.6).

5.1.1 Embryo rearing of Perna canaliculus

After successful fertilisation, the first step of larval production is to culture the developing

embryos through to the D shaped shelled veliger stage. Once larvae have developed to D stage

they can be collected through filtration. Treatment of seawater with EDTA has been

demonstrated to enhance the ability of seawater to sustain embryonic development through

removal of hazardous ions [Utting and Helm 1985]. The density of embryo culture may have a

bearing on veliger yield [Utting and Spencer 1991 and O'Connor and Heasman 1995]. In order to

determine productive culture techniques for the embryos of Perna canaliculus both the effects of

stocking density and water treatment were investigated.

5.I.2 Antibiotics for larval experimentation

Mortality or growth retardation due to bacterial infection can obscure the relative conhibution of
various physical and biotic factors of experimental focus and may severely limit production

[Nichols et al. 1996f.

In many of the pilot and initial experiments conducted, bacterial infection was suspected of
causing high mortality and retarding growth. ln some experiments removing the confounding

effects of bacterial infection can allow relationships between experimental factors and larval

production features to be more clearly determined. In confrast, the role of bacteria in larval
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culture is intrinsically linked to some experimental parameters (e.9. temperature). In some

circumstances certain bacteria may be of benefit to larval production, particularly in terms of

nutrition [Douillet and Langdon 1993, Gallager et al. 1994]. Typically in hatcheries the

prolonged use of antibiotics as a preventative measure is not recommended as selection of

antibiotic resistant bacteria is possible and the costs of such measures are often preclusive.

However, in some hatcheries antibiotics have been used extensively without apparent problems

fNichols et al. 1996]. It is not expected that antibiotics would be used in a commercial scale

GreenshellrM mussel hatchery during larval culture. However, in terms of experimental design,

the use of antibiotics is a powerful tool with which to enhance the researcher's ability to

detennine the effect of various treatments on larval performance.

5.1.3 Salinity and larval production

Bivalves are known to display great variation in salinity tolerance and requirements, it is

therefore necessary to individually study a species' requirements poosanoff and Davis 1963]. It

is apparent that many mytilid species are tolerant to a wide salinity range and only at the

extremes are they vulnerable. However growth and survival are optimal between about 30 and 35

parts per thousand (ppt) [Bayne 1965, Lough 1974, Hrs-Brenko 1978, His e/ al. 1989].

Perna canaliculus is typically found in the intertidal and sub-tidal of exposed coastlines, however

it is also found in areas that receive significant volumes of fresh water such as estuary mouths

and inland sounds (S.Buchanan pers. obsv.); salinities < 20 ppt experienced in Pelorus and

Kenepuru sounds [Flaws 1975]. Due to the apparent salinity toleranoe of the adults, and therefore

arguably the settling larvae, it is relevant to determine the optimal salinity for the larval culture of
this species.

5.1.4 Density and larval production

In the culture of bivalve larvae, an optimum density exists at which the combined factors of
growth rate and yield (survival) are most suitable. The optimum rearing density decreases as

lanrae gow. The culture of larvae at densities above this level will typically lead to poor growth

and high mortality both through consistent daily loss and catastrophic loss. Typical initial rearing

densities seen in the literahre are around l0 larvae/ml but range from as high as 30 [Sprung

l984al to less than 5 [Jespersen and Olsen 1982]. A major knowledge gap exists for the culture
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and husbandry of Perna canaliculus larvae, Appropriate rearing densities for developing larvae is

an important culture parameter to examine.

5.1.5 Temperature and larval production

Temperature is arguably the most important abiotic feature that can be manipulated in order to

maximise the pace of larval development [Loosanoff and Davis 1963, Bayne 1965, Hrs-Brenko

and Calabresse 1969, Lough 1974, Sprung 1984a, His et al. 1989, Pechenik et al. 1990]. The

optimal temperature for the larvae of most mussel species is near 20 "C, however this may shift

somewhat with the geographic range of the species (i.e. origin of the broodstock). Typically with

increasing temperature developmental pace increases up to some optimal point. At the extremes

in temperature development slows, probably due to metabolic stress and/or inability of larvae to

feed efficiently fWiddows 1991]. High temperatures may also retard growth indirectly via

bacterial infestation in addition to physiological intolerance of the larvae. Previous studies with

Perna canaliculus larvae used culture temperatures between about 16 to 22oC [Hay and Hooker

1994, Buchanan and Babcock 19971. This current study briefly investigated larval performance at

various temperatures. Later larger scale larval rearing, not reported in this thesis, demonstrated

that temperafures near 20oC were optimal for Perna canaliculus.

5.1.6 Feed concentration and larval production

Larval growth and survival is highly dependent on availability of appropriate nutrition. In this

study microalgae are regarded as the probable best feed for Perna canaliculus larvae. Clearly, to

optimise the pace of development through the larval period it is critical that an appropriate

volume of feed is available. In this study the optimal concentration of various microalgal diets in

terms of larval survival and growth, were determined for larvae of various ages. These

experiments, although conducted under differing conditions were used to develop a feeding

model for Perna canaliculus larvae. Given that the perfonnance of the model, once tested, proves

reasonable it may have value for predicting appropriate feeding strategies from both a practical

and experimental standpoint [e.g. O'Connor and Heasman 1997]

5.1.7 Feed type and larval production

As has been mentioned, it is important to determine appropriate feeds that promote rapid growth

and high survival of larval cultures. The appropriateness of a feed species depends on many
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factors such a digestibility, size and nutritional quality in tenns of biochemical content. There has

been no published investigation examining nutrition of Perna canaliculus larvae.

It is well known in bivalve larval culture that mixed diets are superior to monoculture feeds. It

has also been demonstrated with the larvae of Mimachlamys asperrima that daily feeding of

mixed diets is better than spreading the full species complement over a number of days

[O'Connor and Heasman 1997]. A mixture of flagellate species such as Isochrysis galbana (T-

Iso) and Pavlova lutheri with diatom species such as Chaetoceros calcitrans and Thalassiosira

pseudonana were speculated to provide the basis for a mixed diet that supports good growth and

is rich in the essential fatty acids [Webb and Chu 1981, Brown et al. 1989, O'Connor and

Heasman 19971. Larvae of the mussel species Mytilus edulis and Mytilus galloprovincialis have

been typically fed the microalgal species listed above (see Table 5.7 for literature references).

The feed species trialed in this study were initially selected after considering their value for

larvae of mussel and other bivalve species.

It is sometimes the practice in bivalve larval culture to provide a larger green flagellate

microalgae such as a Tetraselmis species to late stage larvae [Utting and Spencer 1991]. These

larger microalgae (>8urn) are significantly bigger than the other species corlmonly fed to bivalve

Iarvae. As part of this study several green flagellates species and newly acquired strains [Wikfors
et al. 1996] were tried in order to determine if, in fact, their supplementation in the diet had a

positive effect on larval $owth and development.

109
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5.2 Methods and materials

5.2.1 Algae culture

Microalgae for all larval feeding experiments were grown at 19oC with 18 hours light per day.

Flagellates were initially grown in?l glass bottles and then later in batch 20 to 40 I bag culture.

Diatoms were initially cultured in 2 | glass bottles and then later in batch 20 I polycarbonate

carboys. All cultures were constantly aerated with 0.2pm filtered air containing a CO,

supplement of lVo v/v. Cultures were provided with broad band fluorescent lighting. All species

were cultured using 0.35pm, UV sterilised seawater of a salinity between 33-36 ppt with

Guillard's F, medium although the diatom species were provided with a F, concentration of
silica. Microalgae were harvested during the late log phase of growth. For details of standardised

procedures see O'Meley and Daintith [993]. All cultures were originally supplied by CSIRO

Fisheries Division, Hobart, Tasmania.

5.2.2 Embryo rearing of Perna canaliculus

Eggs from 3 females were fertilised with the sperm of four males (see Sections 3.2.1 and 3.2.8 for

details). Eight replicate glass bottles were filled to I I with 0.35 prm filtered, UV sterilised

seawater at 10"C. To each bottle approximately 100,000 fertilised eggs were added, to give a

final concentration of 100 embryos/ml. Into four of the bottles sodium EDTA (Sigma) had been

added to give a final concentration of I mg4.In addition to trials in bottles larger tanks were used

to confirm the practical value of water treatment. Six 500 I fiberglass tanks were filled with 0.35

pm, IJV sterilised seawater at lOoC. Into 2 of these tanks EDTA was added to give a final

concentration of t mg/I. Approximately 5 million embryos were added into each of two EDTA

treated and two untreated tanks. About 25 million larvae were added to two more untreated tanks.

All tanks were lightly aerated and held for 3 days after which they were drained and all larvae

captured on a 40 pm nylon mesh filter. The captured larvae were re-suspended in 20 I of seawater

and mixed thoroughly before 3xl ml aliquots were removed and fixed with Lugols solution. All
larvae were counted at 200x magnification and the average yield for each replicate ascertained.

Yield data was normalised by the arcsine square root transformation before analysis by t-Test.
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5.2.3 Antibiotics for larval experimentation

Severe larval mortality associated with high densities of bacteria indicated that infection was a

source of larval death in pilot studies. In order that mortality within experiments was more a

reflection of treatment than unrelated and confounding sources of mortality, such as bacterial

infection, an effective antibacterial treafinent was required. The aim of this experiment was to

determine an antibiotic dose rate that effectively minimised bacterial growth in larval cultures.

Two day old larvae were held in a single 500 I tanks of I pm filtered seawater. In order to

promote bacterial growth and infection of larvae within the culture, UV sterilisation of seawater

was not used. After 48 hours incubation the cultures were filtered and larvae re-suspended in

duplicatel litre sealed plastic containers containing 0.35pm filtered seawater at an initial density

of l0 larvae/ml with 50 cells/pl Isochrysis galbana (T-ko) as feed. Antibiotic treatments were 0,

50, 100,200, 500 pglml each of Streptomycin sulphate and Penicillin-G (Na) given together. At

days 2 and 4 after the addition of antibiotics, I ml culture aliquots from each treatment replicate

were plated using marine agar @ifco 2216) and incubated at 30 oC for 4 days with duplicate

blank controls. Bacterial colonies were estimated from plate surface sub-samples. At day 0 a

sample was take from the control treatment to give an estimate of the bacterial density at the start

of the experiment. Bacterial count data was normalised by the square root x + I transformation

and analysed by ANOVA and Tukey's multiple comparison. At days 2 and 7 from the start of the

experiment each treatment was viewed at l00x magnification using an Olympus MT-2 inverted

microscope to observe larval mortality, swimming and feeding behaviour.

5.2.4 Salinify and larval production

At 48 hours post fertilisation, larvae were distributed to 1 I aerated glass bottles at an initial

density of 10 larvae/ml, held in a constant temperature room at l8oc. Salinity treahnents of 10,

15,20,25,30 and 35 ppt, run in triplicate, were made by mixing 0.35pm filtered, UV sterilised

seawater with distilled fresh water. Salinity was detennined using an Orion model 140 salinity

meter to an accuracy of 1.0 ppt. Larvae were given 50 cells/pl Isochrysis galbana (T-Iso) as feed.

Water was changed three times weekly by collecting larvae on a 40 pm nylon mesh filter, rinsing

with appropriate salinity water and re-suspending. New algal feed was supplied at each water

change. On days 2, 7 and l l larval survival was estimated by counting live larvae within

triplicate 2 ml aliquot samples from each replicate. On day 11 larvae were collected and

preserved with 5% formalin. Lengths (umbo or straight hinge to opposite ventral margin) of 25
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randomly selected larvae were measwed for each replicate using image analysis (Optimas).

Survival and length data from day I I were analysed by ANOVA. Proportion of larvae surviving

were normalised by the arcsine square root transformation before analysis.

5.2.5 Culture density and larval production I

Two day old larvae were distributed to I I glass bottles containing aerated 0.35 pm filtered, UV

sterilised seawater at a constant temperature of 18oC. Water was replaced three times weekly and

larvae were fed 50 oellsipl Isochrysis galbana (T-Iso) at each water change. Larval density

treatnents were 12, 25, 45, 100 and 225 larvae/ml, all conducted in triplicate. Survival was

estimated as the change from initial nominal density, estimated from larval counts within

triplicate 2 ml aliquot samples, on days 2, 7 and I l. Survival on day 1l was normalised by the

arcsine square root transformation before ANOVA and Tukey's multiple comparison. Lengths of

25 randomly selected larvae from each replicate were measured using image analysis on days I I

and analysed by ANOVA and Tukey's multiple comparison.

5.2.6 Culture density and larval production 2

Ten day old larvae were graded to >80pm on nylon mesh and distributed to I I glass bottles of

aerated 0.35 pm filtered, UV sterilised seawater at a constant temperature of about 20"C. Water

was replaced three times weekly and larvae were fed 60 cells/prl Isochrysis galbana (T-Iso) at

each water change. On day 2 of culture, 50 cellslpl Chaetoceros calcitrans supplemented the

Isochrysis galbana (T-Iso) diet (60 cells/pl) and Penicillin-G and Streptomycin sulphate were

added to give a final concentration of 75 pg/ml. On day 10 of culture,20 cells/pl Thalassiosira

pseudonana supplemented the Isochrysis galbana (T-Iso) diet (60 cells/pl). Initial larval density

treatments, run in triplicate, were 1, 5, 10, and 20 larvae/ml (CV of initial density:9). On days

12,14 and 17 the proportion of larvae surviving was estimated from live/dead larval numbers and

the proportion of larvae with eye spots determined from each replicate. Survival and eye spot

proportional data on day 17 was normalised by the arcsine square root transformation before

analysis by ANOVA and Tukey's multiple comparison. Lengths of 20 randomly selected larvae

from each replicate were measured using image analysis on days 12 and 17. On day 14 only 10

animals were measured per replicate. Day 17 length data was analysed by ANOVA and Tukey's

multiple comparison.

tt2
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5.2.7 Temperature and larval production

Eight day old larvae were distributed to 2 I conical flasks at a density of 5 larvae/ml in aerated

0.35 pm filtered, [fV sterilised seawater.Larvae were fed l0 cells/pl each Isochrysis galbana (T-

Iso) and Chaetoceros calcitrans. Duplicate flasks were maintained in water baths at the

temperatures 13, 16, 19 and 24oC. Water changes, feeding and temperaftre recordrng were made

three times weekly for an experimental period of 18 days. Survival was estimated from live/dead

larvae within triplicate 3 ml aliquot samples on days 10, 14 and 18. Final survival data was

normalised by the arcsine square root hansformation before analysis by ANOVA and Tukey's

multiple comparison. Lengths of 20 randomly selected larvae for each replicate were measured

using image analysis on days 10, 14 and 18. Length data for days 14 and 18 were analysed by

ANOVA and Tukey's multiple comparison.
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5.2.8 Feed concentation and larval production I

Two day old larvae were distributed to 500 ml plastic containers at an initial density of 10

larvae/ml in non-aerated 0.35pm filtered, UV sterilised seawater. Larvae were maintained at a

constant temperature of 18 oC with water and feed changes 3 times weekly. Treatment feed

concentrations were 0, 1, 5, 10,20,50, 100 and 200 cells/pl of Isochrysis galbana (T-Iso), run in

duplicate. On days 10 and 14 survival was estimated by counting live larvae within triplicate 2 ml

aliquots. Survival proportions were nomralised by the arcsine square root transformation before

ANOVA and Tukey's multiple comparison analysis. Lengths of 20 larvae were measured from a

combined sample for each treatment (equal volumes per replicate) and analysed by ANOVA and

Tukey's multiple comparison.

5.2.9 Feed concentration and larval production 2

Two day old larvae were distributed to I I glass containers at an initial density of l0 larvae/ml in

aerated 0.35pm filtered, UV sterilised seawater. Larvae were maintained at a constant

temperature of 20 "C with water and feed changes 3 times weekly. Larvae were fed a mixed diet

of Isochrysis galbana (T-Iso), Thalassiosira pseudonana and Chaetoceros calcitrans at a l:l:l
dry mass ratio (or a I:l:2.6 cell number ratio); dry weight data was taken from Brown er a/.

[1991], with Isochrysis galbana (T-Iso) cell :30.5 pg. The feed mix was offered at a mass

equivalent to 1, 10, 30, 60, 120 cells/pl of Isochrysis galbana (T-Iso). Feed treatments were run

in duplicate. Survival was estimated by counting live larvae within triplicate 2 ml sample aliquots

on days 7 and.14. Survival proportions were normalised by the arcsine squ:ue root transformation

before ANOVA and Tukey's multiple comparison analysis. Lengths of 20 randomly selected

larvae were measured for each replicate on days 7 and t4 and analysed by ANOVA and Tukey's

multiple comparison.

5.2.10 Feed concentration and larval production 3

Three week old larvae previously reared in a 500 I fiberglass tank, were graded on a 125pm

nylon mesh sieve. Collected larvae were distributed to duplicate I I glass bottles at an initial

density of l0 larvae/ml in aerated 0.35pm filtered, UV sterilised seawater. Larvae were

maintained at a constant temperature of 20 "C with water and feed changes 3 times weekly.

Larvae were fed a mixed diet of Isochrysis galbana (T-Iso) and Thalassiosira pseudonana at a

3:l cell density ratio. Feed was offered at a mass equivalent to 5, 10, 20,40,80 and 160 cells/pl
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of Isochrysis galbana (T-Iso). Survival was estimated as live/dead proportions within triplicate 2

ml sample aliquots on days 7 , 10, 18 and 21. Survival proportions were normalised by the arcsine

square root transformation before analysis by ANOVA and Tukey's multiple comparison.

Lengths of 20 randomly selected larvae were measured for each replicate on days7,10, 18 and

2l and analysed by ANOVA and Tukey's multiple comparison.

5.2.11 Estimating the optimal ration

The length attained by larvae at each of the sampling times from both the feed concentration

experiments 2 and 3 were pooled and plotted together. Using SigmaPlot@, a second order

(quadratic) regression was fitted to each curve and the asymptote for each resolved. The

asymptote values indicate the feed ration which promotes maximal larval length; this was called

the Maximal ration. As well as resolving the maximum ration, the cell concentration that gave

95%o of the maximum length achieved for each curye was estimated, this was called the Optimal

ration. The Optimal ration is of interest because it estimates a feed regime that provides excellent

potential growth but avoids saturating or over feeding larvae. The Optimal diet significantly

reduces the feed volumes required with only a 5% reduction in theoretical growth potential.

The Maximal and Optimal ration estimates were then plotted against larval length and fitted with

a linear regression to predict appropriate feed rations for any size of larvae. The assumption of
this model is that larval size is the best predictor of ration requirements and that the age of larvae

does not have an independent effect.

ll5
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5.2.12 Feed type and larval production l: elimination tials

All microalgae were cultured in I I glass flasks under aseptic conditions. Three day old larvae

were distributed to duplicate I I glass bottles at an initial density of 20 larvae/ml in aerated

0.35ptm filtered, UV sterilised seawater.Larvae were maintained at a temperature of about 18-

20oC with water and feed changes every 2 days. Larvae were offered 50 cells/pl of one of the

microalgal feed species; Isochrysis galbana (T-Iso), thalassiosira pseudona,na, Chaetoceros

calcitrans, Chaetoceros muelleri, Pavlova lutheri, Nannochloris atomus and a starvation

treatment. On day 14 larval survival was estimated by counting live larvae within triplicate 2 ml

sample aliquots. Survival proportions were normalised by the arcsine square root transformation

before ANOVA and Tukey's multiple comparison. Lengths of 30 randomly selected larvae were

measured for each replicate on day 14 and analysed by ANOVA and Tukey's multiple

comparison.

5.2.13 Feed type and larval production 2: mixed A

All microalgae were cultured in 2 | glass flasks under aseptic conditions. Three day old larvae

were distributed to triplicate I I glass bottles at an initial density of 10 larvae/ml in aerated

0.35pm filtered, UV sterilised seawater. Lawae were maintained at a constant temperature of
lS"C with water and feed changes every 2 days. At each water change larvae were treated with

100 pglml of each Penicillin G (Na.) and Streptomycin sulphate. Feed treatments included a) a

single flagellate base diet of Isochrysis galbana (T-Iso) at 50 cells/pl, b) a flagellate and diatom

mixed diet of Isochrysis galbana (T-Iso) with either Chaetoceros calcitrans or Thalassiosira

pseudonana and c) a mixed flagellate diet of /sochrysis galbana (T-Isa) and Pavlova lutheri. The

mixed diets were offered with Isochrysis galbana (T-Iso) at a l:1 ratio by both equivalent mass

and cell density. In the equivalent feeding density trials mixed diets were given at 25 cells/pl

each. For equivalent mass trials algal dry weights (from Brown et al. 1991) were used to

determine the equivalent feeding concentration, these being; Chaetoceros calcitrans (66 cells/pl),

Thalassiosira pseudonana (26 cells/pl), Pavlova lutheri (7 cells/pl). Survival was estimated by

counting live larvae in triplicate 2 ml sample aliquots at the end of the experimental period, on

day 35. Survival proportions were normalised by the arcsine square root transformation before

ANOVA and Tukey's multiple comparison analysis. Lengths of 20 randomly selected larvae

were measured for each replicate on days 7,10, 14, 17,21,25,28,32 and 35 and analysed by

ANOVA and Tukey's multiple comparison. Mean growth rate of larvae over the whole
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experimental period was estimated by the slope of a first order regtession (SigmaPlot@) fitted to

the length data. On days 21, 25, 28,32 and 35 the proportion of larvae with eye spots was

determined within triplicate 3x2 ml sample aliquots and normalised by the arcsine square root

hansformation before ANOVA and Tukey's multiple comparison analysis.

On day 35 the three replicates from each treatment were combined and added to a 10 litre down-

welling unit made from plastic bucket fitted with 40 pm nylon mesh on the bottom. The down-

wellers received l5 minutes every hour of water replacement at a flow rate of about 0.5 litre/min.

Replacement water contained 50 cells/pl Isochrysis galbana (T-Iso). A-fter 72 hours,

settlement/metamorphosis was determined as the proportion of live shells which had evident

secondary shell growth (see Appendix A, photo l9) within triplicate samples per treatment.

5.2.14 Feed type and larval production 3: mixed B

All algae were cultured in 20 - 40 I bags and 20 I carboys (diatoms only) using standard

procedures. Two day old larvae were distributed to duplicate I I glass bottles at an initial density

of l0 larvae/ml in aerated 0.35pm filtered, LfV sterilised seawater. Larvae were maintained at a

temperature of about 20"C with water and feed changes every 2 days. At each water change

larvae were treated with 100 pglml of each Penicillin G (Na) and Streptomycin sulphate. Larvae

were fed a mixed flagellate and diatom diet at a 1:l ratio, each at a mass equivalent to 10 cells/pl

Isochrysis galbana (T-Iso). The flagellate species offered were Isochrysis galbana (T-Iso) and/or

Pavlova lutheri. The diatoms offered were Chaetoceros calcitrans and./or Thalassiosira

pseudonana (Table 5. 1 ).

Table 5.1 Feed type and larval production 3. Flagellate and diatom feed mixture ratios (equivalent dry mass)
for the microalgal species; lso-Isochrysis galbana (T-Iso),Pav-Pavlova latheri, Cc-Chaetoceros cslcitruns and
Thal-T h u I as sio sir a p se u d o n a n a.

Flaeellates Diatoms
Treatment
Iso / Cc

Pav / Cc

Iso / Thal
Pav / Thal
Iso/Cc+Thal
Pav/Cc+Thal

lso Pav Cc
11

l1

Thal

I
I

0.5 0.5

0.5 0.5

0.5 0.5

I

I
0.5Iso * Pav / Cc + Thal 0.5



Chapter 5. Larval husbandry of Perna canaliculw

Survival was estimated by counting live larvae within triplicate 2 ml sample aliquots on day 5, 12

and 20. Survival proportions were normalised by the arcsine square root transformation before

analysis by ANOVA and Tukey's multiple comparison. Lengths of 20 randomly selected larvae

were measured for each replicate on days 5, 12 and 20 and analysed by ANOVA and Tukey's

multiple comparison.

5.2.I5 Feed fype and larval production 4: green flagellates A

Sixteen day old larvae were collected and graded to >80 pm using a nylon mesh filter. These

larger cohort larvae were distributed to duplicate I I glass bottles at an initial density of 10

larvae/ml in aerated 0.35pm filtered, UV sterilised seawater. Larvae were maintained at a

temperature of about 20'C with water and feed changes every 2 days. All larval treatments were

offered a 1:l mass ratio base diet of ,lsochrysis galbana (T-Iso) and Chaetoceros calcitrans (the

feeding regime used for the larvae before the experiment started). This feed mix was the "no

supplement" control. The supplement treatment species trialed Dunaliella tertiolecta, Tetraselmis

suecica and Tetraselmis chuiii, all offered at 5 cells/pl. Water and feed were replaced every 2

days. Survival was estimated by counting live larvae within triplicate 2 ml sample aliquots on

day 7. Survival proportions were normalised by the arcsine square root transformation before

analysis by ANOVA and Tukey's multiple comparison. Lengths of 20 randomly selected larvae

were measured using image analysis for each replicate on day 7 and analysed by ANOVA and

Tukey' s multiple comparison.

5.2.16 Feed type and larval production 5: green flagellates B

Twenty day old larvae were collected and graded to >125 pm using nylon mesh filters. These

larger larvae were distributed to duplicate I I glass bottles at an initial density of 5 larvae/ml in

aerated 0.35pm filtered, W sterilised seawater. Larvae were maintained at a temperature of
about 20'C with water and feed changes every 2 days. All larvae treatments were offered a 30

cells/pl Isochrysis galbana Q-Iso) base diet . This feed mix was the "no supplement" control.

The supplement treatment species tested were of the species Dunaliella tertiolecta, Tetraselmis

suecica, Tetrasehnis striata and Tetraselmis chuiil, all offered at 5 cells/pl (Table 5.2). Survival

was estimated as the proportion of live larvae within triplicate 2 ml sample aliquots on days 6, l0
and 13. On day 13, the proportion of larvae with eye spots were determined within triplicate 2 ml

sample aliquots. Proportional data were nonnalised by the arcsine square root transformation

before analysis by ANOVA and Tukey's multiple comparison. Lengths of 20 randomly selected

tI8
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larvae were measured for each replicate on days 6, 10 and 13 and analysed by ANOVA and

Tukey's multiple comparison.

Table 5.2 Feed type and larval production 5: green flagellates B. Microalgal supplement species and strains
offered to larvae at 5 cetlVpl in addition to the .Isaclr4rsis galbana (T-Iso) base diet A control starvation diet
was also included. "NOAA" strains were supplied by Dr. Gary H. Wikfors NOAA; National Marine Fisheries
Service, Northeast fisheries Science Centre, Milford, CT 06460, USA. CSIRO strains were supplied from
csrRo, Division of Fisheries, Marine laboratories, GPO Box 1538, Hobart, Tasmania.

Treatment Species Strain label Source
I
2

3

4

5

6

7

8

9

10

L galbana

T. Chuii
T. Chuii
T. Chuii
T. Striata
Tetraselmis species

T.suecica

T. Chuii
D.tertiolecta
Starved

NO
PLY 429

PLY 429-S

UW,l45
PLAT.P
MC:2

TS (CS-I87)

TC (CS-26)

DUN

CSIRO

NOAA
NOAA
NOAA
NOAA
NOAA
CSIRO
CSIRO

CSIRO

lr9
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5.3 Results

5.3.1 Embryo rearing of Perna canaliculus

Fertilisation success of eggs used in this experiment was 97.5% (CV : 0.5). In the 1 I bottles, the

EDTA treatment larval yield (85.4%) was significantly higher than the untreated seawater

treatment (76.0%)(Table 5.3). Yield of veligers at 72 hours was significantly higher in the EDTA

treated 500 I tank (89%) than in the untreated seawater tar|r- (66%). The untreated seawater

stocked at a density of l0 embryos/ml produced a medium larval yield (66%) which was not

significantly different from the percentage yield from the tank stocked at a density of 50 embryos

lmt (60.7%).

Table 5.3 Yield of veliger larvae alter 72 hours of development with: A) different water types being; FFSW-
fresh filtered sea water and EDTA-seawater treated with I mg/l EDTA in I I volumes (Al) and 500 I volumes
(A2) and B) different stocking densities in untreated seawater being; l0 and 50 embryos/ml.

Stocking

density

(embryos/ml)

Test Volume

0)

Water Yield

rype (%)

Reps 950h

CI

t-Test

p=

100 Al | 4 EDTA 85.4 1.9

100 A1 r 4 FFSW 76.0 4.9 0.0097 (Al)

10 A2 500 2 EDTA 89.1 1.6

l0 A2 & B s00 2 FFSW 66.2 t.4 0.0091 (A2)

s0 B s00 2 FFSW 60.7 1.5 0.3333 (B)
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5.3.2 Antibiotics for larval experimentation

Antibiotic treatments of 50 Fglml or greater had a dramatic effect on bacterial numbers when

compared to the l0 pglml and control treatments. In the 50 pglml treatments, colony forming

bacterial numbers were in the order of 100/ml after 4 days of culture. In the higher antibiotic

concentrations of 100pg/ml and above there were less than 2 colony forming bacteria/ml after 4

days. In contrast, bacterial numbers in the control were in the order of 15,000 colony forming

bacteria/ml after the four days duration (Fig 5.1).

Survival after 2 days was high in all treatments with no ill effects of the antibiotic treatment

observed in the larvae. After 7 days the control treatment exhibited complete larval mortality

with no swimming larvae observed, however in all other treatments larvae appeared to be

developing normally and actively swimming and feeding.

There were significant differences in bacterial numbers irmong the antibiotic treatments (ANOVA

p < 0.001, Table 5.4). The data set was found to be non-normally distributed and was analysed by

the Kruskal-Wallis test which verified the general findings of ANOVA (Kruskal-Wallis

p<0.001).

Table 5.4 Number of colony forming bacteria/ml from larvae cultures at days 2 znd 4. The cultures were
treated with the antibiotics Penicillin G (Na) and Streptomycin sulphate both given together each at the
concentrations indicated. Tukey's multiple comparison results are given at right with signilicant differences
indicated by different characters.

Day Antibiotic
(us /ml)

Bacterial colonies
(numbers /ml)

9l%o
CI

Tukey's

0
2
4

0
0
0

4653
1 0552
1 5299

't84
875

2717 A
2
4

10

10
8225

1 1398
1 198
415 B

2

4
50

50
291
324

112
86 c

2
4

100
100

17

7
10
2 D

2

4
200
200

I
0

2

0 D

2
4

500
500

7

0
2

0 D
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15000

10000

5000

0

0 100 200 300 400 s00

Antibiotic concentration ( pg / ml )

Figure 5.1 Antibiotics and larval culture. The number of colony forming bacteria"/ml after four days of
culture with the antibiotic at concentrations between 0 and 500 pglml. The antibiotic dose was Penicillin G
and Streptomycin sulphate which were given together. Colony forming bacteria at the start of the experiment
was about 4600im1. Cl,gso/o confidence interval.

5.3.3 Salinity and larval production

Significant differences in larval survival occurred between the salinity treatments (ANOVA p <

0.001). Larvae did not survive at salinity 10 and l5 ppt, however at the higher salinity treatments

from 20 to 35 ppt survival was about 50Yo and did not differ significantly over this range (Fig

s.2).

Significant differences in larval length at the end of the experiment were found (ANOVA p <

0.001). Larval growth was highest at 35 ppt, with larvae reaching about 85 pm in length. In

confiast, at 20 ppt larvae reached only 75pm ( Fig 5.3).
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Figure 5.2 Percentage survival of larvae cultured for 11 days over the salinity range 10 to 35 ppt. Tukey's
multiple comparison results are indicated by the characters given above the graph, those values with the same
characters are not signilicantly different (i.e. p>0.05).
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Figure 5.3 Mean length of larvae cultured for 11 days over the salinity range 10 to 35 ppt. Tukey's mulfiple
comparison results are indicated by the characters given above the graph. No deta was collected for salinities
10 and 15 ppt due to complete mortality of larvae.
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5.3.4 Culture density and larval production 1

Differences in larval survival and growth were highly significant over the larval densities trialed

(ANOVA p < 0.001). Survival was about 75%o for densities between 12 and 45larvaelml. At the

higher density treatments of 100 and,225 larvae/ml survival was significantly lower, being 54Vo

and 35Yo respectively after I I days of culture (Fig 5.a). Larval growth was consistently higher at

lower larval densities. At the lowest density treatment, I}larvaelml, mean length at the end of
the experiment was 93 pm versus 74 pm recorded for the 225larvae/ml treatment (Fig 5.5).

AA A B
100
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+l

5
E50
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25
I

0 50 100 150 200 250

Culture density ( larvae / ml )

Figure 5.4 Percent survival oflarvae cultured for 11 days over the culture density range 12 ts225 larvae/ml.
Tukey's multiple comparison results are indicated by the characters given above the graph.
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Figure 5.5 Mean length of larvae cultured for 11 days over the density range 12 to 22Slarvae/ml. Tukey's
multiple comparison results are indicated by the characters given above the graph.
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5.3.5 Culture density and larval production 2

Significant differences were found between the larval density treaftnents for larval survival

(ANOVA p < 0.001, Kruskal-Wallis p :0.019) and growth (ANOVA p < 0.001) after 17 days of
culture. Survival was significantly higher at the density of I larvalml (91%) than at 5 larvae/ml

(72%). There were no significant differences in survival between the l0 and 20 larvae/ml

treatments (40-45%\ (Fig 5.6).

In terms of larval growth, differences in mean lengths after 17 days of culture were significant

(ANOVA p < 0.001). The greatest mean lengths were attained for the lowest density culture of 1

larva/ml (2l9pm) although this was not significantly different from the 5 larvae/ml treatrnent

(205pm). The 10 and 20 larvae/ml treatments attained the lowest me:ur lengths of L79 and l63pm

respectively (Fig 5.7). Eye spot development was significantly higher in the 1 larva/ml treatment

than at any other density treatment with over 42Vo of luvae attaining eye spots after 17 days (Fig

5.8). The 5 larvae/ml density treatment eye spot yield (10%) was significantly higher than the

both the l0 and 20larvae/ml treatments which were insignificantly different from one another

(0.6-1.s%).
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Figure 5.6 Culture density and survival of larvae over the 17 day culture period. Lawae were cultured at
densities between I - 20 larvae/ml. Tukey's multiple comparison results are indicated by the characters given
within the legend.
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Figure 5.7 Culture density and growth of larvae over the 17 day culture period. Larvae were cultured at
densities between 1 - 20 larvae/ml. Tukey's multiple comparison results are indicated by the characters given
within the legend.
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Figure 5.8 Culture density and development of eye spots in larvae over the 17 day culture period. Lervae were
cultured at densities between I - 20 lsrvae/ml. Tukey's multiple comparison results ere indicated by the
characters given within the legend.
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5.3.6 Temperature and larval production

Temperature had a significant effect on larval survival (ANOVA p < 0.001) over the 18 days of
the experiment. Early during the experiment one of the duplicate 24oC treatments was

accidentally lost, thus no bottle replication is available for this treatment. ANOVA however did

not detect a significant nested replicate effect within the heatments (Rep (Treat) p : 0.095).

Survival was significantly higher (54%) for larvae cultured at l6"C than larvae cultured at either

13oC or 19oC which were not significantly different from one another (60% and,62Yo survival

respectively). The highest temperature treatment, 24"C, had the lowest survival (19%) as is

shown in Fig 5.9. At the end of the experimental period the 24"C treatments appeared to have a

maj or bacterial infection.

Temperature had a significant effect of larval growth (ANOVA p < 0.001). Larval length was

consistently higher with increasing culture temperature between 13 and l9"C (see Fig 5.10 and

5. 1 1). Mean larval length on day 1 8 of the experiment for the l 3 
oC treatment was 1 03 prm and for

the 19oC treatment was 154pm. Mean larval length was significantly lower in the 24oC treatment

(109 pm) than the 19oC culture. The 16"C treatment samples for day l8 were accidentally lost.

For the available data, mean daily growth rate was 0.4pm for the 13oC culture, 0.3pm for the

16"C culture,3.ITpm for the l9"C culture and 0.7pm for the 24oC culture. The drarnatic

difference in larval growth rate (for the largest 25Yo of the population) when cultured at the

different temperatures is shown in Fig 5.11. Examining growth for the largest quarter of the

culture population is relevant because larval density is usually reduced by repeatedly culling

slower growing individuals.
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Figure 5.9 Temperature and survival of larvae cultured for 18 days at the temperatures 13"C, 16"C, 19oC
and 24oC. Tukey's multiple comparison results are indicated by the characters given above the graph.
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Figure 5.10 TemPerature and final lenglh of larvae cultured for 18 days at the temperatures l3oc, 16oC,
l9oC and 24oC. Tukey's multiple comparison results are indicated by the characters given above the graph.
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5.3.7 Feed concentration and larval production I

Significant differences in larval survival occurred between the feed concentrations trialed

(ANOVA p : 0.001) by the end of the 14 day experiment. Survival was highest in the non fed

treatment (72%). With increasing density of Isochrysis galbana g-ko) survival decreased at a

near linear rate. Survival was lowest (51%) at the highest feed concentration of 200 cells/pl (see

Fig 5.12).

Differences in larval length after 14 days were highly significant (ANOVA p < 0.001). Highest

growth was in the 10-20 cells/pl treatments with lengths of about 90 trrm attained (see Fig 5.13).

Between 5 and 50 cells/pl growth was signifrcantly higher (>85 pm attained) than at either the

very low feed concentrations, of 0 and I cells/pl, or the very high feed concentrations, of 100 and

200 cells/prl (length <77pm attained).
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Figure 5.12 Feed concentration (experiment l) and survival oflarvae after 14 days ofculture. Larvae were
offered Isochrysis galbana (T-Iso) at concentrations between 0 and 200 cetls/pl. Tukey's multiple comparison
results are indicated by the characters given above the graph.
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D CDAB A A c Tukeys

T- Day 14
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Figure 5.13 Feed concentration (experiment 1) and length oflarvae after l0 and 14 days ofculture. Larvae
were offered Isochrysis galbuna (T-Iso) at concentrations between 0 and 200 cells/pl. Tukey's multiple
comparison results for day 14 are indicated by the characters given above the graph.

5.3.8 Feed concentration and larval production 2

The 30 celVpl treatment was accidentally lost early in the experiment. Significant differences

were seen in survival after 14 days between the feed concentrations offered (ANOVA p:0.012).

Survival was highest (50%) at the mid range mixed diet concentrations equivalent to the mass of

between l0 and 60 cells/pl Isochrysis galbana (T-Iso) (Fig 5.ta). At the very low and very high

cell concentrations (1 and 120 cell/prl) survival was lowest at about 20%.

After 7 days there was less than 10pm difference in lengths between the treatments, however the

10 and 60 cells/pl treatments had attained a significantly greater size. After 14 days the difference

between the treatments was more pronounced (ANOVA p < 0.001) with the greatest mean length

(112 pm) reached in the cultures fed 60 and 120 cells/pl. The lower concentrations attained

significantly smaller mean lengths of 82 pm and 95 pm for the I and l0 cells/pl treatments

respectively (Fig 5. I 5).
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Tukeys
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Figure 5.r4 Feed .",:ff;:::;:::::,T1,'ii'1"" arter 14 days orcurture. Larvae were orrered reed
at an equivalent mass to between 1 and 120 cells/pl oI Isochrysis galbana (T-ko). The feed offered comprised
of a l:l:l dry mass mixture of the species Isochrysis galbana (T-Iso), Chaetoceros calcitrans and Tholassiosira
pseudonana. Tukey's multiple comparison results are indicated by the chsracters given above the graph.
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Figure 5.15 Feed concentration (2) and length of larvae alter 7 and 14 days of culture. Larvae were offered
feed at the equivalent mass of between I and 120 cells/pl of Isochrysis galbana (T-Iso). The feed offered
comprised of a l:l:l dry mass mixture of the species Isochrysis galbana (T-Iso), Chaetoceros calcitrcns and
Thalassiosira pseudonona. Tukey's multiple comparison results for day 14 are indicated by the characters
given above the graph.



Chapter 5. Larval husbandry of Perna canalicalus 133

5.3.7 Feed concentration and larval production 3

There were significant differences in survival between the feed treatments at the end of the 21

day experiment (ANOVA p < 0.001). There was no clear pattem of survival among the feed

treatments between the concentration of 5 and 80 cells/ml, which ranged between 60% and 90%

at the end of the experiment. The most concentrated feed treatment, 160 cells/pl, however had a

notably lower survival by the end of the experiment as is shown in Fig 5.16 and 5.17.

There were highly sigmficant differences in the mean length of larvae between the treatment feed

concentrations at the end of the experiment (ANOVA p < 0.001). The $owth rate and final

lengths attained by the larvae are shown in Fig 5.l8 and Fig 5.19. There was a consistently higher

$owth rate recorded for the larvae offered the higher feed concentrations. The 160 celVpl

treatment stood out as having very rapid growth. The 40 and 80 celVpl treatments also displayed

a high growth rate although they were not significantly different from one another despite a l00Yo

difference in the ration offered, The difference in mean length at the end of the experiment

between the 40 and 80 cells/pl treatments was only l8pm. Larvae offered the lower feed

concentrations of 20, l0 and 5 cells/pl displayed progressively slower rates of growth.

On the last sampling, day 21, the 160 cell/pl treatment larvae were nearly all dead or moribund.

Length measurements were taken randomly (live or dead) as the live cohort comprised only of

small immatur6 animals that did not well represent the existing population. Many of the larger

animals appeared to have started or undergone metarnorphosis prior to death, evident by new

shell growth. The lengths of the 160 celVpl treatment at the end of the experiment are

significantly higher than the other treatments.

At the end of the experiment there were significantly more larvae with eye spots (about 50%) in

the 40 and 80 cells/pl treatments than any of the other feed rations trialed (<10%) (Fig 5.20). The

160 cells/pl treatment recorded a low percentage of larvae with visable eye spots as most larvae

were dead (and not assesed) although three days previous about 73o/ohad eye spots. Evidently the

pace of development was faster in the highest treatment but at a signifcant cost in terms of

survival.
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Figure 5.16 Feed concentration (3). The percentage survival of larvae for each of the algal concentrations
trialed over the course of the experiment. Fl)3-sur.spw
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Figure 5.17 Feed concentration (3). The percentage survival of larvae for each of the algal concentrations
trialed at the end of the erperiment. Tukey's multiple comparison results are indicated by the characters
given above the graph.
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Figure 5.18 Feed concentretion (3) The growth of larvae for each of the algal concentretions trialed over the
course of the experiment.
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Figure 5.19 Feed concentration (3). The length of larvae for each of the algal concentrations trialed at the end
of the experiment. Tukey's multiple comparison results are indicated by the chargcters given above the
graph.
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Figure 5.20 Feed concentration (3). The percentage oflarvae with eye spots for each ofthe algal
concentrations trialed at the end of the experiment. Tukey's multiple co. mparison results are indiceted by the
characters given above the graph.The 160 cellslpl treatment count was low because only live larvse were
assayedo which were few for this treetment at the end of the experiment. Eowever, 3 days previously 73o/o oI
the population hed eye spots.
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5.3.8 Estimating the optimal ration

The quadratic equations fitted to the length data from the feed concentration experiments 2 and 3

are shown in Fig 5.21. The Maximal ration and Optimal ration values for larval length and feed

concentration are summarised in Table 5.5. The quadratic regressions provided a very good fit of

the data with the exception of curye 1 (from the feed concentration experiment (2), day 7 data).
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Figure 5.21 Quadratic regression curves for the larval length and feed concentration data from the
sampling's made during feed concentration experiments 2 and 3.

Table 5.5 Feed ration and larval length regression results. The values for Maximum ration are those found at
the asymptote of each curve. The values for Optimal ration are those found at a position on the curve at
which the larval length is 957o of the maximum. Feed concentration is of /sacirysr's galbana (T-Iso) cells/pl.
Expt (day) refers to which experimental data the curve was based upon.

Feed ration resression Maximum ration Ootimal ration
Curve Expt. No R2

(dav)
Length conc.
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Length conc.

rm cells/ul
1 2 (7) 0.55
2 2 (14) 0.e6
3 3 (7) 0.82
4 3(10) 0.87
5 3 (18) 0.e1
6 3 (21) 0.92
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The Maximal and Optimal ration values derived from the quadratic equations have a linear

relationship in reference to larval length (larval survival was not taken into account when

deriving the Maximal and Optimal ration functions). First order regressions provided a good fit to

the maximal and optimal ration estimates (Rt : 0.995 and 0.977 respectively) and are shown in

Fig 5.22. The regression functions can be expressed as the ration (cells/pl of Isochrysis galbana

(T-Iso) or equivalent mass) required for any particular length (pm) of larvae (Equations 4-1,4-2)
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Figure 5.22 The Maximal and Optimal ration regressions. The Maximal ration regression intersects the
asymptote of the larval length and feed concentration curves recorded during the feed concentration
experiments. The Optimal ration regression values are those at which the larvae attain a length 95%o of that
found at Maximal ration.

The Optimal ration provides the feed for larvae to reach 95% of the maximal length (i.e. the

length theoretically attained when fed the Maximal ration). The Optimal ration however is often

considerably less concentrated than the maximal ration. For young larvae, around 80 pm in

length, the optimal ration is only 20Vo of the maximal ration, however by the time the larvae are

ready to settle near 220pm in length the Optimal ration is 90% of the Maximal ration Table 5.5).

Maximal ration : ( length - 23.3 ) I l.l5

Optimal ration : ( length - 64.2 ) / 1.35

(4-1)

(4-2)

a Maximal ration curve
O Optimal ration curve
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5.3.9 Feed type and larval production 1: elimination trial

There were highly significant differences in larval length at the end of the experiment (ANOVA p

< 0.001) as is shown in (Fig 5.23). Growth was greatest for larvae fed a monoculture of

Isochrysis galbana (T-ho) with a mean size after 14 days of 110pm. The next best growth

occurred in larvae fed, Thalassiosira pseudonana (88pm).The other species produced only

marginal growth with final lengths of between 73 to 77 pm attained.
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Figure 5.23 Feed type elimination trials. Mean length affained by larvae after 14 days fed a 50 cells/pl
monocultures of the microalgal species; (Iso) Isacftrysis golbana (T-Iso), (Thal) Thalassiosira pseudonana, (Ccl
Chaetoceros colcitrans,(Cm) Chaaoceros muelleri,(Pw) Pavlova lutheri, (Nan) ifaazachloris clonras, (Nil)
Starvation.

There were significant differences in survival at the end of the experiment (ANOVA p < 0.001).

Survival was highest for the microalgal species Nannochloris atomus and Pavlova lutheri at

(66%). Survival for the other species fell between 37o/o to 53o/o as is shown in (Fig 5.24).
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Ftgure 5.24 Feed type elimination triels. Percentage survival of larvae fed r 50 cells/pl monocultures of the
microalgal species; (Iso) lsocfrrysis galbana (T-Iso), (Thal) Ihalassiosira pseudonana, (Ce) Chaaoceros
calcltransr(Cm) Chaaoceros muelleri,(Pav) Pavlova lutheri, (Nan) iVarzoclrloris atomas, (Nil) Starvation.
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5.3.10 Feed type and larval production 2: mixed A

There were marked differences in survival of larvae in the different feed treatments at the end of

the experiment (ANOVA p < 0.001) as is shown in Fig 5.25.Larvae were mixed diets at either a

l:l mass or cell number ratio equivalent to 50 celVpl Isochrysis galbana (T-ho). Survival was

highest (66%) for larvae fed a mixed diet of Isoehrysis galbana (T-Iso) and Chaetoceros

calcitrans. Survival of larvae fed a monoculture of Isochrysis galbana (T-Iso) was not

significantly lower (50%). Survival of larvae fed Thalassiosira pseudonana with Isochrysis

galbana (T-ho) was between 45o/o and 51%. The Pavlova lutheri and Isochrysis galbana (T-Iso)

mixture had the lowest survival rate (30%). There were no significant differences in the survival

of larvae for any particular mix when fed either in terms of equivalent cell mass or cell density

despite, in some cases, the large differences in the relative cell concentration offered (e.g. the two

treatments containing Chaetoceros calcitrans had 66 and 25 cells/pl respectively).

There were highly significant differences in the mean length of larvae among the feed treatments

at the end of the experiment (ANOVA p < 0.001) as can be seen in Fig 5.26. The rate of larval

growth was dramatically different for the microalgal diets as can be seen in Fig 5.27. Growth was

most rapid for larvae fed a mix of Isochrysis galbana g-Iso) and Chaetoceros calcitrans with

between 4.1 and 5.0 pm growth/day (see Table 5.6). Growth was also rapid for larvae fed a mix

of Isochrysis galbana Q-Iso) and, Thalassiosira pseudonana although less than that seen in the

Isochrysis galbana (T-Iso) / Chaetoceros calcitrans mix (4.4 - 4.9 pmlday). However at the end

of the larval growth period there was no significant difference in average length of larvae fed

these two mixfures.

Growth for the Isochrysis galbana Q-fsd I Pavlova lutheri mix (1.8 - Z.4pmlday) was less than

for the Isochrysis galbana (T-Iso) only diet (2.7 pmlday). Final mean lengths attained for the

Isochrysis galbana (T-Iso) I Pavlova lutheri were between 134 - 146 pm and for the Isochrysis

galbana Q-Iso) only diet, 157 pm. There were no significant differences between particular

microalgal mixtures when fed either by equivalent cell mass or cell density (see Tukey's

characters in Fig 5.26) except for the Isochrysis galbana (T-Iso) I Chaetoceros calcitrans mix.

The Chaetoceros calcitrans mix diet fed as equivalent mass to Isochrysis galbana (T-Iso)

achieved a significantly greater size than the diet fed as equivalent density (i.e. 66 cells/pl in

comparison to 25 cells/1tl Chaetoceros calcitrans).
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T u keys

Feed type
I lso only

Figure 5.25 Feed type (mixed A). Percentage survival of larvae at the end of the experiment fed mixed diets
(l:1 equivalent by both cell mass and cell density) comprising the microelgal species; (Iso) Isaclrysis galbana
(T-Iso), (Thal) Thalassiosira pseudonana, (Cc) Chaaoceros calcitrons and (Pav) Povlova lutherl..

Tukeys
250

200

150

Feed type
I lso only

Figure 5.26 Feed type (mixed A). Mean length attained by larvae at the end of the experiment fed mixed diets
(1:1 equivalent by both cell mass and cell density) comprising the microalgd species; (Iso) Isaclrrysts galbana
(T-Iso), (Thal) Thalossiosiru pseudonana, (Cc) Chaetoceros calcitrans and (Pav) Povlova lutheri.
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Figure 5.27 Feed type (mixed A). Growth of larvae fed mixed diets
density) comprising the microalgal species; (Iso) .Isoclrrysis galbana
(Cc) Chaetoceros calcitrans and (Pav) Pavlova lutheri,.
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Table 5.6 Feed type (mixed A). Mean daily growth rate calculated by linear regression, Larvae were fed
mixed diets (1:1 equivalent by both cell mass and cell density) comprising the microalgal species; (Iso)
Isochrysis galbana (T-Iso), (Thal) Thalassiosira pseudonona, (Cc) Chaetoceros calcitrazs and (Pavl Pavlova
lutheri.

Treatment Growth / day
{um)

R2

lso 2.68 0.96

CellMass
lso / Cc

lso / Thal
lso / Pav

5.05
4.86
2.39

0.96
0.99
0.98

Gell Number
lso / Cc

lso / Thal
lso / Pav

4.11
4.37
1.79

0.97
0.98
0.88

The increase in the percentage of larvae with eye spots from day 2l to 35 is shown in Fig 5.28.

Eye spot development was highest for the Isochrysis galbana (T-Iso) I Chaetoceros calcitrans

and Isochrysis galbana (T-Iso) / Thalassiosira pseudonana feed mixtures producing a yield of

about 90%, with the former diet having a slightly faster pace of development. However by the

end of the experiment this disparity had reduced and no significant difference in eye spot yield

between these mixtures was found (see Fig 5.29) when assessed in terms of either mass or

density. It is worth noting that when fed by equivalent cell mass the percentage eye spot was

slightly higher for both mixtures. Only very few larvae from the Isochrysis galbana (T-Iso) only

or the Isochrysis galbana (T-Iso) / Pavlova lutheri diet developed eye spots. These differences in

eye spot yield among treatments were significant (ANOVA p < 0.001, Kruskal-Wallis p < 0.001).

Differences in settlement of larvae between the different feed treatments were highly significant

(ANOVA p < 0.001) with between 20o/o and 32o/o of larvae settling after 72 hours in down-

wellers from the Isochrysis galbana (T-Iso) I Chaetoceros calcitrans and the Isochrysis galbana

(T-Iso) / Thalassiosira pseudonana treatments (see Fig 5.28). There was virtually no settlement

for ury of the other treatments (all < 0.I%).

t44
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Figure 5.28 Feed type (mixed A). Eye spot development in larvae during the latter part of the experimenl
Larvae were fed mixed diets (1:l equivalent by both cell mass and cell density) comprising the microalgal
species; (Iso) .Isoclrrysis galbona (T-Iso), (That) Thalassiosira pseudonana, (Cc) Chaaoceros culcitrans and
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Figure 5.29 Feed type (mixed A). Proportion of larvae with eye spots at the end of the experiment (day 35).
Larvae were fed mixed diets (l:l equivalent by both cell mass and cell density) comprising the microalgal
species; (Iso) /socftrysis galbana (T-Iso), (Thal) Thulassiosirs pseudonana, (Ccl Chaaoceros calcitrans snd
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Figure 5.30 Feed type (mixed A). Percentege of live metarnorphosed larvae after 72 hours. Larvae were
previously fed mixed diets (1:1 equivalent by both cell mass and cell density) comprising the microalgal
species; (Iso) lsacftrysis galbana (T-Iso), (Thal) Tholassiosira pseudonana, (Cc) Chaaoceros calcitrans and
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5.3.11 Feed type and larval production 3: mixed B

Survival at the end of the experiment was variable, ranging from lTYo to 640/o, and the differences

between the treatments were highly significant (ANOVA p < 0.001). There was no clear pattern

of survival in relationship to particular feed mixtures (see Fig 5.31). The experiment was

terminated after 20 days due to the poor survival associated with a dense ciliate infection.

Differences in mean length between the treatment diets were highly significant (ANOVA p <

0.001). Only two feed treatrnents displayed good growth, these being the Isochrysis galbana (T-

Iso) / Chaetoceros calcitrans and the Isochrysis galbana (T-Iso) I Chaetoceros calcitrans I

Thalassiosira pseudonana treatments attaining lengths of l30pm and 125 pm respectively (see

Fig 5.32 and 5.33). Of the remaining treatments, the largest larvae were found in the a) Pavlova

lutheri I Chaetoceros calcitrans / Thalassiosira pseudonana and b) Isochrysis galbana (T-Iso) I

Pavlova lutheri I Chaetoceros calcitrans / Thalassiosira pseudonana treatments.
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Figure 5.31 Feed type (mixed B). Percentage survival of larvae after 20 days fed diets (l:l equivalent cell
mass of flagellates and diatoms) comprising the microalgal species; (Iso) Isoclrrysis galbana (T-Iso), (ThaI)
Thalassiosira pseudonana, (Ce) Chaetoceros calcitruas and (Pav) Pavlova lutheri.
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Figure 532 Feed type (mixed B). Mean lengths of larvae after 20 days fed mixed diets (1:1 equivalent cell
mass of flagellates and diatoms) comprising the microalgal speciesl (Iso).tsacfrrysis golbana (TJso), (Thal)
Thalassiosira pseudonana, (Cc) Chaetoceros calcitrans and (Pev) Pavlova lutheri.
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Figure 533 Feed type (mixed B). Growth of larvse over the 20 day experiment when fed the various mixed
diets (1:1 flagellate - diatom mix by cell mass).

o
{{
ocI
,9
E

E
o)co
J

o
+l
ancI
.o
E

-c
o)
Co
J

++-++
-@-
+F+

lso / Cc
Pav / Cc
lso / Thal

Pav I Thal
lso/Cc/Thal
Pav I Cc/Thal
fso / Cc / Thal lPav



Chapter 5. Larval husbandry of Perna canaliculus 149

5.3.12 Feed type and larval production 4: green flagellates A

There was no significant difference in the survival of larvae between the feed treatrnents

(ANOVA p : 0.506) which ranged between 90o/o and 97% (Fig 5.34). There were significant

differences in the lengths of larvae between the feed treatments (ANOVA p : 0.003) over the 7

day duration of this experiment (Fig 5.35). The Tetraselmis suecica supplementary feed treatment

attained a significantly larger mean length of l56pm than the other treatments, which ranged

between 141pm and l44pm
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lso/Cc +Dun + Tes + Tec

Feed mix

Figure 5.34 Green flagellates (A). Percentage survival of larvae for the vlrious feed treatments after 7 days.
Treatments were fed a mix of Iso - Isochrysis galbana (T-Iso) and Cc - Chaetoceros calcitrans (control base
diet) and one of the supplement species of either Dun - Dunaliellq tertiolecta, Tes - Tetraselmis suecica or Tec -
Tetruselmis chuil
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Figure 535 Green flagellates (A). Mean length of larvae for the various feed treatments after 7 days.
Treatments were fed a mir of Iso - Isochrysis galbana (T-Iso) and Cc - Chaetoceros calcitrons (control base
diet) and one of the supplement species of either Dun - Dunaliells turtiolecta, Tes - Tetraselmis suecica or Tec -
Tetraselmis chuii
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5.3.13 Feed type and larval production 5: green flagellates B

There was no significant difference in the survival of the larvae at the end of the 14 day

experiment (ANOVA p : 0.189). Survival was in the range 83 - 94% (Fig 5.36).

There were significant differences in the growth of larvae between the different feed treatments

(ANOVA p < 0.001). Lengths attained during the experiment were in the range of 206pm to

244pm from an initial start length of 172 pm. All of the supplement diets attained a notably

greater length than the Isochrysis galbana (T-Iso) only base diet (207pm) except for Dunaliella

tertiolecta (21Opm). The highest growth was recorded for the strains PLAT-P Q.44pm),PLY429
(236pm) and MC:2 (231pm).There was no significant growth in the starvation treatrnent (see Fig

s.37).

There were significant differences in the yield of larvae with eye spots when the starvation

treatnent was included (ANOVA p < 0.001), otherwise there were no significant differences

between the supplementary treahnent diets (Fig 5.38). A range of 58% to 80% of the larvae were

found with eye spots among the feed treatments. The PLY- 429 strain attained the greatest yield

of larvae with eye spots (about 80%).
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Figure 536 Green flagellates (B). Percentage survivel of larvae for the various feed treatments after 14 days
For details of feed treatments see Section 5.2.16.
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Figure 5.37 Green llagelletes (B). Mean length of larvae for the various feed treatments at the end of the 14
day experiment For details of feed treatments see Section 5.2.16.
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5.4 Discussion

5.4.1 Embryo rearing of Perna canaliculus

The addition of 1 mg/l EDTA resulted in a significant (20Vo) increase in the yield of Perna

canaliculus veliger larvae (see Section 5.3.1). The beneficial effect of EDTA water treatment was

first demonstrated with the larvae of Crassostrea gigas [Utting and Hehn 1985]. The beneficial

effect of EDTA is probably due to its chelating properties, removing ions present in the filtered

seawater that are hazardous to the developing larvae. Zinc is highly toxic to Mytilus edulis

embryos [Widdows and Donkin 1992] and anecdotal data suggests the same is true for Perna

canaliculus. When Perna canaliculus ova were fertilised in water that contained dissolved zinc

no cleavage occurred (S. Buchanan unpublished data).

The Glenhaven Aquaculture Center, the site used for this research, regularly experiences periods

of significant suspended solids in the seawater supply. It is speculated that clay minerals (and

associated adsorbed metals and organic compounds) that are not removed by filtration may

reduce the ability of the seawater to support good embryo growth [Utting and Helm 1985]. The

treatment of seawater with EDTA effectively removes these toxic substances.

There was no real difference in percentage yield of veliger larvae between culture densities of 10-

50 embryos/ml. Rearing densities of less than 80-100 embryo/ml are generally used in bivalve

culture [Utting and Spencer 1991, O'Connor and Heasman 1995]. These high culture densities

(relative to final pediveliger culture densities) ensure more than adequate veliger larvae for later

culture. Given a reconrmended initial larval culture density of 10/ml (see Section 5.4.4) it is
feasible for embryos to be cultured in small vessels and later diluted into larger larval rearing

tanks.

Temperature as well as water chemisfiry and density effect embryo culture perfonnance. Bayne

[965] and Sprung [1984a] found temperatures between about 6-18oC appropriate for embryo

culture of Mytilus edulis, with a faster rate of development in the warmer seawater. At

temperatures outside this range embryo development was deffimentally affected. In general

temperafures near 20'C were used for embryo culfure of Perna canaliculus.
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5.4.2 Antibiotics for larval experimentation

Antibiotics were very effective in reducing bacterial numbers without visibly affecting larval

survival or normal feeding behaviour. Specifically, an equal mix of Penicillin-G (Na) and

Streptomycin sulphate at doses of 50 pglml of each or greater (up to the maximum treatment of

500 pglml) effectively controls the bacterial population (see Fig 5.1). The minimal effective dose

(i.e. 50 -100 pglml ) is not greatly different to those used by other researchers for the contol of

bacteria. Fifty pglml Penicillin-G and Streptomycin sulphate were used to culture larvae of

Mytilus edulis [Bayne 1965], a dose of 100 pdml of Streptomycin sulphate, Penicillin-G and

neomycin sulphate was used for studies with plantigrade lanrae of Crassostrea gigas and

Crassostrea virginica [Chang et al. 1996]. With the sea bream larvae Sparus aurata 50 and 100

pglml Oxalinic acid and Chloramphenicol respectively were used to remove bacteria Hernadez-

Cntz et al.ll994l.

Despite the observation that as much as 99Vo of marine bacteria do not form colonies in nutrient

rich marine agar such as Difco 2216 used in this experiment [Jensen et al. 1996] the relative

colony counts befween treatments indicate the general effectiveness of antibiotic. Antibiotics

treatment is a useful tool for effectively controlling bacterial numbers in experimental or high

value cultures where mortality due to bacteria can cause serious confounding effects (e.g. toxicity

assays) or loss of investment (e.g. during selective breeding).

5.4.3 Salinity and larval production

Larvae survived equally well over a wide salinity range between 20 and 35 ppt (Fig 5.2).

However, in terms of larval growth, performance of Perna canaliculus was best at 35 ppt (Fig

5.3). These results agree with those reported for Mytilus galloprovincialis and ltlytilus edulis

where larvae grew best between 30 and 35 ppt fBayne 1965, Lough 1974, Hrs -Brenko 1978, His

et al. 7989]. Survival of Mytilus galloprovincialis was high over a wide range of salinities

between 15 and 35 ppt [Hrs-Brenko 1978] displaying a wider range in salinity tolerance than

observed in Perna canaliculus. Similarly Mytilus edulis is tolerant to a wide salinity window,

although optimal salinities are reported between 225 to 36.5 ppt [Lough 1974] and 20 to 30 ppt

[Bayne 1965]. The current research supports the statement by Lough 11974) that "maximum

growth of late larvae requires a much narrower range of temperature-salinity conditions than

maximal survival". Certainly in Perna canaliculus growth is significantly retarded as salinities
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fall below about 35 ppt. It is speculated that retarded gowth at lower salinities is due to reduced

metabolic efficiency [Seed and Suchanek 1992)

It has been suggested that salinity plays a minor role in growth of the mussel Mytilus

galloprovincialis in comparison to temperature and nutrition [His et al. 1989]. In that study

salinity explained only 2.3oh to 9.4To of the observed variation, whereas temperature and

nutrition explained 15- 53% and 64%o - 75% of the variation respectively, Interaction between

salinity and temperature is seen in many marine species [e.g. Bressan et al. 1995] however no

significant interaction was demonstrated for the larvae of Mytilus galloprovincialis lllis et al.

1989] or Mytilus edulis Lough U974). Only at the extremes of salinity and temperature does a

significant interaction occur [Hrs-Brenko and Calabresse 1969]. It has been suggested that within

a certain range of salinities, temperature is the controlling factor in larval growth given adequate

nutrition [Lough 1974). The interaction between temperature and salinity was not tested in this

study, however the results are clear and were conducted at temperatures not greatly different from

those expected to be optimal for Perna canaliculus. The conclusion that a salinity of 35 ppt is

optimal for the larval culture of Perna canaliculus, is evident from the data @ig 5.3).

5.4.4 Culfure density and larval production

From the first experiment it can be seen that, in terms of survival, the early larvae of Perna

canaliculus (0-14 days) are remarkably tolerant to high cultwe densities, even up to densities of

50 larvae/ml, however growth is consistently better at lower densities (Fig 5.5). Older larvae are

less tolerant to high stocking densities and the risk of severe mortality increases with stocking

density and age. In the second experiment there was excellent survival of the I and 5 larvae/ml

treatrnent up to day 14, from which time the 5 larvae/ml treatment began to suffer whilst the I

Ianraeiml maintained good numbers (Fig 5.6). The high stocking density heatments of l0 and 20

larvae/ml suffered severe mortality throughout the experiment. Growth was consistently faster at

the lower stocking densities (Fig 5.7) as was the pace of eye spot development that indicates

settlement competency (Fig 5.8). From large scale rearing of Perna canaliculus conducted in this

prqect it soon became clear that density had a major effect on larval growth rate and survival.

Catastrophic mortality was a common occurrence in early larval rearing experiments and was

probably due to excessively high densities. Hay and Hooker [1994] reared Perna canaliculus

larvae at <5 larvae/ml during week I and <2 larvae/ml thereafter. [n their project, however,

mortality was often severe which was attributed, in part, to an RNA virus infection.
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Mortality associated with rearing density is probably due to the combined effects of lower

relative feed availability, higher metabolic waste concentrations and the proliferation of disease

organisms. Behavioural stress effects such as valve closure and sinking following larvae-larvae

impacts were cofllmonly observed and may have a cumulative effect on the larval development.

5.4.5 Temperature and larval production

For survival the optimal temperature for the culture of Perna canaliculus larvae was within the

range of l3-19"C (Fig 5.9), and for growth it is near 19'C (Fig 5.11). This result is similar to the

optimal temperature ranges found in other mussel species. Studies on Mytilus edulis report

optimum temperatures near 20oC; between 5-20'C [Hrs-Brenko and Calabresse 1969], 20-25"C

[Hrs-Brenko 1978f, ?I'C [Bayne 1965], except for Lough ll974l who reported optimal

temperatures between l1-14oC (although best growth occurred at 18oC). Pechenik et al. 11990]

observed best growth at the highest temperature tested (16"C). Sprung [98aa] found best growth

at 18oC, also the highest temperature tested. In Mytilus galloprovincialis the optimal culture

temperature is near 20"C [His et al. 19891.

ln general it appears that mussel larvae survive well at temperafures well below those observed

for maximal growth. For example in Mytilus edulis optimal survival is estimated at about 5 -

l0oC andbest growth at about 18-20'C [Hrs-Brenko and Calabresse 1969, Lough 1974].The

data for Perna canaliculus supports these general observations with maximal survival at l6oC

and maximal growth at 19"C.

The maximal growth rate of Perna canaliculus in this experiment (about 3 pm/day) was not high

in comparison to other studies, Sprung [1984a] recorded a maximal daily growth near l2pm and

Pechentk et al. [1990] recorded a maximal growth rate of about 7 pm/day at l6oC tn Mytilus

edulis. The observed growth rate in this experiment was not as high as in other trials conducted at

18-20'C in which growth rates where in the order of 5 pm/day. The feed rate of l0 cells/pl of

Isochrysis galbana (T-Iso) and Chaetoceros calcitrans used in this trial was probably not an

adequate ration for good growth. Despite the poor growth rate the conclusions about the relative

effect of temperature on larval performance are valid as all temperatures were offered the same

fed concentrations.

At low temperatures growth is probably inhibited due to inhibited feeding activity [Bieras et a/.

L9971. At temperatures over 20oC survival and growth of Mytilus edulis was severely retarded
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[Hrs-Brenko and Calabresse 1969 and Hrs-Brenko 1974]. This as attributed to physiological

intolerance and bacterial growth. In Mytilus galloprovincialis growth retardation occurred

between 25 and 30'C [His et al. 79891. The same pattern was evident in this study with poor

survival (<20%) and retarded growth of larvae in the 24oC treatment. This temperature is close to

the lethal limit for Perna canaliculus larvae (estimated at 26oC, P. Redfearn pers. comm.).

Temperatures of 20'C fRedfearn et al. 1986], 16.5 to 20.5oC [Hay and Hooker 1994] and 21-

23oC [Buchanan and Babcock 1997] have been used to rear the larvae of Perna canaliculus.ln

the current project, the temperatures used for large scale larval culture were between 18 and

21"C. This temperature range yielded eyed larvae between 25 and 28 days post fertilisation given

adequate nutrition. This larval duration is not dissimilar to that of Mytilus edulis [Pechenik er a/.

1990 and Widdows 19911 or Mytilus galloprovincialis (J. Fuentes pers. comm.).

5.4.6 Feed concenfation and larval production

The first experiment showed that best growth of young laruae was achieved when a feed ration of

between 5-60 cells/1tl Isochrysis galbana (T-Iso) was offered. The results of the second

experiment conducted with a improved mixed diet and with aeration, confirmed these findings

(Fig 5.15). At the lowest feed concentrations of both experiments, cell concenfations of 1 celUpl

gave poor groMh and survival, probably due to nutritional limitation. In the first experiment

larval growth was retarded at the high Isochrysis galbana (T-Iso) concentrations between 100 and

120 cellsipl, however at equivalent feed densities in the second experiment this pattern did not

repeat itself. It must be noted that in the second experiment the higher dose of 120 cells/pl was an

equivalent Isochrysis galbana (T-ho) mass being a 1:l:1 dry weight mass ratio mixture of

Isoehrysis galbana (T-Iso), Chaetoceros calcitrans and Thalassiosira pseudonana. The

Isochrysis galbana Q-Iso) alone was only fed at about 40 cells/pl in this treatment.

In the first experiment aeration was not used and it is probable that the poor growth recorded in

the higher concentrations was in part related to this fact. Many of the Isochrysis galbana Q-Iso)

cells dropped out of suspension and were unavailable to the larvae. At the higher concentrations

the Isochrysis galbana (T-Iso) cells may also have been responsible for retarding growth via

either mechanical interference with swimming and feeding and./or possibly through the impact of

extracellular products released by live or decaying cells. High concentrations of microalgal feed

can detrimentally effect the performance of bivalve larvae [Loosanoff and Davis 1963, Hurley et

al. 19971. Extracellular products (ectocrines) in the medium of Isochrysis galbana (T-Iso) have
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been shown to reduce filtration rates rn Hiatella artica [Ali 1970], and ectocrines of

Olisthodiscus luteus and, Dunaliella tertiolecta had the same effect on Mytilus edulis [Ward and

Tagett 1989]. In Crassostrea gigas larvae Phaeodactum tricornutum md Gonyaulax grindleyi

filtrates reduced grazing rates [Thompson et al. 1994]. It is not known what effect microalgal

ectocrines have on the larvae of Perna canaliculus,

The highest growth and fastest development occurred at the highest cell concentration offered in

the third experiment, 160 cells/pl (Fig 5.18), although mortality was high, Larval growth,

survival and development was otherwise optimal between 40 - 80 cells/pl (Fig 5.19). It is clear

from this experiment that late stage larvae grow and develop faster with increasing concentrations

of offered feed, however, at higher cell concentrations significant mortality may occur.

Growth performance of larvae at varying feed concentrations produced (Fig 5.22) the Maximal

and Optimal ration models that can be used to predict feed concentrations required by larvae of a

certain length. The Optimal ration is suggested as a more practical protocol as it predicts

excellent growth (95% of the maximum) while requiring significantly fewer microalgae than the

Maximal ration. It is suggested that larvae are initially fed no less than 10-20 cell/pl of Isochrysis

galbana (T-ko) (or an equivalent mass) to avoid nutrient limitation. It is also important to

carefully monitor late stage larval survival when feeding concentrations above 80 cells/pl

(predicted by the Optimal ration model for larval lengths of about 150pm and above). This was

the most concentrated feed treatment used in these experiments in which significant larval

mortality did not occur. The feed concentration resolved by the ration models are for cells/pl of

Isochrysis galbana (T-Iso) or a mixture of microalgal species of an equivalent dry mass.

Appropriate feed mixtures will be discussed in Section 5.4.7.

It is clear that optimal cell concentration for growth increases with larval age and size (Fig 5.22).

In the larvae of Mytilus edulis clearance rate increases with larval size (weight) [Riisgard and

Randlov l98l]. Strathmann et al. 11993] with larvae of Crassostrea gigas, found clear evidence

that feed abundance affects size of larval structures, specifically velum dimension, shell length

and eye spot development. Of particular interest, the larvae reared (in lower feed densities) grew

a larger velum in proportion to shell length presumably in response to the feed limitation. Greater

growth likely comes through greater ingestion which increases with availability of feed cells up

to some point of satiation.
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Sprung [984b] suggests an optimal ration of about 10-20 cells of lsochrysis galbana (TJso) for

Mytilus edulis, a feed range often used for culture of bivalve larvae (Table 5.7). However, the

optimal ingestion in Ruditapes decussaras larvae occurred at a cell concentrations of 200 celVpl

[Perez-Camacho el al. 1994] and in Mytilus edulis a significantly greater pace of development

occurred when the larvae were fed at 300 cells/pl (the highest concentration tested) [Pechenik et

al. 19901. Much of the variation in growth and feed rates reported for larval culture is attributable

to other environmental variables such as temperature and larval culture density, making

meaningful comparisons difficult (Table 5.7). In the experiment reported here lawae were reared

at l8-20"C with initial densities of 10 larvae/ml. This is an appropriate temperature range

although this larval density is higher than would be expected for optimal larval culture of Perna

canaliculus (Fig 5.6 and 5.7). Given this fact, it may be expected that the larval growth would

have been faster in the third experiment had a lower larval density been used, however the

general pattern of growth in regard to size would probably remain. Hay and Hooker [1994] in

their attempts to rear Perna canaliculus used increasing mixed feed concentrations from 30 to 80

cells/pl taken from feed schedules used for oyster culture.
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Table 5.7 Typical feed concentrations and microalgal species used for bivalve larval culture.

Bivalve species Author (s) Feed Feed Species
density
cells / rrl

Perna canaliculus Hay and Hooker 30-80 Isochrysis galbana (T-Iso),
r994 Chaet oceros calcitrans,

Thalas siosira ps eudonana,
Pavlova lutheri

Perna canaliculus Redfeam el a/. Not Isochrysis galbana,
1986 described Pavlova lutheri,

Skeletonema costatum,
Tetraselmis suecica

159

Mytilus
galloprovincialis

Satuito et al.1994 100-150 Isochrysis galbana,
Pavlova lutheri

Mytilus edulis Pechenik er a/. 300 Isochrysis galbana (T-Iso.
1990

Mytilus edulis Sprung 1984b 10-40 Isochrysis salbana
Mytilus edulis Jespersen and 30-50 Isochrysis galbana,

Olsen 1982 Pavlova lutheri
Mytilus edulis Bayne 1965 100 Isochrysis galbana (T-Iso),

Pavlova lutheri
Crassostrea gigas Utting and 50 & 125 Isochrysis galbana (T-Iso),
Ostrea edulis Spencer 1991 each Chaetoceros calcitrans
Tapes philippinarum
Crassostrea gtgas Helm and Laing 100 & Isochrysis galbana (T-Iso),
Crassostrea rhtzophorae 1987 250 each Chaetoceros calcitrans
Tapes semidecussata or mixed
Mercinaria mercinaria
Argopecten irradians Lu and Blake 20-30 Isochrysis galbana (T-Iso)
concentricus 1996
Crassostrea rhizophorae Rampersad and 30 Isochrysis galbana (T-Iso)

Ammons 1992
Pinctada maxima Rose and Baker 2-40 Isochrysis galbana (T-Iso),

1994 Chaetoceros calcitrans,
Nannoch lorops is oculata

Patinopecten yessoensis MacDonald 1988 5-30 Isochrysis galbana (T-Iso)
Ruditapes decussatus Perez-Camacho et 200 Isochrysis galbana (T-Iso)

al.1994
Mimachlamys asperrima O'Connor and Isochrysis galbana (T-Iso),

Heasman 1997 Pavlova lutheri,
Chaetoceros calcitrans

Saccostrea Nell and = 15 each Isochrysis galbana (T-Iso),
commercialis O'Connor l99l Chaetoceros calcitrans
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5.4.7 Feed type and larval production

The single algae species elimination experiment found Isochrysis galbana (T-Iso) superior in

terms of growth compared to the other species (Fig 5.24). Larvae fed any of the remaining

species did not display significant growth apart from Thalassiosira pseudonana which was

however significantly poorer than Isochrysis galbana (T-Iso). Isochrysis galbana (TJso) is

evidently a preferred microalgal species for the culfure of mussel larvae particularly when fed as

part of a mixed diet (see Table 5.7).

The initial mixed feed trial explored diet mixes of Isochrysis galbana (T-Iso) alone or with either

of the two diatom species Chaetoceros calcitrans or Thalassiosira pseudonana and the flagellate

Pavlova lutheri. Growth and development was considerably faster when Isochrysis galbana (T-

Iso,) was mixed with a diatom with about 9A%o of larvae acquiring eye spots (Fig 5.25, 5.28).

Survival was highest in the Isochrysis galbana (T-Iso) - Chaetoceros calcitrans mixture. In

confrast, the Isochrysis galbana (T-Iso) - Pavlova lutheri mixture displayed the lowest growth

rate and the lowest survival. The Isochrysis galbana (T-Iso) monoculture had intermediate

growth that was significantly lower than the diatom mixture but greater than the Pavlova lutheri

mixture. The Isochrysis galbana (T-Iso) monoculture and the Isochrysis galbana (T-Iso) -

Pavlova lutheri mixture produced only a few competent larvae (eye spots) over the experimental

period. In the second mixed diet experiment growth was again highest for the flagellate - diatom

diet containing Isochrysis galbana (T-Iso) and Chaetoceros calcitrans (Fig 5.33). It is probable

that the Isochrysis galbana (T-ho) - Thalassiosira pseudonana diet did poorly in comparison to

the first mixed diet because the feed ration was significantly lower (40%). The ciliate infection

probably also affected performance of the larvae. The different algae culture conditions (20 I

carboys vs. 2 I flasks) used in this experiment may have had an effect on the quality of the

microalgae.

In both experiments larvae fed Pavlova lutheri never displayed good growth or survival (a feature

confirmed in large scale culture trials, S. Buchanan unpublished data). Larvae offered Pavlova

lutheri in experiment one were observed to have conspicuously empty stomachs in comparison to

all other feed treatments. In the second experiment it was evident that all treatments containing

Pavlova lutheri had poor growth. This is a surprising result as Pavlova lutheri is generally

regarded as an excellent feed species and is commonly found in the literature for the culture of

bivalve larvae [O'Connor and Heasman 1997]. Mytilus edulis has often been fed this species
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[Bayne 1965, Jespersen and Olsen 1982, Satuito et al. 1994].For Perna canaliculus Redfearn er

al. 11986l, Hay and Hooker [994] and hatchery operators (A. Janke pers. comm.) have fed

Pavlova lutheri. In personal communications with several of the authors mentioned above, none

recalled observing poor ingestion of Pavlova lutheri so evident in this study, but to the contrary

believed Pavlova lutheri to be well liked by the larvae. Observation of good feeding on diet

mixtures containing Pavlova lutheri may simply reflect preferential ingestion of the other species

offered. None of these authors however experimentally investigated growth or survival of larvae

with particular regard to diet.

The essential fatty acids (EFA) requirements for Perna canaliculus larvae are not yet available

however it is probable that Perna canaliculus is typical of many bivalves species in that they

require the fatty acids 22:61113 and 20:5o13 in their diet [Webb and Chu 1981 and Brourn et al.

1989]. Isochrysis galbana (T-Iso) is generally regarded as a nutritious species for bivalve larvae

and may perform well when fed as a monoculture [Loosanoff and Davis 1963, Pillsbury 1985,

Crawford et al. 1986, MacDonald 1988]. Isochrysis galbana (T-ko) is however recognised to be

deficient in 20:5o3 and it has been suggested that this is why it is a poor feed in some

circumstances [Helm and Liang 1987, Southgate et al. 1998]. In particular Isochrysis galbana (T-

1sol does not always support good growth to settlement when it is fed as a monoculture. However

when fed as part of a mixed diet with microalgae species containing high levels of 22:6a3 (such

as Chaetoceros calcitrans) it is regarded as a nutritious food [Helrn and Liang I987,Nell et al.

1994, Santaella and Aranda 1994, Southgate et al. 1998,]. In the nutrition studies reported here,

Perna canaliculus larvae performed significantly better when fed a mixed diet of Isochrysis

galbana (T-ko) and Chaetoceros calcitrans or Thalassiosira pseudonana (Fig 5.25). It is likely

that the higher and more diverse EFA content of these mixed diets was a significant factor

contributing to their performance. The high levels of 20:5a>3 in the diatoms are not present in

Isochrysis galbana (T-Iso), the converse is true for 22:6a3 (see table 3 presented in Helm and

Liang 1987 for fatty acid composition of Isochrysis galbana (T-Iso) and Chaetoceros calcitrans).

The total EFA mass of the diatoms are also greater than for Isochrysis galbana (T-Iso). Taken

from Brown et al. 11989], the 20:5013 + 22:6a3 content of Isochrysis galbana (T-ko) is 2.0

fgl$mt,however inChaetoceros calcitrans and Thalassiosirapseudonanathecontent is 17.8 and

7.2 fglpm3 respectively. Whyte et al. 119901 suggests that in addition to 20:5ro3 and 22:6a3 the

accumulation of l6:0, l8:0 and l8:10:3 observed in the larvae of the rock scallop Crassadoma

gigantea indicates a developmental requirement for these fatty acids as well. With exceptions the

161
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literature generally supports the notion that mixed diets are almost always superior to

monocultures, especially when designed to providing a balanced fatty acid composition

containing both 20:5013 and 22:6a3.

The inclusion of Tetraselmis in the diet of late stage larvae can have a positive affect on growth

and the pace of development. In the second green flagellate experiment 8 shains of algae of the

species Tetraselmis suecica, Tetraselmis chuii, Tetraselmis striata and Dunaliella tertiolecta

were used. All the supplement strains attained notably greater lengths than the Isochrysts galbana

(T-Iso)- Chaetoceros calcitrans base diet except for Dunaliella tertiolecta (Fig 5.38). No

substantial mortality was associated with any of the feed treatments. With the spat of Crassostrea

gtgas the Tetraselmrs strains PLY429, PLAT-P, MC| LIW.445 and PLY429S (see Table 5.2)

gave the best growth after 8 weeks fWikfors et al. 19961. The high growth performance of the

Tetraselmis strains are attributed to their very high essential fatty acid (specifically 20:5trl3) and

sterol content (24-methylcholesterol and/or 24-methylenecholesterol). Langdon and Waldock

[1981] attribute the poor performance of Dunaliella tertiolecra with the spat of oysters to its poor

essential fatty acid content. In this current study, larvae fed a Dunaliella tertiolecta supplement

grew significantly less than several of the Tetraselmis strains.

t62
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6. Chemical mediation of production

6.1 Introduction

Some bioactive compounds have strong behavioural, physiological and/or metabolic effects on

marine invertebrate adults and larvae that are of use for enhancing, or even allowing the intensive

production of many aquaculture species. This chapter investigates the effect of three potentially

useful compounds in the hatchery production of Perna canaliculus.

6.1.1 Serotonin induction of spawning

The chemical induction of spawning has great application for hatchery production. The

predictable result and timing of spawning makes chemical stimulation an attractive management

technique. Gibbon and Castagna [98a] demonstrated that injection of serotonin induced

spawning in six bivalve species including the ribbed mussel Geukensia demissa. Serotonin has

been successfully used to induce spawning activity in many bivalve species [Van Citter 1984]

including scallops [O'Connor and Heasman 1995, Desrosiers et al1996, Monsalvo-Spencer et al

19971, clams [Crawford et a|1.986, Fong and Wamer 1995], oysters [Gibbon and Castagna 1984]

and the freshwater zebra mussel Dreissena polymorpha lRarn et al 1992, Fong et al 1994].

Spawning induction for Perna canaliculus is usually achieved through temperature shock

fBuchanan 1994, Hay and Hooker 1994]. This technique, while quite successful and usually

reliable, remains the only proven technique available to culturist. The attractive features of

serotonin induced spawning (predictable timing and activity) provided the impetus for examining

its use with the Perna canaliculus.

6.I.2 Thyroxine and larval growth

Johnson and Cartwright [1996] recently found that thyroxine, a strong metabolic regulator in the

vertebrates, accelerates the larval development of the crown-of-thoms starfish Acanthaster

planci. This same activity has been demonstrated in three sea urchin species [Chino et al 1994].

In the jellyfish Aurelia thyroxine affects metamorphic activity and mineralisation processes

[Spangenberg 1984]. In the freshwater bivalve Muscium paratumeurn iodine radioisotopes were

observed to accumulated in tissues and shell. As much as 20Vo of the iodine was metabolised as

thyroxine [Gorbman et al 1959]. Radioiodine (I'3') containing proteins were also incorporated
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into the shell and byssus of Mytilus edulis.It is suggested that thyroxine is involved in regulating

mineralisation processes [Spangenberg 1984] although the mechanism by which thyroxine affects

these processes is unknown.

The effect of exogenous application of thyroxine on the larvae of a bivalve species has not

previously been reported. There is the possibility that thyroxine plays a role in the mineralisation

processes of shell growth in bivalve larvae and maybe also affect broader processes regulating

growth and metamorphosis. The potential benefit to the bivalve culturist is that thyroxine

treatment may promote development and maturation of pediveligers such that settlement

competency and settlement consistency is enhanced. The effect of thyroxine on shell growth and

eye spot formation in late stage Perna canaliculus larvae was investigated.

6. I .3 DOPA induction of settlement

Many marine invertebrates, including Perna canaliculus preferentially settle and metamorphose

within a distinct habitat [Buchanan 1994). The choice of settlement site is determined by a

complex interaction among environmental cues and the animal. Chemical cues are important in

affecting settlement specificity and the resulting spatial patterns of recruitment [Crisp 1967,

Meadows and Campbell 1972]. DOPA has been isolated from bacterial biofilms and has been

demonstrated to enhance the larval settlement and metamorphosis in the Pacific oyster [Coon and

Bonar 1985]. DOPA is a precursor of the neuroactive catecholamines, dopamine, epinephrine and

nor-epinephrine. These substances and ephedrine have affected sefflement behaviour and/or

metamorphosis in bivalve larvae including Mytilus edulis [Cooper 1982, Coon and Bonar 1985,

Coon et al 1986, Beiras and Widdows 1995, Xue 1995 and Nicolas et al 19961.

Settlement is potentially a problematic stage in the production of Perna canaliculus spat.

Settlement and metamorphosis within a population of Perna canaliculus pediveligers can be

inconsistent and prolonged, making set management more difficult and costly. Having the

opportunity to mediate settlement through chemical application would be a tool of practical and

experimental value. This experiment determined the effect of exogenous application of DOPA on

the pediveliger larvae of Perna canaliculus.
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6.2 Methods and materials

6.2.1 Serotonin induction of spawning

Using two stock groups (145 and 156, named for the marine farm licenses they were collected

from), serotonin 5HT (5-hydroxytryptamine, creatinine sulphate complex, Sigma) injection was

compared to temperature shock as a means to induce spawning. For each stock group, l0 animals

each were given intra-gonadal and intrarnuscular injection at each of the heatment dosages. The

dosage range was 0.05 ml, 0.1 ml and 0.15 ml of a 16 mM serotonin solution. Intra-muscular

injections were made into the anterior adductor muscle after filing a notch in the shell following

the procedures described by Gibbon and Castagna [198a]. Intra-gonadal injections were made

directly into the mesosomal gonad. Control groups injected with filtered seawater were included

in the experiment (n:20 per stock type). Temperature shock cycling between l2'C and 22oC was

applied every 30 minutes for 3 hours. Mussels were held at 20"C in individual 1 1 plastic

containers with aeration and 100% water replacement every hour. After l, I Yz, 2, 2Y2, 3 ,3Y2, 4

and l8 hours the cumulative spawning proportion of each treatment and stock was determined.

6.2.2 Thyroxine and larval growth

A preliminary trial examining the effect of exogenous application of thyroxine over the

concentration range of l0-6 to 10-e M suggested a slight increase in the length of mid development

larvae (about 160pm average length) over a 72how contact period. These observations raised the

hypothesis that thyroxine treatment may enhance late stage (pediveliger) growth and possibly

affect the settlement and/or metamorphosis process. This hypothesis was tested with the

following experiment. Larvae, 25 days old were harvested and graded into two groups, a) those

competent to settle, generally above 200pm in length with eye spots and b) those pre-competent

between 180 and 200pm in length. The larvae from each group were distributed to triplicate 5 ml

tissue culture dish (TCDs) wells with thyroxine treatments of l0-5, 10-6, lOt and l0-8 M and a

control. Larvae were suspended in of 0.35pm filtered, UV sterilised seawater. In this trial larvae

were not offered any feed and no antibiotics were used in order to remove these potentially

confounding elements. The treatments were incubated at 20'C in darkness. After 72 hours of

incubation the percentage of larvae in the >200prm group that had metamorphosed was

determined. In the < 200 lrm group, the percentage of larvae with developed eye spots was

determined and the length of 20 randomly selected larvae was measured using image analysis for
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each of the replicate wells. Data was analysed by ANOVA and Tukey's multiple comparison. All

proportional data was nonnalised by the arcsine square root transformation before analysis.

6.2.3 DOPA induction of settlement

Larvae that had been cultured on a mixed diet of Isochrysis galbana (T-Iso), Thalassiosira

pseudonana and Chaetoceros calcitrans for a period of 26 days were collected and graded on a

200pm mesh. L-DoPA (t--3,4-Dihydroxyphenylalanine, Sigma) stock solutions were made up

through serial dilution using 0.35 pm filtered, UV sterilised seawater. Larvae were mixed into the

replicate stock solutions to give final DOPA concentrations of 10-3, l0{, l0-5 and 10-6 M with 8-

10 larvae/ml. Larvae were then distributed to triplicate 5 ml TCD wells for each treatment. Two

identical DOPA concentration batches were made up; one for a short contact time of I hour and

the other for a long contact time of 24 hours. Three control larval replicate wells were included

for each. After a I hour contact period, the short contact batch was rinsed of the DOPA solutions

by collecting the larvae on a 20pm nylon mesh, rinsing and then re-suspending them in fresh

0.35pm filtered and UV sterilised seawater. At the time l% hours from first DOPA contact,

larvae from this batch were assayed for pedal activity. The percentage of larvae with the foot

extended versus enclosed within the shell margin were ascertained and the data normalised by the

arcsine square root transformation before ANOVA and Tukey's multiple comparison.

At four hours and 24 hours from the start of the experiment the percentage of larvae swimming

versus non-swimming were ascertained for each replicate and data analysed as described above.

If there was evidence of non-nonnality in the ANOVA residuals the Kruskal-Wallis non-

parametric test was performed to test the conclusions of ANOVA.

At 24 hours from the start of the experiment all larvae from both batches and the controls were

rinsed of DOPA solutions as described above. Larvae were re-suspended in seawater containing

60 cells/pl Isochrysis galbana (T-Iso). At 72 hours from the start of the experiment the

percentage of lanrae that had metamorphosed was ascertained . Larvae that had at least two of the

following features were classified as metamorphosed; a) attached by byssus threads, b) velum

fully re-absorbed or shed (see Appendix A, photo 18) and gill filament active (see Appendix A,

photo 19) or c) secondary shell growth apparent (see Appendix A, photo 19). Data was

normalised and analysed as described above.
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6.3 Results

6.3.1 Serotonin induction of spawning

None of the animals injected with serotonin spawned in the 18 hour duration of the experiment.

In contrast, within the two stock groups given temperature shock 30% and 50% spawned within

the l8 hour experiment (Fig 6.1). These results confirm observations of pilot trials in which none

of the serotonin injected animals spawned.

2 4 6 I 101214 161820
Time ( hours post-treatment)

-a- Group 1 Temp Shock

-+- Group 2 Temp shock

--l- Groups 1 & 2 Seretonin

Figure 6.1 Serotonin and spawningin Perno canoliculus. Spawning activity of two stock groups of mussels
given temperature shock and either a intra-muscular or intra-gonadal serotonin injection.
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6.3.2 Thyroxine and larval growth

There were no notable differences in performance among the treatments or in cornparison to the

controls in either of the experiments (Fig 6.2). There were no significant differences seen among

the treahnents in the >200pm group in terms of metamorphosis (ANOVA p=0.660). No

significant differences in mean length attained by lawae after 72 hours (ANOVA p:0.078) or in

eye spot development (ANOVAp=0.206) within the < 200pm group were observed.

The only observed effect of thyroxine treatment was the appearance of small (5-10 pm),

randomly distributed plaques on the valve of a few larvae exposed to the highest thyroxine

heatment. It could not be detennined if the plaques were on only one side of the valve or ran

through the width of the shell.
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6.3.3 DOPA induction of settlement

Within one hour of contact the l0-3 and lOa treatments began to darken, apparently due to

oxidation of DOPA. After 4 hours the precipitate in these treatments was very dense and in the

long contact batch and the majority of larvae had ceased to protrude the velum and had closed

their valves.

After l% hours, there were significant differences in the pedal activity of larvae among the

DOPA treatnnents in the short contact (l hour) batch (ANOVA p :0.001).Larvae exposed to the

two most concentrated DOPA solutions, l0-3 and 104 M, had significantly greater pedal activity

(40% and30%o respectively) than the control treatnent as shown in Fig 6.3. Pedal activity in the

lower concentrations of 10r and 10-6 M was not significantly different to that of the control

(means ranged from about 4-13%). The activity appeared similar to settlement behaviour with

larvae actively protruding the foot and apparently testing the base of the TCD wells. Few larvae

however used the foot for exploratory crawling as is normally observed during settlement
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There were significant differences in the swimming activity of larvae between the treatments for

both the short and long contact batches at 4 and 24 hours as shown in Table 6.1.

Table 6.1 Results of ANOVA and Kruskal-Wallis test (the latter made due to evidence of non-normality in
the data) for differences in the proportion of larvae swimming among the DOPA treatments for both the short
(l hr) and long(24 hrs) contact batches at times 4 and24 hours after first exposure.

Contact / Time AIIOVA p: Kruskal-Wallis p =

172

Shortcontact-4hours

Longcontact-4hours

Short contact - 24 hours

Long contact - 24 hours

0.000

0.000

0.000

0.000

0.011

0.011

0.013

0.008

The short and long contact batches both had significantly fewer larvae swimming in all

treatnrents than in the control at 4 hours. Larvae were transferred to new water at 24 hours and

then observed. In the short contact batch, only the 10-3 treatment had significantly fewer larvae

swimming than the control. In all other treatments had about 80% of larvae swimming. However

in the long contact $oup all treatrnents except the lowest concentration trialed, 10-6 M, had

significantly fewer larvae actively swimming than within the control treatment (Fig 6.a).

In the higher dose treatments (10'3 and 104) of both the contact batches there was evidence of

velum cell shedding (see Appendix A, photo 18). The long contact batch, larvae within the two

higher dose treatments (which were strongly effected by the precipitate) shed velum cells were

densely crowded within the mantle cavity as the larvae were evidently not opening their valves.

At 72 hours velum cells were observed in dense drifts about the many dead larvae in these

treatments. Shed velum cells were observed in all the heatments but were particularly evident in

the short contact l0-3 M fieatment.
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Figure 6.4 DOPA concentration and larval swimming. Swimming larvae in the short contact (l hour) and the
long contact (24 hour) batches assayed at 4 and 24 hours from lirst contact with DOPA. DOPA concentration
ranged between 106 and 10r M plus a control. Tukey's multiple comparison results are given above graphs
for both the contact batches.
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Results of ANOVA for the differences in metamorphosis and survival are shown in Table 6.2.

There were significant differences in metamorphosis in both the batches. In the short contact

batch metamorphosis was significantly higher in the l0-3 and lOa treatments (58% and 29%

respectively) than in the lower range treatments and the control as is shown in Fig 6.5. Survival

in this goup was very high (95%) with no significant differences found between the treatments.

However, in the long contact group no animals were alive in either the 10-3 or the 104 treatments

but in all other treatments survival was high. In this batch metamorphosis could not be

ascertained for the two higher concentration gloups. Metamorphosis was none the less

significantly higher for both the remaining heatments (38% and 23Yo respectively) than in the

control (about 5%).

Table 6.2 Results of ANOVA and Kruskal-Waltis tests for the differences in metamorphosis yield and
survival among the treatments for both the short (l h) and long (to 24 h) contact batches. Metamorphosis and
survival were determinedT2 h after the first DOPA contact.

Contact / Time ANOVA P: Kruskal-Wallis P:

t74

Short contact - Metamorphosis

Long contact - Metamorphosis

Short contact - 72Iv Survival.

Long contact - 72 hr Survival.

0.000

0.000

0.513

0.000

0.02r

0.008

0.481

0.017
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Figure 6.5 Effect of DOPA concentration on larval metamorphosis and survival. Metamorphosed larvae in
the short contact (1 hr) and the long contact (24 hrs) batches were determinedT2 hours after lirst contact
with DOPA. The DOPA treatment range between 10-5 and 10-3 M plus a control. The 10-3 and 10{ data for the
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oxides. Tukey's multiple comparison results are given above graphs for the two contact batches.
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6.4 Discussion

The compounds of particular interest used in this study were those that could potentially initiate

or promote particular beharriours or physiological events that are possible bottlenecks to

production, specifically spawning and settlement success. It is likely that if the hatchery

production of GreenshellrM mussels develops to a commercial scale, the value of techniques

utilising compounds such as those presented in this chapter will need to be further investigated.

6.4.1 Serotonin induction of spawning

Serotonin had no demonstrated effect on the spawning activity of Perna canaliculus in this study.

In the trial serotonin was contrasted with thermal shock which verified that stocks were of a

reproductive maturity at which spawning was possible. The concentrations used in the trial were

gteater than those used by Gibbon and Castagna [1984], however, injection volume was varied

accordingly such that the dose was equivalent. Pilot trials found no spawning activity when using

the usual dosage concentrations i.e.0.4 ml of 2 mM [Van Citter 1934]. Hay and Hooker [994]
observed the same result in their attempts to induce spawning of Perna canaliculus by injection

of serotonin.

Spawning induetion techniques other than temperature shock [Loosanoff and Davis 1969], such

as the addition of gonad products, electrical, salinity, light and mechanical stimulation, KCI

injection and adductor mussel pricking or tearing have been trialed with Perna canalicalus

however without success [Tortel 1976, S. McFarlane pers. comm.]. Several of these stimulants

when given together with temperature shock have been observed to increase spawning activity(

S. Buchanan unpublished data). Most effective is the addition of stripped gonadal products

during temperature cycling. Mechanical shock (shaking) can be effective in instigating spawning

in stimulated animals and is widely used with Mytilus edulis and Mytilus galloprovincialis (J

Fuentespers. comm.).

The reliability of temperature shock, as developed through this study, has lessened the

(perceived) need for an alternative spawning induction method although a combination of
temperature shock and serotonin injection may prove of value [O'Connor and Heasman 1995].

There is however some question as to the quality of spawned gametes using temperature shock. It

may be the case that temperature shock induces the release of all available gametes without any

176
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particular preference for biochemical and morphological maturity. Observations in this project

suggest a wide range in apparent gamete quality (colour, number, release texture and shape) from

induced spawnings using thermal shock, although it was apparent that mafure animals spawned

more readily. This observation makes selection of broodstock important in terms of acquiring

mature gametes. It may be that serotonin or other chemical stimulants will preferentially induce

spawning activity of mature animals within a population. Such a case would be distinctly

advantageous to culfurists.

6.4.2 Thyroxine and larval growth

There was no clear pattern of accelerated growth or metamorphic development in relation to

thyroxine treatment in Perna canaliculus as has been observed in the echinoderms [Chino et al

1994, Johnson and Cartwright 1996] and the Cnidaria [Spangenberg l98 ]. However the plaques

associated with thyroxine treatment suggest an effect on shell structure. There is evidence for

thyroxine association with mineralisation and development process in bivalves [Gorbman et a/.

1959]. To veriff that exogenous application of thyroxine does not effect enhanced growth and

possibly development of Perna canaliculus larvae longer running experiments are required over a

greater range of exposure conditions. However it is clear that the dramatic effects observed by

Johnson and Cartwright [1996] with the crown-of-thorns starfish are unlikely.

Thyroxine has been shown to be involved in the mineralisation processes of rudiment formation

in sea urchins fChino et al. 1994] and to mediate mineralisation in Aurelia [Spangenberg 1984].

Accelerated development in Acanthaster and a direct relationship to thyroxine concentration has

been demonstrated fJohnson and Cartwright 1996]. There is evidence that the supply of thyroxine

originates from the microalgae on which larvae may feed [Chino et al- 1994], however Gorbman

[959] demonstrated active uptake of radioiodine directly from seawater. The mechanism by

which thyroxine mediates these processes remains unknown. Johnson and Cartwright [1996]

suggest that thyroxine "might have an evolutionary lineage that extends through the

developmental responses of the deuterostome ancestors of echinoderms and chordates to even

more ancient roots".

6.4.3 Dopa induction of settlement

DOPA effectively initiated some settlement behaviour and subsequent metamorphosis in Perna

canaliculus. Behaviour such as substrate exploration with the foot and increased periods of non-
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swimming were induced by DOPA in a dose dependent fashion. However fypical crawling

behaviour was not often observed. Velum cell release from the late stage larvae was associated

with the higher dose treatments.

The response is dependent upon dose concentration and duration of contact. These settlement

type responses may have been due to toxic effects of DOPA rather than settlement induction,

however the higher concentrations of 10'3 and 104 M were effective in promoting metamorphosis

of larvae when a dose contact duration of t hour was used. It is suggested that any response to

DOPA is not duration dependent after a period of about an hour. With the oyster Crassostrea

gigas no significant increase in percent metamorphosis occurred when lalae were exposed to

DOPA for 24 hours rather than I hour [Coon and Bonar 1985]

The results of this study suggests that DOPA does affect settlement processes, although the

response behaviour is not typical of Perna canaliculus. Future studies should aim to veri$

successful metamorphosis by examining secondary shell growth and survival over several days.

With prolonged contact (24 hours) complete mortality occurred. This mortality is expected to

have been due, in part, to the large volume of black precipitate (expected to be oxides of DOPA)

produced in the higher concentration treatments. In the lower concentration treatments, 10-5 and

l0-6M, with prolonged contact metamorphosis was higher than in the control.

DOPA does offers some potential in inducing settlement leading to metamorphosis however the

relative value of chemical induction in contrast to standard hatchery operating techniques may

not be significant. The majority of the larvae from the original batch, from which the

experimental larvae were chosen, metamorphosed (>95%) within a down-weller settlement

system with no observed mortality within 24 hours. It is speculated that the physical cues within

the environment induced settlement and metamorphosis of the larvae. Specifically water

movement [Eyster and Pechenik 1987], availability of feed fWidows 1991] and attractive

settlement material [Bayne 1965, Buchanan 1997) such as the nylon mesh are the likely

imponant features of the down-weller settlement environment. It may arise that chemical

management of settlement processes in the hatchery will be superfluous given excellent

settlement success observed using down-wellers. Despite this possibility a chemical means to

mediate settlement may have an experimental value [e.g. Chang et al. 1996].
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ln several bivalve species chemical mediation of seftlement and metamorphosis has been

demonstrated. DOPA induces settlement activity in the pacific oyster Crassostrea gtgas [Coon

and Bonar 19851 and in the mussel Mytilus edulis [Cooper 1982]. Coon and Bonar [1985]

suggested a model of natural settlement and metamorphosis in which swimming larvae in close

proximity to a substrafum which is a source of the inducing molecule DOPA. The inducer

initiates settlement behaviour which, given suitable general environmental conditions, will lead

to attachment. Endogenous epinephrine or nor-ephedrine then induces metamorphosis.

Epinephrine and/or nor-epinephrine effects metamorphosis in scallops fNicolas et al. L996] and

oysters [Coon and Bonar 1985]. Xue [995] demonstrated that ephedrine at lOrM with 36 hours

contact duration induced about 63% metamorphosis in the blue mussel.

DOPA at concentrations of 10{M and 10-6M induced 37o/o and l2Yo settlement respectively in

Mytilus edulis and settlement also occurred onto intact material and extracts of the filamentous

algae Plarythamnion villosum (Ceramiales) Cooper U982}In that study it was suggested that

lonosol (2,3,-dibromo-4,5-dihydroxybenzyl alcohol) structurally similar to L-DOPA, found in the

cuticle of the Ceramiales may be a chemical cue leading to this settlement. He also suggested that

"pediveligers will settle, attach and metamorphose in response to phenolic compounds,

particularly those containing catechol groups". Catecholic groups are precursors to the quinone

tanning process. The hydroid perisarc, onto which mussels are often found attached, is a quinone

tanned structure. The seftlement attraction of hydroids is especially true for Perna canaliculus

which exhibit an intense settlement specificity for the hydroid Amphisbetia bispinosa [Buchanan

and Babcock 1997]. Settlement however occurs on a variety of substrata although filamentous

substrata are generally selected. This morphology is expected to offer a beneficial hydrodynamic

environment fBayne 1965, Widdows 1991]. The current research however demonstrates that

chemical cues (specifically DOPA) may play a role in site selection though stimulating pedal

searching behaviour. It is suggested that the model of Coon and Bonar [985] is applicable to the

pediveligers of Perna canaliculus; chemical cues may affect settlement given the other physical

environmental criterion are met.

These findings may be applied to the hatchery situation where a simple and easily controlled

technique would be of significant value. Such a techniques would probably provide chemical

inducers to a system with appropriate physical cues (water current, filamentous substrate,

microalgal feed). Such a method may increase settlement yield or decrease the temporal variation
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of sefflement. Fufire research (See Section 7.6) will investigats the effwt on sofilem€nt and

metiirmoqphosis of , nor-epinephrine and ephedriae, Chemieal inducers need to be

tested oy:ar &rilgG ofphysical envhorunental conditionc f,or the true applied value and biologieal

relevanoe to be underrtood.
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7. General discussion

7 .l The reproductive cycle of Perna canaliculus

The annual reproductive cycle of Perna canaliculus observed in this study appears fairly typical

of several mussel species such as Mytilus edulis fWilson and Seed 1974, Sprung 1983, Rodhouse

et al. 1984, King et al. 1989f, Mytilus galloprovincialis [Villalba 1995] and Perna perna [Berry

1978]. Perna canaliculus displayed a conservative reproductive strategy with accumulation of
reserves in the late summer and autumn followed by gametogenesis in the winter leading to a late

winter or spring spawning.

It is however suggested that if nutrition is adequate Perna canaliculus may undergo opportunistic

summer development and spawning as was observed in this study [Bayne 1976] (Fig 2.3).

Opportunistic reproductive development coupled with high fecundity will, in principle, enhance

larval supply, this pattern of energy partitioning carries risks. If conditions in the future are poor

and an individuals energy budget becomes negative (energy loss exceeds energy gain through

nutrition) the deficit must be made up from catabolism of stored reserves. The gonads offer a

significant energy store that can be called upon if necessary, however if this energy has been

released through the spawning of gametes it is no longer available to the animal. It is speculated

that populations that spawn late in the summer/autumn will both suffer higher mortality in the

winter months and will spawn later the next spring than animals that had retained gonad the

previous autumn.

There was a high degree of spawning synchrony observed between the sexes. This is not

surprising as synchrony in spawning is consistent with maximising the fertilisation success.

The pace and timing of reproductive events is fundamentally dependent upon a complex

interaction between nutrition, temperature, salinity and the metabolic processes of the animals

[Seed and Suchanek 1992]. Much of the variation in timing of reproductive maturity between

sites and between years can be attributed to differences in environmental conditions fNewell er

al. 1982, Sprung 1983, Rodhouse er al. 1984, Hickman l99l]
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7.2 Determiningreproductive state

Microscopically of gonads using histological samples is generally regarded as the most accurate

method for determining reproductive condition [Seed and Suchanek 1992). Classification

systems are reasonably reliable to broadly define the reproductive cycle, however they are

somewhat subjective and are of limited value for describing subtle changes in condition.

This study found that the quantitative methods to describe of reproductive condition, measuring

the relative gonad area of follicles and gametes, allowed greater precision in data collection and

statistical analyses were more powerful than the qualitative methods. The gamete cover (GC)

method, which describes the proportional area of a histological gonad sample that is comprised of
gametes, is suggested as the best of the descriptive techniques tested.

This study has developed and tested a simple visual grading system for identiffing reproductive

status. Verification trials confirmed that the visual grades (VG) were a good predictor of
reproductive condition when compared to the independently assessed microscopical measures

(Fig 2.5). The grading system was also a good predictor of spawning activity (Fig 2.7). Visual

grading allows for the general reproductive status of a population to be determined from a sub-

sample. Ihe system can also be used to determine the reproductive condition of an individual

without killing it by wedging the valves open allowing the mesosomal gonad to be assessed. This

technique may be of considerable value when selectively breeding or selecting animals from

valuable or limited broodstocks. The visual grading system has been successfully used during

this project to identifu experimental and spawner stocks (Fig 3.11).

7 .3 The fertilisation of Perna canaliculus ova

Spawning can be effectively induced in mature Perna canaliculus using standardised thermal

shock procedures (Section 3.2.8). Serotonin however, was not effective in eliciting any spawning

when given by intra-muscular or intra-gonadal injection (Fig 6.1).

The fertilisation process is a critical step in the hatchery production of shellfish. Controlling the

process, particularly in terms of standardising experimental methods, is important but is however

sometimes underestimated. It is suggested that the failure of some studies to produce reasonable

yields of D-stage larvae, often interpreted as the spawning of non-viable ov4 may be due to
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inappropriate and non-standard fertilisation procedures [e.g. Tong and Redfeam 1985, Dean and

Hayden 1989, Redfearn 19981.

This study has identified several critical factors that determine the success of fertilisation and the

viability of the zygotes produced. These factors include the relative gamete concentrations

(Section 3.3.1), the duration and temperature of gamete storage before mixing (Section 3.3.6) and

the concentration of sperm during storage (Section 3.3.3). The sperm/egg ratio is a good predictor

of fertilisation success (Fig 3.2).

The fertilisation dynamics of Perna canaliculu.s gametes were modelled using the Vogel-Czihak-

Chang and Wolf model fVogel et al. 1982]. Modeling the fertilisation process of a bivalve by this

method has not previously been reported. The model inferred a rate constant of gamete contact

(Fo) of 3.1x10-3 mm'/s and a rate constant of fertilisation (B) of l.5xl0a mmt/s. These findings

suggest that only 4-5% of sperm-egg contacts leads to fertilisation (Table 3.3). The B/Bo ratio

infers that either 49% of the sperm of Perna canaliculus are capable of fertilising the ova once

contact had been made or that 4.9 % of the ova surface is receptive to spermatozoa and allow

fertilisation to occut. It would be of interest to determine the time -frequency distribution for

various sperm behaviour/physiology such as pre-capacitation, capacitation and activation.

Fluorescent markers have recently been used with the abalone Haliotis rris sperm to detect

acrosomal activation (S.Adamspers.comm). Such data may suggest why only 4.9Yo of spern are

capable of fertilising ova once making contact. The model also infers that the effective size of
Perna canaliculus ova may be several times larger than its physical diameter (Table 3.3 and Fig

3'14). Miller U977 and 1985] has demonstrated chemotaxis of marine invertebrate sperm in
response to ova. Sperm activating substances found in several echinoderm species has been

discuss by Chia and Bickell U9831. It has been observed that Perna canaliculus sperm hyper-

activate and change their swimming behaviour when incubated in seawater that had previously

contained ova. It is speculated that one or both of these fertilisation enhancing behaviour occurs

in Perna canaliculus spenn. Observations of sperm hyper-activation soon followed by

immobilisation when incubated in seawater that had previously contained ova infers a SAS

mechanism is the more likely of the trvo.

Under conditions of sperm limitation it is consistent for ova to evolve mechanisms to enhance

fertilisation [Levitan 1996]. Anecdotal observations that spawning events are often associated

with storm conditions suggest that gametes are likely to be rapidly diluted. Spawning into
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turbulent water may be a behaviour to avoid polyspenny. The threat of polyspermy may be high

given the typically dense Perna canaliculus population's structure and the species high fecundity.

In contrast, spenn limitation consistent with spawning in the turbulent environment would

provide an adaptive impetuous for ova to evolve fertilisation enhancing mechanisms such as

sperm activation substances.

The VCCW model can be used to predict appropriate relative gamete concentrations to ma:<imise

fertilisation (Fig 3.13). It has been demonstrated that good fertilisation and larval yield is

achieved when ova (below 1000iml) are mixed with between 50,000 - 100,000 sperm/ml. Higher

sperm concentrations may be used if necessary, however a step wise fertilisation procedure is

recommended to avoid large instantaneous increases. Polyspermy, resulting in a reduced viable

larval yield, maybe a risk when using high relative spenn concentrations (Fig 3.9),lTogo et al.

lee5l.

7.4 Broodstock management of Perna canaliculus

The sfudy has demonstrated two productive strategies for managing Perno canaliculus

broodstock. It would appear that reproductive condition might be improved as long as the

animals have adequate initial reseryes and gametogenesis has already begun. Conditioning within

about 50 days has been demonstrated (Section 4.3.2), representing about 300D". Actual

conditioning times will depend upon the initial reproductive condition, specific temperatures

used and feed ration offered (Section 4.4.2), [Utting and Millican 1997]. A temperature range

between l0 and l6'C is suggested and a ration of about 5% of the initial dry meat mass should be

more than adequate. Condition improvement may bring maturity forward by several weeks in

comparison to that which would be found in the field, although the relative pace of condition

improvement needs to be verified over several experiments.

An alternative strategy of broodstock management relies on collecting broodstock from mature

field populations and then maintaining their condition (Section 4.4.5).In this manner broodstock

may still be available after the field populations have already spawned. Trials have demonstrated

that between 10 and 16'C the condition of mature GreenshellrM mussel can be maintained for at

least 58 days (Section 4.3.6). A ration of above 2-3% is recommended for condition maintenance.

Fertilisation success remained high through a conditioning period of 12 weeks (Fig a.a). Mature

mussels have been observed to maintain their condition for up to 8 months although the
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performance of larvae spawned from broodstock conditioned over long periods needs to be

examined.

A mixed microalgal diet is expected to be superior to a monoculfure, however ration type was not

specifically tested in this study. There is potential that alternative feeds to microalgae may

effectively supplements the diet of Perna canaliculus (Section 4.4.4). Such diets may eventually

offer significant cost savings to the management of bivalve broodstock [Nell et al 1996].

The temporal variation in the timing of maturity typically found between geographically

separated populations and the fact that some populations undergo an opportunistic development

event in the late summer are both of significant advantage to the culturist. The variable and

opportunistic reproductive strategy of Perna canaliculus suggests that broodstock may be

available for much of the vear.

Previous attempts to condition Perna canaliculus were not successful in developing productive

protocols [Dean and Hayden 1984, Redfearn 1998]. The study of Dean and Hayden 1984 only

attempted to conditioning for the short period of 14 days. Such short duration experiments are,

not surprisingly, not likely to demonstrate productive treatments. Although not explicitly

documented, the indicated experimental temperafures, l8oc, may have been extreme. No

experimental design or results data has been documented from the 4 year NIWA Greenshell

mussel conditioning study other than a popular review article [Redfeam 1998].

ln general the conditions required to manage Perna canaliculus broodstock are not significantly

different from those reported for many bivalve species fUtting and McMillan 1997] However the

specific conditions for culture (temperature, pre-condition and ration) have not been previously

reported for this species. The use of individual holding containers and a flow through water/algae

delivery system is also not widely used and has been found to be particularly valuable and

productive.

7.5 Factors affecting larval production

The yield of Perna canaliculus D-stage veligers is not effected by embryo culture density

between 10-50 embryos/ml. The treatment of culture seawater with 1 mg/l EDTA resulted in a

significant increase in the yield of veliger larvae (Section 5.4.1). This suggests metal ions

chelated by the EDTA are otherwise hazardousto Perna canaliculus embryos.
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The larvae of Perna canaliculus will tolerate salinities down to 25 ppt although growth is best at

a salinity of about 35 ppt (Section 5.4.3).Larval survival is optimal around 16oC although growth

is best near 20"C (Section 5.4.5). These are similar to the optimal environmental parameters

reported for other mytilids including Mytilus edulis [Bayne 1965, Lough l974,His et al. 1989].

Larvae less than 14 days old are tolerant to being cultured at high densities although growth is

always better at the lower densities tested (Section 5.4.4). As larvae grow the optimal culture

density decreases as is expected. It is suggests that an initial density of 10/ml for D-stage larvae

should be reduced rapidly as larvae develop to about llml during the final week of development.

These results reflect the typical rearing protocols for bivalve larvae [Utting and Spencer 1991].

The optimal feed ration for Perna canaliculus larvae increases with increasing larval size

(Section 5.4.6), [Riisgard and Randlov 1981, Pechenik et al. 1990]. An increase from about 20

cells/pl at D-stage to about 150 cells/pl at settlement (equivalent feed mass to Isochrysis galbana

Q-Iso)) is recommended for optimal growth. At higher feed concentrations there is an associated

risk of greater mortality. Larvae offered feed rations greater than 80 cells/pl should be closely

monitored.

A mixed microalgal diet is superior to a monoculture diet, especially a mixture containing both

flagellates and diatoms. It is suggested that these diets provides a good mixture of the essential

fatty acids, particularly 20:5or3 and,22:6a3 (Section 5.4.7), [Web and Chu 1981 and Brcwn et al.

1989]. The flagellate Isochrysis galbana (T-Iso) is a very good feed for Perna canaliculus larae.

Pavlova lutheri often fed to bivalve larvae including Mytilus species [Satuito et al. 1994] has not

been shown to be of great value. The diatom species Chaetoceros calcitrans and Thalassiosira

pseudonana are of significant nutritional value. A diet mixture of about 1:1 by mass (dry weight

equivalent) of either of these diatoms with Isochrysis galbana (T-Iso) will produce excellent

larval growth (Fig 5.2.7).

The green flagellate species of Tetraselmrs, especially the high lipid strains [Wikfors at al 1996]

when offered as a supplementary feed (at 5 cells/pl) increase the rate of growth and development

of late stage larvae (Section 5.2.7,Fig 5.3S)

L-DOPA applied for a short duration of I hour at a concentrations of l0-3 M is an effective

method of inducing settlement behaviour and metamorphosis of Perna canaliculus larvae as has

been observed in other bivalve species (Section 6.4.3), [Cooper 1982, Coon and Bonar l9S5].
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DOPA may not be required however since competent larvae (with well developed eye spots over

about 225 pm in length) can be easily settled in mesh down-wellers with over 95o/o

metamorphosis observed after 24 hours on some occasions.

Only three other studies have documented their efforts to culture Perna canaliculus larvae [Dean

and Hayden 1984, Hay and Hooker 1994, Redfearn 19981. Of these only Hay and Hooker [199a]

were successful in culturing larvae through to settlement. Unforfunately larval survivorship was

particularly poor was speculated to be due to an RNA virus associated with moribund

individuals. Of course it is difficult to partition if the virus was the cause or simply a symptom of
ill health. Given the scant methodology provided it is none the less likely that larvae were

cultured at realistic densities, however it is possible that the diet used (not specified in detail) was

not appropriate. The condition of the adults used for spawning is also a possible reason for the

poor larval performance.

In comparison to other species of bivalve larvae, Perna canaliculus is not particularly unusual in

terms of a) productive culture densities, b) required water quality conditions, c) nutritious

microalgal species composition or ration (Table 5.7). Cerlainly in hind sight the productive

protocols developed do not appear particularly novel, however the specific conditions for culture

have not previously been established or documented prior to this current study.

7.6 Future GreenshellrM mussel spat research

If the shategic risk of relying on a wild spat supply is to be mitigated by the development of a

large scale GreenshellrM mussel hatchery, the economic feasibility of such a development needs

to be closely examined. Any future GreenshellrM mussel hatchery will be forced to compete

directly with the wild spat supply. It is suggested that to improve product value, any GreenshellrM

mussel hatchery will focus on offering a product of superior quality to that provided by local spat

catching or from Kaitaia. Given the feasibility of producing spat in the hatchery the opportunity

to selectively breed Perna canaliculus becomes available. In addition the focus on hatchery

production research needs to expand its focus to include spat nursery systems. Effective nursery

protocols could have significant value to the wild spat collection process. The observation that

typically less than 5Yo of early spat are retained on longlines due to the combined effects of
predation, mortality and migration (T Osborne pers. comnn., Buchanan and Babcock 1997)

suggests that there is considerable opportunity for improvement.
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The findings of this current study indicate that there are no significant biological obstacles to

development of a pilot-scale GreenshellrM mussel hatchery. Recently the large scale rearing of

larvae through to settlement has been repeatedly demonstrated by two independent facilities and

spat successfully grown on marine farms (S.Buchanan and A.Janke unpublished data). However,

methodology needs to be verified and technology produced for large commercial scale

production before the goal of producing GreenshellrM mussel spat, as an alternative to wild

supply, can be reliably achieved IMIC 1997]. Pilot scale development coupled with ongoing

experimental research is the logical step in the technical development process.

Continuing research for GreenshellrM mussel spat production has been funded by FRST for 6

years (Cawthron GreenshellrM mussel project, 1998-2004). This research will further examine

larval production optimisation, broodstock manipulation and management (the latter in

collaboration with the University of Otago). Spat husbandry during the nursery stage (the period

between settlement and spat seed out onto marine farms) will also be investigated. This research

package will be directly applicable to pilot scale development.

In collaboration with Victoria University of Wellington, research is being undertaken to

selectively breed Perna canaliculus. This study will aim to produce several superior lines through

the controlled cross and in-breeding. The initial basis for the program will involve the production

and performance assessment of 50 families. The program will also determine the levels of

heritability in GreenshellrM mussel. The study will also aim to partition the relative responsibility

of the environment and the genotype in goveming the of performance for several key production

traits. Using mitochondrial DNA a genomic library will be constructed for Perna canaliculus and

these screened for quantitative trait loci (QTL's) for specific production parameters (e.g. growth,

meat yield, shell colour) using hatchery produced and wild mussels. QTL's, if identified, may be

used for the selection of parent individuals for the selective breeding of superior stock lines.

Parallel to these studies, techniques to cryopreserve the gametes and early larval stages of Perna

canaliculus will be investigated (in collaboration with AgResearch, CRI). If successful, these

techniques may have a considerable impact on hatchery production of this and other species by

significantly reducing the need to hold and manage broodstock. Cryopreserved gametes and

larvae would have considerable experimental value to pure and applied bivalve research.
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In summary this thesis has dernonstrated the technical feasibility of producing large numbers of

GreenshelFM mussel spat in the hatchery. The research has determined methods, techniques and

protocols to select and condition broodstock, fertilise ova aod rear anbryos and culture larvae

through to settlement. This thesis forms the basis for developing a GreenshellrM mussel spat

hatchery which will, to some extentn reduce the prevailing risk associated with relying on

unpredictable wild spat supplies. Hatchery production of spat provides the opportunity for value

adding techniques not currently available to the New Zealand Perna canalicalus mariculture

industry.
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9. Appendix A: Photographs

Photo I Male VG- I ( |0x nrag). The gonad has a llat creamy-white colouration and has a smootlr
texture. No or only very nrinor lbllicle cover is visible.

-ilFl-

Photo 2 Male VG-2 (20x rnag). T'he _qonad is still predominantly crearly but may have whiter
patches of ganlete growth. Gonad ducting and srnall faint lollicles become visible. Follicle cover
is less than 50% of the gonad surlace.
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Photo 3 Male VG-3 140x mae). Follicles ar€ easily visible as white patches on a creamy
background. Follioles cover be,tween 50 and 7s% sf the gonad surface.

Photo 4 Male VG-4 (50x mag).Follicles are large and densely packed and are vely easily to seg.
Follicle cover excoeds 757o.

Photo 5 Male VG-4 (l0x mag). Gonads may take on a mottled, textured appeaf,ance. Gonad
ducts are clear and visible" Gonad is distended with mature eametes.
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Photo 6 Female VG-5 ( l0x mag). The gonad is predominantly a creamy-white with only minor
fbllicle cover (<30%) which will appear as a right apricot-orange.

Photo 7 Female VG-6 (2x mag). The gonad may appear speckled with the orange follicles being
<50oh cover of the gonad surface.

Photo 8 Female VG-6 (0.5x mag). The gonad may appear speckled with the orange follicles
being <50yo cover ofthe gonad surface.
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Photo 9 Female VG-6 (60x rnag). The gonad may appear speckled with the orange follicles
being <50yo covEr ofthe gonad surface.

Photo l0 Female VG-7 (5x mag). The gonad is predominantly follieles (50-75%). Gonad ducts

are clear andvisible. Gonad is distended with mature gametes.

Photo 1l Female VG-8 (60x mag). The gonad is distended with mature garnetes and may have a

textured appearance. Follicles predominate the gonad (>75o/o).
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Photo 12 Female VG-8 (0.5x mag). The gonad is distended with mature gametes and may have a
textured appearance. Follicles predominate the gonad (>75%).

Photo 13 Female VG-8 (6x mag). The gonad is distended with mature gametes and may have a
textured appearance. Follicles predominate the gonad (>75%).

2ll
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TE
1E=

Photo l4 Four cell stage embryos of Pernct canttliculus approximately 4hours after fertilisation.

Photo l5 Early D-larvae of Perna canalic'ulus, approximately 4 days post fertilisation. Larvae are
about 60 pm lrom the straight hinge to opposite ventral margin. Blurred larvae were swimming
during the photo exposure.
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Photo 16 Perna canaliculus larvae about 15-20 days old. Larger larvae have a well developed
umbo and are approximately 150 pm from the umbo to opposite margin. Dark brown colouration
near umbo is microalgae within the gut

2r3

Photo 17 Late stage larvae about 240-260 mm fiom umbo to opposite
will soon be competent to settle. The eye spot, not yet visible in these
settlement competency.

margin. Larvae of this size
larvae is a useful sign of
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I

Photo 18 Velum cells may be shed during the settlement and metamorphosis event and can be
seen being ejected from the valve margins.

I

'at
it

,tt-S !
Photo 19 A Perna canaliculus spat about 3 days after metamorphosis is around 300mm long. The
eye spot is still visible near the umbo. The newly operating gill is clearly visible as is new shell
growth.



Appendix A: Photographs

Photo 20 Young Perna canaliculus spat (0.5mm) were settled and grown on nylon mesh
up/down-weller systems.

Photo 21 Young Perna canaliculus spat at about I -2mm show a distinctive brown zigzag
patteming on new shell growth.

2r5
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I
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Photo 22 A sample of hatchera produced Perna canolicalas spat, 10-12 days post settlement

216
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10. Appendix B: Statistical details

10.1 Chapter 2

All ANOVA details presented within body of Chapter 2.

10.2 Chapter 3

a

Table C Gamete concentration

Source Sum-of-Squares df Mean-square F-ratio p
Regression 15.451 8 1,931 51.018 0.000
Residual 3.634 96 0.038
N 105
Multiple R 0.9
Sq. Multiple R 0.81
Sperm '14.902 6 2.484 65.606 0.000
Error 3.634 96 0.038
Eggs 0.549 2 O.27s 7.256 0.001
Enor 3.634 96 0.039

Table D Sperm half life (age/conc) AIICOVA.

Source Sum-of-Squares df Mean-Square F-ratio p
AGE 4.884 1 4.884 64.37 0.000
SPERM 1.484 3 0.495 6.521 0.001
SPERM-AGE 0.394 3 0.131 1.731 0.18
Error 2.428 32 0.026
N40
Multiple R 0.856
Sq. Multiple R 0.732

Source Sum-of-Squares df Mean-Square F-ratio p
AGE 4.884 1 4.884 60.573 0.000
SPERM 1.365 3 0.455 5.645 0.003
Error 2.822 35 0.081
N40
Multiple R 0.83
Sq. Multiple R 0.689
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10.3 Chapter 4

Table E Condition improvment l.

Source Sum-of-Squares df Mean-Square F-ratio P

LEN
REP(TEMP)
Residual
N

Multiple R

Sq. Multiple R

Source
SHELLGROW
REP(TEMP)
Residual
N

Multiple R
Sq. Multiple R

Source
WHOLE
REP(TEMP)
Residual
N

Multiple R

Sq. Multiple R

Source
WETMEAT
REP(TEMP)
Residual
N

Multiple R
Sq. Multiple R

Source
DRYMEAT
REP(TEMP)
Residual
N

Multiple R
Sq. Multiple R

Source
SHELLWT
REP(TEMP)
Residual
N

Multiple R
Sq. Multiple R

Sum-of-Squares df
0.08 2

0.016 5
0.016 5

80
0.552
0.305

Sum-of-Squares df
57.585 2
76.079 5
76.079 5

80
0.384
0.147

7.155
131.967
13't.967

80
0.307
0.095

Sum-of-Squares df
6.5s8

11.932
11.932

80
0.361

0.13

Sum-of-Squares df
1.399
0.515
0.515

80
0.442
0.195

2

5
5

3.578 0.193 0.825
26.393 1.426 0.225
26.393

Mean-Square F-ratio P
0.04 13.108 0.000

0.003 1.066 0.387
0.003

Mean-Square F-ratio P

28.792 2.683 0.075
15.216 1.418 0.228
15.216

Mean-Square F-ratio P

2 3.279 1.913 0.155
5 2.386 't.392 0.237
5 2.386

Mean-Square F-ratio P

2 0.699 6.382 0.003
5 0,103 0.94 0.46
5 0.103

Sum-of-Squares df Mean-Square F-ratio P
27.284 2 13.U2 2.761 0.070
29.196 5 5.839 1.182 0.327
29.196 5 5.839

80
0.37

0.137
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Source
MEATYIELD
REP(TEMP)
Residual
N

Multiple R
Sq. Multiple R

Source
MEATSOLID
REP(TEMP)
Residual
N

Multiple R
Sq. Multiple R

Source
GONAD
REP(TEMP)
Residual
N

Multiple R
Sq. Multiple R

Sum-of-Squares df
0.021 2
0.003 5

0.003 5

BO

0.637
0.406

Sum-of-Squares df
2.839 2
3.233 5
3.233 5

80
0.495
0.245

Sum-of-Squares df Mean-Square F-ratio P

0.002 2 0.001 0.799 0.454
0.002 5 0 0.361 0.874
0.002 5 0

80
o.212
0.045

Mean-Square F-ratio P

0.011 21.617 0.000
0.001 1.202 0.317
0.001

Mean-Square F-ratio P

1.419 5.457 0.006
0.647 2.487 0.039
o.647
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Table F Photoperiod experiment

Source Sum-of-Squares df Mean-Square F-ratio P
WHOLE
REP(TREAT)
Error
N
Multiple R
Sq. Multiple R

Source
LENGTH
REP(TREAT)
Error
N

Multiple R
Sq. Multiple R

Source
SHELLGROW
REP(TREAT)
Error
N

Multiple R
Sq. Multiple R

Source
WET
REP(TREAT)
Enor
N

Multiple R
Sq. Multiple R

Source
DRY
REP(TREAT)
Error
N

Multiple R
Sq. Multiple R

Source
YIELD
REP(TREAT)
Enor
N

Multiple R
Sq. Multiple R

69.573 2
259.123 6
2617.36 81

90
0.334
o.'112

Sum-of-Squares df
9.489

178.867

34.786 1.077 0.346
43.187 1.337 0.251
32.313

Mean-Square F-ratio P

2 4.744 0.153 0.859
6 29.811 0.958 0.459
1 31.102I2519.3

90
o.264

0.07

Sum-of-Squares df
0.007
0.011

0.192
90

0.291
0.085

Sum-of-Squares df
10.738
31.055

292.345
90

0.354
o.125

Sum-of-Squares df
0.344
1.698

18.379
90

0.316
0.1

Sum-of-Squares df
0.04

0.008
0.261

90
0.394
0.156

Mean-Square
0.004
0.002
0.002

Mean-Square
2 5.369
6 5.176
1 3.609

Mean-Square
2 0j72
6 0.283
1 0.227

Mean-Square
0.o2

0.001
0.003

F-ratio P

1.489 0.232
0.751 0.61

F-ratio P
1.488 0.232
1.434 0.212

F-ratio P

0.758 0.472
1.247 0.291

F-ratio P

6.283 0.003
0.394 0.881

2

6
1I

8

I

2

6
1I
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Table G Alternative feed experiment

Source Sum-of-Squares df Mean-Square F-ratio P

LENGTH
Residual
N

Multiple R
Sq. Multiple R

Source
WHOLE
Residual
N

Multiple R
Sq. Multiple R

Source
WET
Residual
N

Multiple R
Sq. Multiple R

Source
DRY
Residual
N

Multiple R
Sq. Multiple R

Source
MEATYIELD
Residual
N

Multiple R
Sq. Multiple R
Source
MEATSOLIDS
Residual
N

Multiple R
Sq. Multiple R

Source
GONAD
Residual
N

Multiple R
Sq. Multiple R

102.954
4683.4

79

0.147
0.o22

Sum-of-Squares df
142.831 2

5496.598 76

79
0.159
0.025

Sum-of-Squares df
0.081 2
0.091 76

79
0.686

4.47
Sum-of-Squares df

0.089
0.101

79
0.685
0.469

Sum-of-Squares df
0.396 2
4.68 76

79
0.279
0.078

51.477 0.835 0.438
6't.624

2
76

Sum-of-Squares df Mean-Square F-ratio P

94.283 2 47j42 7.045 0.002
508.565 76 6.692

79
0.395
0.156

Sum-of-Squares df Mean-Square F-ratio P

3.883 2 1.941 4.549 0.014
32.431 76 0.427

79
o.327
0.107

Mean-Square
71.416
72.324

Mean-Square
0.045
0.001

Mean-Square F-ratio P

0.04 33.689 0.000
0.001

F-ratio P

0.987 0.377

F-ratio P

33.613 0.0002
76

Mean-Square F-ratio P

0.198 3.218 0.046
0.062
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E
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Kruskal-Wallis SOLIDS
Statistic 37.3
Probability 0.000
df
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t
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01234

STUDENT

df

Kruskal-Wallis GONAD
Statistic 7.013
Probability 0.030

Table H Condition maintenance l. Fertilisation data.

Source Sum-of-Squares df Mean-Square F-ratio P

TIME 0.012 2 0.006 0.349 0.711
TEMP 0.001 1 0.001 0.079 0.783
TIME*TEMP 0.039 2 0.019 1.092 0.361
Enor 0.265 15 0.018
N

Multiple R

TIME
Error
TEMP
Enor

21

0.434

0.01 2 0.005 0.292 0.75
0.303 17 0.018 0 0
0.009 1 0.009 0.512 0.484
0.303 17 0.018 0 0
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10.4 Chapter 5

Teble I Antibiotic treatment and bacterial numbers

Sum-of-Squares df Mean-Square F-ratio P

Regression
Residual
N

Multiple R
Sq, Multiple R

65087.52
485.024

24
0.996
0.993

5
18

13017.5 483.1 0.000
26.946

Kruskal-Wallis

Statistic
Probability
df

Table J Salinity

22.057
0.001

5

Source Sum-of-Squares df Mean-Square F-ratio P

SURVIVAL
Residual
N

Multiple R
Sq. Multiple R

Source
LENGTH
Residual
N

Multiple R
Sq. Multiple R

7.209
1.561

54
0.907
0.822

Sum-of-Squares df
0.006
0.006

300
0.716
0.513

1.442 44.348 0.000
0.033

5
48

Mean-Square
3 0.002

296 0

F-ratio P

103.755 0.000

Table K Culture densitv I

Sum-of-Squares df Mean-Square F-ratio P

SURVIVAL
Residual
N

Multiple R
Sq. Multiple R
Source
LENGTH
Residual
N

Multiple R
Sq. Multiple R

1.467 4
0.843 40

45
o.797
0.635

Sum-of€quares df
0.422
0.009

375
0.837
o.70'l

0.367
0.o21

Mean-Square
0.005

0

17.4 0.000

F-ratio P

217.103 0.0004
370
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Table L Culture densitv 2

Source Sum-of-Squares df Mean-Square F-ratio P

SURVIVAL
Residual
N

Multiple R

0.644 3 0.215 93.841 0.000
0.018 8 0.002

12

0.986
Sq. Multiple R 0.972

Kruskal-Wallis
Statistic 9.974
Probability 0.019
df3

Source Sum-of-Squares df Mean-Square F-ratio P

LENGTH
Residual
N

0.117 3 0.039 32.46 0.000
0.284 236 0.001

240
Multiple R 0.54
Sq. Multiple R 0.292
Source Sum-of-Squares df Mean-Square F-ratio P

EYED 0.75 3 0.25 78.635 0.000
Residual 0.025 I 0.003
N12
Multiple R 0.983
Sq. Multiple R 0.967

Table M Temperature

Source Sum-of-Squares df Mean-Square F-ratio P

SURVIVAL(Day18) 1.005 3 0.335 70.797 0.000
Residual 0.08 17 0.005
N21
Multiple R 0.962
Sq. Multiple R 0.926
Source Sum-of-Squares df Mean-Square F-ratio P

LENGTH (Day14) 0.033 3 0.011 43.84't 0.000
Residual 0.034 136 0
N 140
Multiple R 0.701
Sq. Multiple R 0.492
Source Sum-of-Squares df Mean-Square F-ratio P

LENGTH (Day18) 0.029 2 0.014 45.814 0.000
Residual 0.03 97 0
N 100
Multiple R 0.697
Sq. Multiple R 0.486
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Table N Feed eoncentration I

Source Sum-of-Squares df Mean-Square F-ratio P

SURVIVAL
Residual
N

0.206 7 0.029 4.259 0.001

0.276 40 0.007
48

Multiple R 0.653
Sq. Multiple R 0.427
Source Sum-of-Squares df Mean-Square F-ratio P

Regression 0.011 7 0.002 56.434 0.000
Residual 0.004 152 0
N 160

Multiple R 0.85
Sq. Multiple R 0.722

Table O Feed concentration 2

Source Sum-of-Squares df Mean-Square F-ratio P

SURVIVAL (Day1a) 0.211 3 0.07 4.681 0.0't2
Residual 0.3 2A 0.015

Multiple R 0.642
Sq. Multiple R 0.413
Source Sum-of-Squares df Mean-Square F-ratio P

LENGTH (Day1a) 26179.a4 3 8726.347 32.257 0.000
Residual 42201.62 156 270.523
N 160
Multiple R 0.619
Sq. Multiple R 0.383

Table P Feed concentration 3

Source Sum-of-Squares df Mean-Square F-ratio P

SURVIVAL
Residual
N

Multiple R
Sq. Multiple R

3.195 5 0,639 24.05 0.000
0.797 30 0.027

36
0.895

0.8

Kruskal-Wallis
Statistic 27.12
Probability 0.000

Source Sum-of-Squares df Mean-Square F-ratio P

LENGTH
Residual
N

Multiple R O.74

Sq. Multiple R 0.548

0.793 5 0.159 85.714 0.000
0.655 3il 0.002

360
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Source Sum-of-Squares df Mean-Square F-ratio P
EYED
Residual
N

Multiple R
Sq. Multiple R

1.91

1.118
36

0.794
0.631

5

30
0.382 10.252 0.000
0,037

Kruskal-Wallis
Statistic
Probability
df

22.39
0.000

5

Table Q Feed type I

Source Sum-of-Squares df Mean-Souare F-ratio P

SURVIVAL
Residual
N

Multiple R
Sq. Multiple R
Source
Regression
Residual
N

Multiple R
Sq. Multiple R

1.142
2.335

84
0.573
0.328

Sum-of-Squares df
93133.72
17845.32

630
0.916
0.839

6
77

0.19
0.03

6.274 0.000

Mean-Square F-ratio P

6 15522.29 541.9 0.000
623 28.644

Table R Feed type 2

Source Sum-of-Squares df Mean-Square F-ratio
SURVIVAL
Residual
N

Multiple R
Sq. Multiple R

1 .195
0.706

63
0.793
0.629

6

56

0.199 15.805 0.000
0.013

Kruskal-Wallis
Statistic
Probability
df

4Q.47

0.000
6

Source Sum-of-Squares df Mean-Square F-ratio P

LENGTH
Residual
N

Multiple R

Sq. Multiple R

0.584 6
0.237 413

420
0.844
0.712

0.097 169.831 0.000
0.001
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Source Sum-of-Squares df Mean-Square F-ratio P

EYED
Residual
N

Multiple R
Sq. Multiple R

13.281
0.847

35
0.97
0.94

6
28

2.213 73.203 0.000
0.03

Kruskal-Wallis

Statistic
Probability
df

30.22
0.000

o

Sum-of-Squares df Mean-Square F-ratio

SETTLEMENT
Residual
N

Multiple R

Sq. Multiple R

1.123
0.094

21

0.961

0.923

6
14

0.187 27.879 0.000
0.007

Kruskal-Wallis

Statistic
Probability
df

18.86
0.004

6

Table S Feed type 3

Source Sum-of-Squares df Mean-Square F-ratio P

SURVIVAL
Residual
N

Multiple R
Sq. Multiple R

Source
LENGTH
Residual
N

Multiple R

Sq. Multiple R

1.5 6
1.269 35

42
0.736
o.542

Sum-of-Squares df
0.091
0.039

280
0.837

0.7

0,25 6.897 0.000
0.036

6
273

Mean-Square
0.015

0

F-ratio P

106.25 0.000

Table T Feed type 4

Source Sum-of-Squares df Mean-Square F-ratio P

SURVIVAL
Residual
N

Multiple R
Sq. Multiple R
Source
LENGTH
Residual
N

Multiple R
Sq. Multiple R

0.032
0.265

24
0.328
0.108

Sum-of-Squares df
5841.337
61968.91

160

0.294
0.086

0.011 0.804 0.506
0.013

3

20

Mean-Square
3 1947.112

F-ratio P

4.902 0.003
156 397.237
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Table U Feed type 5

Source Sum-of-Squares df Mean-Square F-ratio P

SURVIVAL
Residual
N

Multiple R
Sq. Multiple R

Source
LENGTH
Residual
N
Multiple R

Sq. Multiple R

Source
EYED
Residual
N

Multiple R
Sq. Multiple R

0.523
1.993

60
0.456
0.208

Sum-of-Squares df
270649.3
670088.7

600
0.536
0.288

Sum-of-Squares df
4.419
2.449

60
0.802
0.643

0.058 1.459 0.189
0.04

I
50

Mean-Square
I 30072.14

590 11?5.744

Mean-Square
I 0.491

50 0.049

F-ratio P

26.478 0.000

F-ratio P

10,025 0.000
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10.5 Chapter 6

Table V Thvroxine

METAM (>200pm)
Residual
N

Multiple R
Sq. Multiple R
Source
EYED (<200pm)
Residual
N

Multiple R
Sq. Multiple R
Source
LENGTH (<200pm)
Residual
N

Multiple R
Sq. Multiple R

Sum-of-Squares df Mean-Square F-ratio P

0.013 4
0.051 10

15
0.445
0.198

Sum-of-Squares df
0.03 4

0.042 10

15
0.646
0.418

Sum-of-Squares df

0.003 0.618 0.660
0.005

Mean-Square
0.007
0.004

F-ratio P
1.795 0.206

0.002
0.06
300

0.167
0.028

4
295

Mean-Square F-ratio P
o 2.119 0.078
0

Sum-of-Squares df Mean-Square F-ratio P

PEDAL ACTIVITY (24 hrs)
Residual
N

Multiple R
Sq. Multiple R

0.645
0

15
0.913
0.834

4
0

0.161 12.533 0.001

0

Sum-of-Squares df Mean-
Souare

F-ratio P

SWIMMING
(SHORT @ 4hrs)
Residual
N

Multiple R
Sq. Multiple R

3.267

0.045
15

0.993
0.987

4

10

0.817 182.93 0.000
6

0.004

Kruskal-Wallis
Statistic
Probability
df

13.127
0.011

4
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df

Source Sum-of-Squares df Mean- F-ratio P
Square

swfMMrNG 4.973 4 1.243792.99 0.000
(LONG @ 4hrs) 7
Residual 0.016 10 0.002
N15
Multiple R 0.998
Sq. Multiple R 0.997

Statistic 13.127
Probability 0.011

Source Sum-of-Squares df Mean- F-ratio P
Square

swtMMtNG 3.199 4 0.8 65.76 0.00
(SHORT@24hrs) 7 o
Residual 0 0 0

N15
Multiple R 0.982
Sq. Multiple R 0.963

Kruskal-Wallis
Statistic 12.626
Probability 0.013

Source Sum-of-Squares df Mean- F-ratio P
Square

swlMMlNG 3.487 4 0.872 504.19 0.00
(LONG@24hrs) 6 0
Residual 0.017 10 0.002
N 15
Multiple R 0.998
Sq. Multiple R 0.995

Kruskal-Wallis
Statistic 13.706
Probability 0.008

Source Sum-of-Squares df Mean- F- P
Square ratio

METAMORPH
(SHORT @24 hrs)
Residual
N

Multiple R

Sq. Multiple R

0.777 4 0.194 31.84 0.00
30

0.061 10 0.006
15

0.963
0.927

Kruskal-Wallis
Statistic 11.5
Probability 0.021
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E6@- gurn-of-squares dF Meein- F- P

(LONG @24 hrs)
Restd-ttal
N
Multiple R
,Eq. Multiple. R

0.025 10j 0003
15

0,988:
o,wr

50

Krr,rsltal_WAllis

$tatistio
Probabllity

'df

13,69
0"008

4
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